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Foreword 

It is now more than ten years since the late Andy Derome's book "Modem 
NMR Techniques for Chemistry Research' was pubhshed. This book had a 
tremendous impact on organic chemists' use of the developing field of pulsed 
NMR spectroscopy, bringing to the chemist the power of these methods in a 
practical form for the elucidation of molecular structure. It is probably true that 
NMR spectroscopy has had the greatest impact on chemical research since the 
development of the accurate balance. Interestingly both of these techniques, i.e. 
weighing and NMR, are based on nuclear properties. 

In this new book, Tim Claridge carries on from Andy Derome and brings 
together the more recent methods in a practical context. This book will be 
essential for those in academe or industry who have a direct intent in applying 
NMR to chemical problems. 

I.E. Baldwin 
Dyson Perrins Laboratory 

Oxford 1999 
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Preface 

From the initial observation of proton magnetic resonance in water and 
in paraffin, the discipHne of nuclear magnetic resonance (NMR) has seen 
unparalleled growth as an analytical method and now, in numerous different 
guises, finds application in chemistry, biology, medicine, materials science 
and geology. Despite its inception in the laboratories of physicists, it is in 
the chemical laboratory that NMR spectroscopy has found greatest use and, 
it may be argued, has provided the foundations on which modern organic 
chemistry has developed. Modem NMR is now a highly developed, yet still 
evolving, subject that all organic chemists need to understand, and appreciate 
the potential of, if they are be effective in and able to progress their current 
research. An ability to keep abreast of developments in NMR techniques is, 
however, a daunting task, made difficult not only by the sheer number of 
available techniques but also by the way in which these new methods first 
appear. These are spread across the chemical literature in both specialised 
magnetic resonance journals or those dedicated to specific areas of chemistry, 
as well as the more general entities. They are often referred to through esoteric 
acronyms and described in a seemingly complex mathematical language that 
does little to endear them to the research chemist. The myriad of sequences 
can be wholly bewildering for the uninitiated and can leave one wondering 
where to start and which technique to select for the problem at hand. In this 
book I have attempted to gather together the most valuable techniques for the 
research chemist and to describe the operation of these using pictorial models. 
Even this level of understanding is perhaps more than some chemists may 
consider necessary, but only from this can one fully appreciate the capabilities 
and (of equal if not greater importance) the limitations of these techniques. 
Throughout, the emphasis is on the more recently developed methods that have, 
or undoubtedly will, establish themselves as the principle techniques for the 
elucidation and investigation of chemical structures in solution. 

NMR spectroscopy is, above all, a practical subject that is most rewarding 
when one has an interesting sample to investigate, a spectrometer at one's 
disposal and the knowledge to make the most of this (sometimes alarmingly!) 
expensive instrumentation. As such, this book contains a considerable amount 
of information and guidance on how one implements and executes the tech-
niques that are described and thus should be equally at home in the NMR 
laboratory or on the chemist's or spectroscopist's desk. 

This book is written from the perspective of an NMR facility manager in 
an academic research laboratory and as such the topics included are naturally 
influenced by the areas of chemistry I encounter. The methods are chosen, 
however, for their wide applicability and robustness, and because, in many 
cases, they have already become established techniques in NMR laboratories in 
both academic and industrial establishments. This is not intended as a review 
of all recent developments in NMR techniques. Not only would this be too 
immense to fit within a single volume, but the majority of the methods would 
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have little significance for most research chemists. Instead, this is a distillation 
of the very many methods developed over the years, with only the most 
appropriate fractions retained. It should find use in academic and industrial 
research laboratories alike, and could provide the foundation for graduate level 
courses on NMR techniques in chemical research. 
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Chapter 1 

Introduction 

From the initial observation of proton magnetic resonance in water [1] and 
in paraffin [2], the discipline of nuclear magnetic resonance (NMR) has seen 
unparalleled growth as an analytical method and now, in numerous different 
guises, finds application in chemistry, biology, medicine, materials science and 
geology. Despite its inception in the laboratories of physicists, it is in the 
chemical laboratory that NMR spectroscopy has found greatest use. To put into 
context the range of techniques now available in the modem organic laboratory, 
including those described in this book, we begin with a short overview of the 
evolution of high-resolution (solution-state) NMR spectroscopy and some of 
the landmark developments that have shaped the subject. 

1.1. THE DEVELOPMENT OF HIGH-RESOLUTION NMR 

It is now a little over fifty years since the first observations of nuclear 
magnetic resonance were made in both solid and liquid samples, from which 
the subject has evolved to become the principal structural technique of the 
research chemist. During this time, there have been a number of key advances 
in high-resolution NMR that have guided the development of the subject [3,4] 
(Table 1.1) and consequently the work of organic chemists and their approaches 
to structure elucidation. The seminal step occurred during the early 1950s when 
it was realised that the resonant frequency of a nucleus is influenced by 
its chemical environment, and that one nucleus could further influence the 
resonance of another through intervening chemical bonds. Although these ob-
servations were seen as unwelcome chemical complications by the investigating 
physicists, a few pioneering chemists immediately realised the significance of 
these chemical shifts and spin-spin couplings within the context of structural 
chemistry. The first high-resolution proton NMR spectrum (Fig. 1.1) clearly 

Figure 1.1. The first pubHshed 
'high-resolution' proton NMR spectrum, 
recorded at 30 MHz, displaying the 
proton chemical shifts in ethanol 
(reproduced with permission from 
reference [5]). 
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Table 1.1. A summary of some key developments that have had a major influence on the practice 
and apphcation of high-resolution NMR spectroscopy in chemical research 

Decade Notable advances 

1940s First observation of nuclear magnetic resonance in solids and liquids (1945) 

1950s Development of chemical shifts and spin-spin coupling constants as structural tools 

1960s Use of signal averaging for improving sensitivity 
Application of the pulse-Fourier transform (FT) approach 
The nuclear Overhauser effect employed in structural investigations 

1970s Use of superconducting magnets and their combination with the FT approach 
Computer controlled instrumentation 

1980s Development of multipulse and two-dimensional NMR techniques 
Automated spectroscopy 

1990s Routine application of pulsed field gradients for signal selection 
Development of coupled analytical methods e.g. LC-NMR 

2(X)0-|- Use of high-sensitivity superconducting probes? 
Use of flow-injection NMR ('tubeless' NMR) in routine structural characterisation? 

demonstrated how the features of an NMR spectrum, in this case chemical 
shifts, could be directly related to chemical structure and it is from this that 
NMR has evolved to attain the significance it holds today. 

The 1950s also saw a variety of instrumental developments that were to 
provide the chemist with even greater chemical insight. These included the 
use of sample spinning for averaging to zero field inhomogeneities which 
provided a substantial increase in resolution, so revealing fine splittings from 
spin-spin coupling. Later, spin-decoupling was able to provide more specific 
information by helping the chemists understand these interactions. With these 
improvements, sophisticated relationships could be developed between chem-
ical structure and measurable parameters, leading to such realisations as the 
dependence of vicinal coupling constants on dihedral angles (the now well-
known Karplus relationship). The application of computers during the 1960s 
was also to play a major role in enhancing the influence of NMR on the chemi-
cal community. The practice of collecting the same continuous-wave spectrum 
repeatedly and combining them with a CAT (computer of average transients) 
led to significant gains in sensitivity and made the observation of smaller 
sample quantities a practical realisation. When the idea of stimulating all spins 
simultaneously with a single pulse of radio frequency energy, collecting the 
time-domain response and converting this to the required frequency-domain 
spectrum by a process known as Fourier transformation (FT) was introduced, 
more rapid signal averaging became possible. This approach provided an 
enormous increase in signal-to-noise ratio, and was to change completely the 
development of NMR spectroscopy. The mid 1960s also saw the application 
of the nuclear Overhauser effect to conformational studies. Although described 
during the 1950s as a means of enhancing the sensitivity of nuclei through 
the simultaneous irradiation of electrons, the Overhauser effect has since found 
widest application in sensitivity enhancement between nuclei, or in the study of 
the spatial proximity of nuclei, and remains one of the most important tools of 
modem NMR. By the end of the 1960s, the first conmiercial FT spectrometer 
was available, operating at 90 MHz for protons. The next great advance in 
field strengths was provided by the introduction of superconducting magnets 
during the 1970s, which were able to provide significantly higher fields than the 
electromagnets previously employed. These, combined with the FT approach, 
made the observation of carbon-13 routine and provided the organic chemist 
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with another probe of molecular structure. This also paved the way for the 
routine observation of a whole variety of previously inaccessible nuclei of low 
natural abundance and low magnetic moment. It was also in the early 1970s that 
the concept of spreading the information contained within the NMR spectrum 
into two separate frequency dimensions was presented in a lecture. However, 
because of instrumental limitations, the quality of the first two-dimensional 
spectra were considered too poor to be published, and not until the mid 
1970s, when instrument stability had improved and developments in computers 
made the necessary complex calculations feasible, did the development of 2D 
methods begin in earnest. These methods, together with the various multipulse 
one-dimensional methods that also became possible with the FT approach, 
were not to have significant impact on the wider chemical community until the 
1980s, from which point their development was nothing less than explosive. 
This period saw an enormous number of new pulse techniques presented which 
were capable of performing a variety of 'spin gymnastics' and so providing the 
chemist with ever more structural data, on smaller sample quantities and in less 
time. No longer was it necessary to rely on empirical correlations of chemical 
shifts and coupling constants with structural features, but instead a collection 
of spin interactions (through-bond, through-space, chemical exchange) could 
be mapped and used to determine structures more reliably and more rapidly. 
The evolution of new pulse methods has continued throughout the 1990s, 
alongside which has emerged a fundamentally different way of extracting the 
desired information from molecular systems. Pulsed field gradient selected 
experiments have now become routine structural tools, providing better quality 
spectra, often in shorter times, than was previously possible. These have come 
into widespread use not so much from a recent theoretical breakthrough (their 
use for signal selection was first demonstrated in 1980) but again as a re- 
sult of progressive technological developments defeating practical difficulties. 
Similarly, the recent emergence of coupled analytical methods, such as liquid 
chromatography and NMR (LC-NMR), has come about after the experimental 
complexities of interfacing these very different techniques have been over- 
come, and these methods are proving particularly popular in the pharmaceutical 
industry, for example. 

As the new century begins, it remains to be seen what new developments 
emerge and the impact these have on structural organic chemistry and the 
operation of the research laboratory. Already new breeds of 'shielded' super- 
conducting magnets are available which have significantly smaller 'stray fields' 
and therefore demand less laboratory space. Advances in high-temperature 
superconducting materials may lead to still smaller and more economical liq- 
uid-nitrogen cooled magnets and possibly to yet higher field strengths. Could 
these advances, together with the ongoing miniaturisation of all electronic 
equipment, mean bench-top high-resolution, high-field instrmnents become 
standard in the future? The use of superconducting materials in probe detection 
coils is already providing significant improvements instrument sensitivity, and 
although such probes are now becoming commercially available, it remains to 
be seen whether they become an integral part of routine spectrometers. The 
advent of 'tubeless' NMR in high-throughput applications is also an emerging 
method utilising flow-injection technology, and may in due course force the 
demise of the NMR tube in routine structural characterisafions after nearly 
half a century of service. Undoubtedly, all developments will be paralleled by 
advances in computational power and the added flexibility and opportunities 
for data handling this provides. 

Modem NMR spectroscopy is now a highly developed and technologically 
advanced subject. With so many advm~ces in NMR methodology in recent years 
it is understandably an overwhelming task for the research chemist, and even 
the dedicated spectroscopist, to appreciate what modem NMR has to offer. 
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This text aims to assist in this task by presenting the principal modem NMR 
techniques to this wider audience. 

1.2. MODERN HIGH-RESOLUTION NMR AND THIS BOOK 

There can be little doubt that NMR spectroscopy now represents the most 
versatile and informative spectroscopic technique employed in the modem 
chemical research laboratory, and that an NMR spectrometer represents one 
of the largest single investments in analytical instmmentation the laboratory is 
likely to make. For both these reasons it is important that the research chemist 
is able to make the best use of the available spectrometer(s) and to harness 
modem developments in NMR spectroscopy in order to promote their chemical 
or biochemical investigations. Even the most basic modem spectrometer is 
equipped to perform a myriad of pulse techniques capable of providing the 
chemist with a variety of data on molecular stmcture and dynamics. Not always 
do these methods find their way into the hands of the practising chemist, 
remaining instead in the realms of the specialist, obscured behind esoteric 
acronyms or otherwise unfamiliar NMR jargon. Clearly this should not be so 
and the aim of this book is to gather up the most useful of these modem NMR 
methods and present them to the wider audience who should, after all, find 
greatest benefit from their application. 

The approach taken throughout is non-mathematical and is based firmly 
on using pictorial descriptions of NMR phenomena and methods wherever 
possible. In preparing this work, I have attempted to keep in mind what I 
perceive to be the requirements of three major classes of potential readers: 

• those who use solution-state NMR as tool in their own research, but have 
little or no direct interaction with the spectrometer, 

• those who have undertaken training in directly using a spectrometer to 
acquire their own data, but otherwise have little to do with the upkeep and 
maintenance of the instmment, and 

• those who make use of spectrometers and are nominally responsible for 
the day-to-day upkeep of the instmment (although they may not consider 
themselves dedicated NMR spectroscopists). 

The first of these could well be research chemists and students in an aca-
demic or industrial environment who need to know what modem techniques 
are available to assist them in their efforts, but otherwise feel they have little 
concem for the operation of a spectrometer. Their data is likely to be collected 
under fully-automated conditions, or provided by a central analytical facihty. 
The second may be a chemist in an academic environment who has hands-on 
access to a spectrometer and has his or her own samples which demand specific 
studies that are perhaps not available from fully automated instmmentation. 
The third class of reader may work in a small chemical company or academic 
chemistry department which has invested in NMR instmmentation but does 
not employ a dedicated NMR spectroscopist for its upkeep, depending instead 
on, say, an analytical or synthetic chemist for this. This, it appears (in the UK 
at least), is often the case for new start-up chemical companies. With these 
in mind, the book contains a fair amount of practical guidance on both the 
execution of NMR experiments and the operation and upkeep of a modem 
spectrometer. Even if you see yourself in the first of the above categories, some 
mdimentary understanding of how a spectrometer collects the data of inter-
est and how a sequence produces, say, the 2D correlation spectmm awaiting 
analysis on your desk, can be enormously helpful in correcdy extracting the 
information it contains or in identifying and eliminating artefacts that may arise 
from instrumental imperfections or the use of less than optimal conditions for 
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your sample. Although not specifically aimed at dedicated spectroscopists, the 
book may still contain new infomiation or may serve as a reminder of what was 
once understood but has somehow faded away. The text should be suitable for 
(UK) graduate level courses on NMR spectroscopy, and sections of the book 
may also be appropriate for use in advanced undergraduate courses. The book 
does not, however, contain descriptions of the basic NMR phenomena such as 
chemical shifts and coupling constants, and neither does it contain extensive 
discussions on how these may be correlated with chemical structures. These 
topics are already well documented in various introductory texts [6-9] and it is 
assumed that the reader is already familiar with such matters. 

The emphasis is on techniques in solution-state (high-resolution) spec-
troscopy, principally those used throughout organic chemistry as appropriate 
for this series, although extensions of the discussions to inorganic systems 
should be straightforward, relying on the same principles and similar logic. 
Likewise, greater emphasis is placed on small to mid-sized molecules (with 
masses up to a few thousand say) since it is on such systems that the ma-
jority of organic chemistry research is performed. That is not to say that the 
methods described are not applicable to macromolecular systems, and appro-
priate considerations are given when these deserve special comment. Biological 
macromolecules are not covered however, but are addressed in a number of 
specialised texts [10-12]. 

1.2.1. What this book contains 

The aim of this text is to present the most important NMR methods used 
for organic structure elucidation, to explain the information they provide, how 
they operate and to provide some guidance on their practical implementation. 
The choice of experiments is naturally a subjective one, partially based on 
personal experience, but also taking into account those methods most com-
monly encountered in the chemical literature and those recognised within the 
NMR community as being most informative and of widest applicability. The 
operation of many of these is described using pictorial models (equations 
appear infrequently, and are only included when they serve a specific purpose) 
so that the chemist can gain some understanding of the methods they are using 
without recourse to uninviting mathematical descriptions. The sheer number 
of available NMR methods may make this seem an overwhelming task, but 
in reality most experiments are composed of a smaller number of comprehen-
sible building blocks pieced together, and once these have been mastered an 
appreciation of more complex sequences becomes a far less daunting task. For 
those readers wishing to pursue a particular topic in greater detail, the original 
references are given but otherwise all descriptions are self-contained. 

Following this introductory section. Chapter 2 introduces the basic model 
used throughout the book for the description of NMR methods and describes 
how this provides a simple picture of the behaviour of chemical shifts and 
spin-spin couplings during pulse experiments. Following this, the model is 
used to visualise nuclear spin relaxation, a factor of central importance for the 
optimum execution of all NMR experiments (indeed, it seems early attempts 
to observe NMR failed most probably because of a lack of understanding at 
the time of the relaxation behaviour of the chosen samples!). Methods for 
measuring relaxation rates also provide a simple introduction to multipulse 
NMR sequences. Chapter 3 describes the practical aspects of performing NMR 
spectroscopy. This is a chapter to dip into as and when necessary and is 
essentially broken down into self-contained sections relating to the operating 
principles of the spectrometer and the handling of NMR data, how to correctly 
prepare the sample and the spectrometer before attempting experiments, how 
to calibrate the instrument and how to monitor and measure its performance, 
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should you have such responsibilities. It is clearly not possible to describe all 
aspects of experimental spectroscopy in a single chapter, but this (together with 
some of the descriptions in Chapter 9) should contain sufficient information to 
enable the execution of most modem experiments. These descriptions are kept 
general and in these I have deliberately attempted to avoid the use of a dialect 
specific to a particular instrument manufacturer. Chapter 4 contains the most 
widely used one-dimensional techniques, ranging from the optimisation of the 
single-pulse experiment, through to the multiplicity editing of heteronuclear 
spectra and the concept of polarisation transfer, another central feature of 
pulse NMR methods. This includes the universally employed methods for 
the editing of carbon spectra according to the number of attached protons. 
Specific requirements for the observation of certain quadrupolar nuclei that 
posses extremely broad resonances are also considered. The introduction of 
two-dimensional methods is presented in Chapter 5, specifically in the context 
of determining homonuclear correlations. This is so that the 2D concept is 
introduced with a realistically useful experiment in mind, although it also 
becomes apparent that the general principles involved are the same for any 
two-dimensional experiment. Following this, a variety of correlation techniques 
are presented for identifying scalar (J) couplings between homonuclear spins, 
which for the most part means protons. Included in these descriptions is 
an introduction to the operation and use of pulsed field gradients, the most 
recent revolution in NMR spectroscopy, again with a view to presenting 
them with a specific application in mind so that their use does not seem 
detached from reality. Again, these discussions aim to make it clear that 
the principles involved are quite general and can be applied to a variety of 
experiments, and those that benefit most from the gradient methodology are 
the heteronuclear correlation techniques of Chapter 6. These correlations are 
used to map coupling interactions between, typically, protons and a heteroatom 
either through a single bond or across multiple bonds, In this chapter, most 
attention is given te the modem correlation methods based on proton excitation 
and detection, so called 'inverse' spectroscopy. These provide significant 
gains in sensitivity over the traditional methods that use detection of the 
less sensitive heteroatom, which nevertheless warrant description because of 
specific advantages tlaey provide for certain molecules. Chapter 7 considers 
methods for separating chemical shifts and coupling constants in spectra, 
which are again based on two-dimensional methods. Chapter 8 moves away 
from through-bond co,3p!ings and onto through-space interactions in the form 
of the nuclear Overhauser effect (NOE). The principles behind the NOE 
are presented initially for a simple two-spin system, and then for more 
realistic multi-spin systems. The practical implementation of both 1D and 2D 
NOE experiments is described, including the newly developed pulsed field 
gradient 1D NOE met~nods. Rotating-frame NOE methods are also described 
as these will inevitably take on ever greater importance in the world of 
organic NMR as ~n~e~sest in larger molecules continues to grow in areas 
such as host-guest complexes, oligomeric structures and so on. The final 
chapter considers aadifional experimental methods which do not, on their own, 
constitute complete NMR experiments but are the tools with which modem 
methods are consuuc~ed. These are typically used as elements within the 
sequences described in the preceding chapters and include such topics as 
broadband decoul~!ing, selective excitation of specific regions of a spectrum 
and solvent suppre~io~ Finally, the chapter concludes with a brief overview 
of some newly estab~i,b~ed methods, including the separation of the spectra 
of solutes based on their diffusion properties and the direct high-resolution 
analysis of matefi~; ~ ~:~!::~hed to solid-state resins. At the end of the book is a 
glossary of some c~f ti~e ~,~ronyms that permeate the language of modem NMR, 
and, it might be a:~gecd, have come to characterise the subject. Whether you 
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love them or hate them they are clearly here to stay and although they provide 
a ready reference when speaking of pulse experiments to those in the know, 
they can also serve to confuse the uninitiated and leave them bewildered in the 
face of this NMR jargon. The glossary provides an immediate breakdown of 
the acronym together with a reference to its location in the book. 

1.2.2. Pulse sequence nomenclature 

Virtually all NMR experiments can described in terms of a pulse sequence 
which, as the name suggests, is a notation which describes the series of 
radiofrequency or field gradient pulses used to manipulate nuclear spins and 
so tailor the experiment to provide the desired information. Over the years 
a largely (although not completely) standard pictorial format has evolved for 
representing these sequences, not unlike the way a musical score is used 
to encode a symphony 1. As these crop up repeatedly throughout the text, 
the format and conventions used in this book deserve explanation. Only the 
definitions of the various pictorial components of a sequence are given here, 
their physical significance in an NMR experiment will become apparent in later 
chapters. 

Radiofrequency 
pulses 

Field gradient 
pulses 

a) 
o 180x 90x 

nuclide 1J, . . . -  A .-,...~ 90x 1 90x "-- A " ~ ~  

nuclide 2 i tl :J  ........ 

G] G2 G3 

{ z -  t A A  ......... 

b) x 

1H I ~-- A ---- 

x I 
x 

G1 G2 G3 

Figure 1.2. Pulse sequence 
nomenclature. (a) A complete pulse 
sequence and (b) the reduced 
representation used throughout the 
remainder of the book. 

An example of a reasonably complex sequence is shown in Fig. 1.2 (a het- 
eronuclear correlation experiment from Chapter 6) and illustrates most points 
of significance. Fig. 1.2a represents a more detailed account of the sequence, 
whilst Fig. 1.2b is the reduced equivalent used throughout the book for reasons 
of clarity. Radiofrequency (rf) pulses applied to each ~ c l i d e  involved in the 
experiment are presented on separate rows running left to fight, in the order 
in which they are applied. Most experiments nowadays involve protons, and 
often one (and sometimes two) additional nuclides. In o~ganic chemistry this is 
naturally most often carbon but can be any other, so is termed the X-nucleus. 
These rf pulses are most frequently applied as soocalled 9 0  ~' or 1 8 0  ° pulses (the 
significance of which is detailed in the following chapter)~ which are illustrated 
by a thin black and thick grey bars respectively. Pulses of other angles are 

1 Indeed, just as a skilled musician can read the score and 'hear' the symphony in their head, an 
experienced spectroscopist can often read the pulse sequence and pictL, xe the general form of the 
resulting spectrum. 
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marked with an appropriate Greek symbol that is described in the accompa-
nying text. All rf pulses also have associated with them a particular phase, 
indicated by jc, y, —x or —y above each pulse. Pulses that act only on an small 
number of resonances, so-called selective or shaped pulses, are differentiated as 
rounded rather than rectangular bars as this reflects the manner in which these 
pulses are applied experimentally. Segments that make use of a long series of 
very many closely spaced pulses, such as the decoupling shown in Fig. 1.2, are 
shown as a solid grey box, with the bracket indicating the use of the decoupling 
sequence is optional. Below the row(s) of radiofrequency pulses are shown field 
gradient pulses (Gz), whenever these are used, again drawn as shaped pulses. 

The operation of very many NMR experiments is crucially dependent on 
the experiment being tuned to the value of specific coupling constants. This 
is achieved by defining certain delays within the sequence according to these 
values, these delays being indicated by the general symbol A. Other time 
periods within a sequence which are not tuned to J-values but are chosen 
according to other criteria, such as spin recovery (relaxation) rates, are given 
the symbol x. The symbols ti and t2 are reserved for the time periods which 
ultimately correspond to the frequency axes fi and f2 of two-dimensional 
spectra, one of which (t2) will always correspond to the data acquisition 
period when the NMR response is actually detected. The acquisition period 
is illustrated by a simple decaying sine-wave in all experiments to represent 
the so-called Free Induction Decay or FID. Again it should be stressed that 
although these sequences can have rather foreboding appearances, they are 
generally built-up from much smaller and simpler segments that have well 
defined and easily understood actions. A little perseverance can clarify what 
might at first seem a total enigma. 

1.3. APPLYING MODERN NMR TECHNIQUES 

The tremendous growth in available NMR pulse methods over the last two 
decades can be bewildering and may leave one wondering just where to start 
or how best to make use of these new developments. The answer to this is 
not straightforward since it depends so much on the chemistry undertaken, 
on the nature of the molecule being handled and on the information required 
of it. It is also dependent on the amount of material and by the available 
instrumentation and its capabilities. The fact that NMR itself finds application 
in so many research areas means defined rules for experiment selection are 
largely intractable. A scheme that is suitable for tackling one type of problem 
may be wholly inappropriate for another. Nevertheless, it seems inappropriate 
that a book of this sort should contain no guidance on experiment selection 
other than the descriptions of the techniques in the following chapters. Here 
I attempt to broach this topic in rather general terms and present some loose 
guidelines to help weave a path through the maze of available techniques. Even 
so, only with a sound understanding of modem techniques can one truly be in 
a position to select the optimum experimental strategy for your molecule or 
system, and it is this understanding I hope to develop in the remaining chapters. 

Most NMR investigations will begin with the analysis of the proton spectrum 
of the sample of interest, with the usual analysis of the chemical shifts, coupling 
constants and relative signal intensities, either manually or with the assistance 
of the various sophisticated computer-based structure-spectrum data bases now 
available. Beyond this, one encounters a plethora of available NMR methods 
to consider employing. The key to selecting appropriate experiments for the 
problem at hand is an appreciation of the type of information the principal 
NMR techniques can provide. Although there exist a huge number of pulse se-
quences, there are a relatively small number of what might be called core 
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experiments, from which most others are derived by minor variation, of which 
only a rather small fraction ever find widespread use in the research laboratory. 
To begin, it is perhaps instructive to realise that virtually all NMR methods 
exploit only three basic phenomena: 

• Through-bond interactions: scalar (J) coupling via bonding electrons. 
• Through-space interactions: the nuclear Overhauser effect mediated through 

dipole coupling and spin relaxation. 
• Chemical exchange: the physical exchange of one spin for another at a 

specific location. 

When attempting to analyse the structure of a molecule and/or its behaviour 
in solution by NMR spectroscopy, one must therefore consider how to exploit 
these phenomena to gain the desired information, and from this select the 
appropriate technique(s). Thus, when building up the structure of a molecule 
one typically first searches for evidence of scalar coupling between nuclei 
as this can be used to indicate the location of chemical bonds. When the 
location of all bonding relationships within the molecule have been established, 
the gross structure of the molecule is defined. Spatial proximities between 
nuclei, and between protons in particular, can be used to define stereochemical 
relationships within a molecule and thus address questions of configuration 
and conformation. The unique feature of NMR spectroscopy, and the principal 
reason for its superiority over any other solution-state technique for structure 
elucidation, is its ability to define relationships between specific nuclei within 
a molecule or even between molecules. Such exquisite detail is generally 
obtained by correlating one nucleus with another by exploiting the above 
phenomena. Despite the enormous power of NMR, there are, in fact, rather 
few types of coiTelation available to the chemist to employ for structural 
and conformational analysis. The principal spin interactions and the main 
techniques used to map these, which are frequently two-dimensional methods, 
are summarised in Table 1.2, and further elaborated in the chapters that follow. 

The homonuclear correlation experiment, COSY, identifies those nuclei that 
share a J-coupling, which, for protons, operate over two, three, and, less 
frequently, four bonds. This information can therefore be used to indicate 
the presence of a bonding pathway. The correlation of protons that exist 
within the same coupled network or chain of spins, but do not themselves 
share a J-coupling, can be made with the TOCSY experiment. This can 
be used to identify groups of nuclei that sit within the same isolated spin 
system, such as the amino acid residue of a peptide or the sugar ring of 
an oligosaccharide. One-bond heteronuclear correlation methods (HMQC or 
HSQC) identify the heteroatoms to which the protons are directly attached 
and can, for example, provide carbon assignments from previously established 
proton assignments. Proton chemical shifts can also be dispersed according 
to the shift of the attached heteroatom, so aiding the assignment of the 
proton spectrum itself. Long-range heteronuclear correlations over typically 
two- or three-bonds (HMBC) provide a wealth of information on the skeleton 
of the molecule and can be used to infer the location of carbon-carbon 
or carbon-heteroatom bonds. These correlations can be particularly valuable 
when proton-proton correlations are absent. The INADEQUATE experiment 
identifies connectivity between like nuclei of low-natural abundance, for which 
it is favoured over COSY. This can therefore correlate directly-connected 
carbon centres, but as this relies on the presence of neighbouring carbon-13 
nuclei it suffers from appallingly low sensitivity and thus finds little use. 
Modem variants that use proton detection have greatly improved performance 
but are still likely to be less used than the heteronuclear correlation techniques. 
Measurements based on the nuclear Overhauser effect (NOE) are most often 
applied after the gross structure is defined and NMR assignments established. 
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Table 1.2. The principal correlations established through NMR techniques 

Correlation Principal technique(s) Comments Chapter 

H 1 H_I H C O S Y  

i l  J l~  X 

~xT J l~xt J l~ x ~H-~H TOCSY 

i l  J H 1H-X HM~C 
[ 1 H-X HS©C X .... 

J X-X COSY 
X = = X X-X INAiS~EQUATE 

NOE 1H_1H NOE difference 
1/2D NOESY 

H H 1/2D R@E~Y 
I I 
X- . . . . .  X 

NOE 1H-X NOE difference 
i ~  x 2D HOESY 

exchange 1D saturation or inversion 
transfer 
2D EXSY 

Proton J-coupling typically over 2 or 3 bonds. 

Relayed proton J-couplings within a coupled spin system. Remote 
protons may be correlated provided there is a continuous coupling 
network in between them. 

One-bond heteronuclear couplings with proton observation. 

Long-range heteronuclear couplings with proton observation. 
Typically over 2 or 3 bonds when X = 13C. 

COSY only used when X-spin natural abundance > 20%. 
Sensitivity problems when X has low natural abundance. 

Through-space correlations. NOE difference only applicable to 
'mid-sized' molecules with masses ca. 1-2 kDa. 

Sensitivity limited by X-spin observation. Care required to make 
NOEs specific in presence of proton decoupling. 

Interchange of spins at chemically distinct locations. Exchange must 
be slow on NMR timescale for separate resonances to be observed. 
Intermediate to fast exchange requires lineshape analysis. 

The correlated spins are shown in bold type for each correlation, with X indicating any spin-l/2 nucleus. The acronyms are explained in the 
glossary. 

These define the 3D stereochemistry of a molecule since this effect maps 
through-space proximity between nuclei. The vast majority of these exper- 
iments investigate proton-proton NOEs, although in exceptional cases het- 
eronuclear NOEs involving a proton and a heteroatom have been applied 
successfully. The final group of experiments correlate nuclei involved in chem- 
ical exchange processes that are slow on the NMR timescale and thus give rise 
to distinct resonances for each exchanging species or site. 

The greatest use of NMR in the chemical research laboratory is in the routine 
characterisation of synthetic starting materials, intermediates and final products. 
In these circumstances it is often not so much full structure elucidation that 
is required, rather it is structure confirmation since the synthetic reagents are 
known, which naturally limit what the products may be, and because the 
desired synthetic target is usually defined. Routine analysis of this sort typically 
follows a general procedure similar to that summarised in Table 1.3, which 
is supplemented with data from the other analytical techniques, most notably 
mass spectrometry and infra-red spectroscopy. This general protocol has been 
greatly influenced by a number of developments over the last decade, which 
can perhaps be viewed as now characterising modem NMR methodology, thus: 

• The indirect observation of heteronuclides via proton detection. 
• The routine application of 2D methods on a daily basis. 
• The application of pulsed field gradients for clean signal selection. 
• The wider use of sophisticated data processing procedures which enhance 

the information content or quality of spectra. 
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Table 1.3. A typical protocol for the routine structure confirmation of synthetic organic materials 

Procedure Technique Information 

1D 1H spectrum 1D 

2D 1H_I H correlation COSY 

1D 13C 1D, 
(with spectrum editing) (DEPT or APT) 

1D heteronuclide spectra 1D 
e.g. 31p, 19 F etc. 

2D iH-13C one-bond correlation HMQC or HSQC 
(with spectrum editing) (with editing) 

2D 1H-13C long-range correlation HMBC 

Through-space NOE correlation 1D or 2D NOE 

Information from chemical shifts, coupling constants, integrals 

Identify J-coupling relationships between protons 

Carbon count and multiplicity determination (C; CH, CH2, CH3). Can often be 
avoided by using proton-detected heteronuclear 2D experiments. 

Chemical shifts and homonuclear/heteronuclear coupling constants 

Carbon assignments transposed from proton assignments. Proton spectrum 
dispersed by 13C shifts. Carbon multiplicities from edited HSQC (faster than 
above 1D approach). 

Correlations identified over two- and three- bonds. Correlations established 
across heteroatoms e.g. N and O. Structural fragments pieced together. 

Stereochemical analysis: configuration and conformation 

Not all these steps may be necessary, and the direct observation of a heteronuclide, such as carbon or nitrogen, can often be replaced through its 
indirect observation with the more sensitive proton-detected heteronuclear shift correlation techniques. 

The first item in this list arises from the near universal adoption of techniques 
based on proton observation whenever possible. This is principally to help 
overcome limitations from the relatively low sensitivity associated with NMR 
observations and as a result provide data on smaller sample quantities and/or 
provide data in shorter times. This is a recurring theme in this book. The 
second significant feature is the increased use of a range of 2D methods for 
routine structural characterisation as computational power and data storage 
capacities increase, now making these as widely used as 1D observations. 
The third issue is the development of pulsed field gradients and the enormous 
impact these have had on the practical implementation of modem techniques, 
another recurring theme of this book. These points may be illustrated by 
considering the role of conventional 1D carbon-13 spectra in the modem NMR 
laboratory. Traditionally the carbon spectrum has been used as a routine tool 
in characterisation, supplemented by spectrum editing methods which indicate 
the multiplicities of each carbon centre, that is, identify it as belonging to a 
quaternary, methine, methylene or methyl group. The greatest problem with 
any carbon-13 detected experiment is its inherently low sensitivity. Nowadays, 
the collection of a 2D proton-detected 1H-13C shift correlation experiment 
requires significantly less time than the 1D carbon spectrum of the same 
sample, particularly with the gradient-selected technique, and provides both 
carbon shift data (of protonated centres) and correlation information. This 
is a far more powerful tool for routine structure confirmation than the 1D 
carbon experiment alone. In addition, editing can be introduced to the 2D 
experiment to differentiate methine from methylene correlations for example, 
providing yet more data in a single experiment and in less time. Even greater 
gains can be made in the indirect observation of heteronuclides of still 
lower intrinsic sensitivity, for example nitrogen-15, and when considering the 
observation of low-abundance nuclides it is sensible to first consider adopting a 
proton-detected method for this. 

Even when dealing with unknown materials or with molecules of high 
structural complexity, the scheme of Table 1.3 still represents an appropriate 
general protocol to follow. In such cases, the basic experiments of this table 
are still likely to be employed, but may require data to be collected under a 
variety of experimental conditions (solvent, temperature, pH etc.) and/or may 
require additional support from other methods or extended versions of these 
techniques before a complete picture emerges. The following chapters aim to 
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explain the primary NMR techniques and some of their more useful variants, 
and to describe their practical implementation, so that the research chemist may 
realise the full potential that modem NMR spectroscopy has to offer. 
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Chapter 2 

Introducing high-resolution NMR 

For anyone wishing to gain a greater understanding of modern NMR tech-
niques together with an appreciation of the information they can provide and 
hence their potential appHcations, it is necessary to develop an understanding 
of some elementary principles. These, if you like, provide the foundations from 
which the descriptions in subsequent chapters are developed and many of the 
fundamental topics presented in this introductory chapter will be referred to 
throughout the remainder of the text. In keeping with the style of the book, all 
concepts are presented in a pictorial manner and avoid the more mathematical 
descriptions of NMR. Following a reminder of the phenomenon of nuclear 
spin, the Bloch vector model of NMR is introduced. This presents a convenient 
and comprehensible picture of how spins behave in an NMR experiment and 
provides the basic tool with which most experiments will be described. 

2.1. NUCLEAR SPIN AND RESONANCE 

The nuclei of all atoms may be characterised by a nuclear spin quantum 
number, I, which may have values greater than or equal to zero and which are 
multiples of V2. Those with 1 = 0 possess no nuclear spin and therefore cannot 
exhibit nuclear magnetic resonance so are termed 'NMR silent'. Unfortunately, 
from the organic chemists' point of view, the nucleus likely to be of most 
interest, carbon-12, has zero spin, as do all nuclei with atomic mass and 
atomic number both even. However, the vast majority of chemical elements 
have at least one nuclide that does possess nuclear spin which is, in principle 
at least, observable by NMR (Table 2.1) and as a consolation the proton 
is a high-abundance NMR-active isotope. The property of nuclear spin is 
fundamental to the NMR phenomenon. The spinning nuclei possess angular 
momentum, P, and, of course, charge and the motion of this charge gives rise to 
an associated magnetic moment, |x, (Fig. 2.1) such that: 

î = yP (2.1) 

where the term y is the magnetogyric ratio ^ which is constant for any given 
nuclide and may be viewed as a measure of how 'strongly magnetic' this 
is. Both angular momentum and the magnetic moment are vector quantities, 
that is, they have both magnitude and direction. When placed in an exter-
nal, static magnetic field (denoted BQ, strictly the magnetic flux density) the 
microscopic magnetic moments align themselves relative to the field in a 

/ ' 

Figure 2.1. A nucleus carries charge and 
when spinning possesses a magnetic 
moment, |x. 

^ The term gyromagnetic ratio is also in widespread use for y, although this does not conform to 
lUPAC recommendations [1]. 
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Figure 2.2. Nuclei with a magnetic 
quantum number I may take up 2I + 1 
possible orientations relative to the 
applied static magnetic field B0. For 
spin-1/2 nuclei, this gives the familiar 
picture of the nucleus behaving as a 
microscopic bar magnet having two 
possible orientations, 0t and ~. 

Table 2.1. Properties of selected spin-l/2 nuclei 

Isotope Natural abundance NMR frequency Relative sensitivity 
(%) (MHz) 

1H 99.98 400.0 1.0 
3H 0 426.7 1.2 a 
13C 1.11 100.6 1.76 × 10 -4 
15N 0.37 40.5 3.85 x 10 -6 
19F 100.00 376.3 0.83 
29Si 4.7 79.5 3.69 x 10 -4 
31p 100.00 161.9 6.63 x 10 -2 
77Se 7.58 76.3 5.25 x 10 -4 
l°3Rh 100.00 12.6 3.11 x 10 -5 
ll3Cd 12.16 88.7 1.33 × 10 -3 
119Sn 8.58 149.1 4.44 × 10 -3 
183W 14.40 16.6 1.03 X 10 .5 
195pt 33.80 86.0 3.36 x 10 -3 
2°Tpb 22.60 83.7 2.07 x 10 -3 

Frequencies are given for a 400 MHz spectrometer (9.4 T magnet) and sensitivities are given 
relative to proton observation and include terms for both intrinsic sensitivity of the nucleus and 
its natural abundance. 
Properties of quadrupolar nuclei are given in Table 2.3 below. 
a Assuming 100% 3H labelling. 
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spin states,  so for  a spin-1/2 nuc leus  such as the  pro ton ,  there  are 2 possi-  
b le  states deno ted  -~-1/2 and -1/2,  whi l s t  for I = 1, for e x a m p l e  deu te r ium,  

the  states are + 1 ,  0 and - 1  (Fig. 2.2) and so on. For  the sp in-ha l f  nuc leus ,  

the  two states co r r e spond  to the popu la r  p ic ture  of  a nuc leus  tak ing  up two 

poss ib le  or ien ta t ions  wi th  respec t  to the static field, e i ther  para l le l  ( the 0t-state) 

or an t ipara l le l  ( the ~-state) ,  the  f o r m e r  be ing  of  l ower  energy.  T h e  effect  o f  

the  static field on the m a g n e t i c  m o m e n t  can be  desc r ibed  in t e rms  of  c lass ica l  

m e c h a n i c s ,  wi th  the  field i m p o s i n g  a to rque  on the m o m e n t  w h i c h  therefore  

t races  a c i rcular  pa th  about  the  appl ied  field (Fig. 2.3). This  m o t i o n  is re fe r red  

to as p recess ion ,  o r  m o r e  speci f ica l ly  Larmor precession in this context .  It i s  

Figure 2.3. A static magnetic field 
applied to the nucleus causes it to 
precess at a rate dependent on the field 
strength and the magnetogyric ratio of 
the spin. The field is conventionally 
applied along the z-axis of a Cartesian 
co-ordinate frame and the motion of the 
nucleus represented as a vector moving 
on the surface of a cone. 

~ y  
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analogous to the familiar motion of a gyroscope in the Earth's gravitational 
field, in which the gyroscope spins about its own axis, and this axis in turn 
precesses about the direction of the field. The rate of the precession as defined 
by the angular velocity (co rad s -1 or v Hz) is: 

co = -¥Bo rad s- 1 

or - y B o  
= -- - ¥ B o  Hz (2.2) 

2rt 
and is known as the Larmor frequency of the nucleus. The direction of motion 
is determined by the sign of ¥ and may be clockwise or anticlockwise, but 
is always the same for any given nuclide. Nuclear magnetic resonance occurs 
when the nucleus changes its spin state, driven by the absorption of a quantum 
of energy. This energy is applied as electromagnetic radiation, whose frequency 
must match that of the Larmor precession for the resonance condition to be 
satisfied, the energy involved being given by: 

hyB0 
AE = h~ = (2.3) 

2rt 
where h is Plank's constant. In other words, the resonant frequency of a spin 
is simply its Larmor frequency. Modem high-resolution NMR spectrometers 
currently employ field strengths up to 18.8 T (tesla) which, for protons, 
correspond to resonant frequencies up to 800 MHz, which fall within the 
radiofrequency region of the electromagnetic spectrum. For other nuclei at 
similar field strengths, resonant frequencies will differ from those of protons 
(due to the dependence of v on y) but it is common practice to refer to a 
spectrometer's operating frequency in terms of the resonant frequencies of 
protons. Thus, one may refer to using a '400 MHz spectrometer', although this 
would equally operate at 100 MHz for carbon-13 since YH/¥C ~ 4. It is also 
universal practice to define the direction of the static magnetic field as being 
along the z-axis of a set of Cartesian co-ordinates, so that a single precessing 
spin-l/2 nucleus will have a component of its magnetic moment along the z-axis 
(the longitudinal component) and an orthogonal component in the x-y  plane 
(the transverse component) (Fig. 2.3). 

Now consider a collection of similar spin-l/2 nuclei in the applied static 
field. As stated, the orientation parallel to the applied field, ~, has slightly lower 
energy than the anti-parallel orientation, ~, so at equilibrium there will be an 
excess of nuclei in the 0t state as defined by the Boltzmann distribution: 

Na = eAE/kB T (2.4) 
N~ 

where N~,~ represents the number of nuclei in the spin orientation, kB the Boltz- 
mann constant and T the temperature. The differences between spin energy 
levels are rather small so the corresponding population differences are similarly 
small and only about 1 part in 10 4 at the highest available field strengths. This is 
why NMR is so very insensitive relative to other techniques such as IR and UV, 
where the ground- and excited-state energy differences are substantially greater. 
The tiny population excess of nuclear spins can be represented as a collection 
of spins distributed randomly about the precessional cone and parallel to the 
z-axis. These give rise to a resultant bulk magnetisation vector M0 along this 
axis (Fig. 2.4). It is important to realise that this z-magnetisation arises because 
of population differences between the possible spin states, a point we return to 
in the following section. Since there is nothing to define a preferred orientation 
for the spins in the transverse direction, there exists a random distribution 
of individual magnetic moments about the cone and hence there is no net 
magnetisation in the transverse (x-y) plane. Thus we can redace our picture 
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Figure 2.4. In the vector model of NMR 
many like spins are represented by a bulk 
magnetisation vector. At equilibrium the 
excess of spins in the a state places this 
parallel to the H-z-axis. 

^ 

of many similar magnetic moments to one of a single bulk magnetisation 
vector Mo that behaves according to the rules of classical mechanics. This 
simplified picture is referred to as the Bloch vector model (after the pioneering 
spectroscopist Felix Bloch), or more generally as the vector model of NMR. 

2.2. THE VECTOR MODEL OF NMR 

Having developed the basic model for a collection of nuclear spins, we 
can now describe the behaviour of these spins in pulsed NMR experiments. 
There are essentially two parts to be considered, firstly the application of 
the radiofrequency (rf) pulse(s), and secondly the events that occur following 
this. The essential requirement to induce transitions between energy levels, 
that is, to cause nuclear magnetic resonance to occur, is the application of 
a time-dependent magnetic field oscillating at the Larmor frequency of the 
spin. This field is provided by the magnetic component of the applied rf, 
which is designated the Bi field to distinguish it from the static BQ field. This 
rf is transmitted via a coil surrounding the sample, the geometry of which 
is such that the Bi field exists in the transverse plane, perpendicular to the 
static field. In trying to consider how this oscillating field operates on the 
bulk magnetisation vector, one is faced with a mind-boggling task involving 
simultaneous rotating fields and precessing vectors. To help visualise these 
events it proves convenient to employ a simplified formalism, know as the 
rotating frame of reference, as opposed to the so-called laboratory frame of 
reference described thus far. 

Figure 2.5. The rf pulse provides an 
oscillating magnetic field along one axis 
(here the ^-axis) which is equivalent to 
two counter-rotating vectors in the 
transverse plane. 

2.2.1. The rotating frame of reference 

To aid the visualisation of processes occurring during an NMR experiment 
a number of simple conceptual changes are employed. Firstly, the oscillating 
Bi field is considered to be composed of two counter-rotating magnetic vectors 
in the x-y plane, the resultant of which corresponds exactly to the applied 
oscillating field (Fig. 2.5). It is now possible to simplify things considerably by 
eliminating one of these and simultaneously freezing the motion of the other 
by picturing events in the rotating frame of reference (Fig. 2.6). In this, the set 
of X, y, z co-ordinates are viewed as rotating along with the nuclear precession, 
in the same sense and at the same rate. Since the frequency of oscillation of 

r. 7N 

- — y 
V̂ ' t V̂ 
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Figure 2.6. The laboratory and rotating 
frame representations. In the laboratory 
frame the co-ordinate system is viewed 
as being static, whereas in the rotating 
frame it rotates at a rate equal to the 
applied rf frequency, v0. In this 
representation the motion of one 
component of the applied rf is frozen 
whereas the other is far from the 
resonance condition and may be ignored. 
This provides a simplified model for the 
description of pulsed NMR experiments. 

the rf field exactly matches that of nuclear precession (which it must for the 
magnetic resonance condition to be satisfied) then the rotation of one of the rf 
vectors is now static in the rotating frame whereas the other is moving at twice 
the frequency in the opposite direction. This latter vector is far from resonance 
and is simply ignored. Similarly, the precessional motion of the spins has been 
frozen as these are moving with the same angular velocity as the rf vector and 
hence the co-ordinate frame. Since this precessional motion was induced by 
the static magnetic field B0, this is also no longer present in the rotating frame 
representation. 

The concept of the rotating frame may be better pictured with the following 
analogy. Suppose you are at a fairground and are standing watching a child 
going round on the carousel. You see the child move towards you then away 
from you as the carousel turns, and are thus aware of the circular path he 
follows. This corresponds to observing events from the so-called laboratory 
frame of reference (Fig. 2.7a). Now imagine what you see if you step onto 
the carousel as it turns. You are now travelling with the same angular velocity 
and in the same sense as the child so his motion is no longer apparent. His 
precession has been frozen from your point of view and you are now observing 

moving 

observer 

a) 

b) Y 

Figure 2.7. A fairground carousel can be 
viewed from (a) the laboratory or (b) the 
rotating frame of reference. 
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Figure 2.8. An rf pulse applies a torque 
to the bulk magnetisation vector and 
drives it toward the x-y plane from 
equilibrium. 0 is the pulse tip or flip 
angle which is most frequently 90 or 180 
degrees. 
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Figure 2.9. Following a 90 ° pulse, the 
individual spin vectors bunch along the 
y-axis and are said to possess phase 
coherence. 
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events in the rotating f rame of reference (Fig. 2.7b). Obviously the child is 
still moving in the 'real' world but your perception of events has been greatly 
simplified. Likewise, this transposition simplifies our picture of events ir_~ an 
NMR experiment. 

Strictly one should use the different co-ordinate labelling scheme for tile 
laboratory and the rotating frames, such as x, y, z and x', y' and z' respectively, 
as in Fig. 2.6. However, since we shall be dealing almost exclusively with a 
rotating frame description of events, the simpler x, y, z notations will be used 
throughout the remainder of the book, and explicit indication provided where 
the laboratory frame of reference is used. 

2.2.2. Pulses 

We are now in a position to visualise the effect of applying an rf pulse to 
the sample. The 'pulse' simply consists of turning on rf irradiation of a defined 
amplitude for a time period tp, and then switching it off. As in the case of the 
static magnetic field, the rf electromagnetic field imposes a torque on the bulk 
magnetisation vector in a direction that is perpendicular to the direction of the 
B1 field (the 'motor rule') which rotates the vector from the z-axis toward the 
x - y  plane (Fig. 2.8). Thus, applying the rf field along the x-axis will drive the 
vector toward the y-axis. The rate at which the vector moves is proportional to 
the strength of the rf field (7B1) and so the angle 0 through which the vector 
turns, colloquially known as the pulse flip or tip angle (but more formally as the 
nutation angle), will be dependent on the amplitude and duration of the pulse" 

O -- 360¥Bltp degrees (2.5) 

if the rf was turned off just as the vector reached the y-axis, this weald 
represent a 90 ° pulse, if it reached the -z-axis,  it would be a 180 ° pulse, 
and so on. Returning to consider the individual magnetic moments that make 
up the bulk magnetisation vector for a moment, we see that the 90 ° pulse 
co~xesponds to equalising the populations of the o~ and ~ states, as there is 
now no net z magnetisation. However, there is a net magnetisation in the x - y  
plane, resulting from 'bunching' of the individual magnetisation vectors caused 
by the application of the rf pulse. The spins are said to possess phase coher-. 
ence at this point, forced upon them by the rf pulse (Fig. 2.9). Note that 
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this equalising of populations is not the same as the saturation of a resonance, 
a condition that will be encountered in a variety of circumstances in this book. 
Saturation corresponds again to equal spin populations but with the phases of 
the individual spins distributed randomly about the transverse plane such that 
there exists no net transverse magnetisation and thus no observable signal. In 
other words, under conditions of saturation the spins lack phase coherence. 
The 180° pulse inverts the populations of the spin states, since there must now 
exist more spins in the P than in the a orientation to place the bulk vector 
anti-parallel to the static field. Only magnetisation in the x-y plane is ultimately 
able to induce a signal in the detection coil (see below) so that the 90° and 270° 
pulse will produce the maximum signal intensity, but the 180° and 360° pulse 
will produce none (this provides a useful means of 'calibrating' the pulses, 
as in the following chapter). The vast majority of the multi-pulse experiments 
described in this book, and indeed throughout NMR, use only 90° and 180° 
pulses. 

The example above made use of a 90°;̂  pulse, that is a 90° pulse in which 
the Bi field was applied along the x-axis. It is, however, possible to apply the 
pulse with arbitrary phase, say along any of the axes x, y, —x, or —y as required, 
which translates to a different starting phase of the excited magnetisation 
vector. The spectra provided by these pulses show resonances whose phases 
similarly differ by 90°. The detection system of the spectrometer designates 
one axis to represent the positive absorption signal (defined by a receiver 
reference phase. Section 3.2.2) meaning only magnetisation initially aligned 
with this axis will produce a pure absorption-mode resonance. Magnetisation 
that differs from this by +90° is said to represent the pure dispersion mode 
signal, that which differs by 180° is the negative absorption response and so 
on (Fig. 2.10). Magnetisation vectors initially between these positions result 
in resonances displaying a mixture of absorption and dispersion behaviour. 
For clarity and optimum resolution, all NMR resonances are displayed in the 
favoured absorption-mode whenever possible (which is achieved through the 
process known as phase correcton). Note that in all cases the detected signals 
are those emitted from the nuclei as described below, and a negative phase 
signal does not imply a change from emission to absorption of radiation (the 
absorption corresponds to the initial excitation of the spins). 

The idea of applying a sequence of pulses of different phase angles is 
of central importance to all NMR experiments. The process of repeating a 

negative 
dispersion 

Figure 2.10. Excitation with pulses of 
varying rf phase. The differing initial 
positions of the excited vectors produce 
NMR resonances with similarly altered 
phases (here the +};-axis is arbitrarily 
defined as representing the positive 
absorption display). 
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Figure 2.11. The detected NMR 
response, a Free Induction Decay (FID). 
The signal fades as the nuclear spins 
relax back towards thermal equilibrium. 

>^W#llWMi 

multipulse experiment with different pulse phases and combining the collected 
data in an appropriate manner is termed phase cycling, and is one of the 
most widely used procedures for selecting the signals of interest in an NMR 
experiment and rejecting those that are not required. We shall encounter this 
concept further in Chapter 3 (and indeed throughout the rest of the book!). 

Now consider what happens immediately after the application of, for exam-
ple, a 90°jc pulse. We already know that in the rotating frame the precession 
of the spins is effectively frozen because the Bi frequency VQ and hence the 
rotating frame frequency exactly match the spin Larmor frequency. Thus, the 
bulk magnetisation vector simply remains static along the +j-axis. However, 
if we step back from our convenient 'fiction' and return to consider events in 
the laboratory frame, we see that the vector starts to precess about the z-axis at 
its Larmor frequency. This rotating magnetisation vector will produce a weak 
oscillating voltage in the coil surrounding the sample, in much the same way 
that the rotating magnet in a bicycle dynamo induces a voltage in the coils that 
surround it. These are the electrical signals we wish to detect and it is these 
that ultimately produce the observed NMR signal. However, magnetisation in 
the x-y plane corresponds to deviation from the equilibrium spin populations 
and, just like any other chemical system that is perturbed from its equilibrium 
state, the system will adjust to re-establish this condition, and so the transverse 
vector will gradually disappear and simultaneously grow along the z-axis. This 
return to equilibrium is referred to as relaxation, and it causes the NMR signal 
to decay with time, producing the observed Free Induction Decay or FID 
(Fig. 2.11). The process of relaxation has wide-ranging implications for the 
practice of NMR and this important area is also addressed in this introductory 
chapter. 

2.2.3. Chemical shifts and couplings 

So far we have only considered the rotating frame representation of a 
collection of like spins, involving a single vector which is stationary in the 
rotating frame since the reference frequency VQ exactly matches the Larmor 
frequency of the spins (the rf is said to be on-resonance for these spins). Now 
consider a sample containing two groups of chemically distinct but uncoupled 
spins, A and X, with chemical shifts of VA and Vx Hz respectively, which differ 
by V Hz. Following excitation with a single 90°jc pulse, both vectors start in 
the x-y plane along the j-axis of the rotating frame. Choosing the reference 
frequency to be on-resonance for the A spins (VQ = VA) means these remain 
along the j-axis as before (ignoring the effects of relaxation for the present). 
If the X spins have a greater chemical shift than A (vx > VA) then the X 
vector will be moving faster than the rotating frame reference frequency by v 
Hz so will move ahead of A (Fig. 2.12). Conversely, if vx < VA it will be 
moving more slowly and will lag behind. Three sets of uncoupled spins can 
be represented by three rotating vectors and so on, such that differences in 
chemical shifts between spins are simply represented by vectors precessing at 
different rates in the rotating frame, according to their offsets from the reference 
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Figure 2.12. Chemical shifts in the 
rotating frame. Vectors evolve according 
to their offsets from the reference 
(transmitter) frequency VQ. Here this is 
on-resonance for spins A (vo = VA) 
whilst spins X move ahead at a rate of 
+v Hz (=vx - Vo). 

frequency VQ. By using the rotating frame to represent these events we need 
only consider the chemical shift differences between the spins of interest, which 
will be in the kilohertz range, rather than the absolute frequencies, which are of 
the order of many megahertz. As we shall discover in Section 3.2, this is exactly 
analogous to the operation of the detection system of an NMR spectrometer, 
in which a reference frequency is subtracted from the acquired data to produce 
signals in the kHz region suitable for digitisation. Thus, the 'trick' of using the 
rotating frame of reference in fact equates directly to a real physical process 
within the instrument. 

When considering the effects of coupling on a resonance it is convenient 
to remove the effects of chemical shift altogether by choosing the reference 
frequency of the rotating frame to be the chemical shift of the multiplet of 
interest. This again helps clarify our perception of events by simplifying the 
rotation of the vectors in the picture. In the case of a doublet, the two lines 
are represented by two vectors precessing at +J/2 and —J/2 Hz, whilst for 
a triplet, the central line remains static and the outer two move at +J and 
—J Hz (Fig. 2.13). In many NMR experiments it is desirable to control the 
orientation of multiplet vectors with respect to one another, and, as we shall 
see, a particularly important relationship is when two vectors are antiphase to 
one another, that is, sitting in opposite directions. This can be achieved simply 
by choosing an appropriate delay period in which the vectors evolve, which is 
1/2J for a doublet but 1/4J for the triplet. 

2.2.4. Spin-echoes 

Having seen how to represent chemical shifts and J-couplings with the 
vector model, we are now in a position to see how we can manipulate the 
effects of these properties in simple multi-pulse experiments. The idea here is 
to provide a simple introduction to using the vector model to understand what 
is happening during a pulse sequence. In many experiments, there exist time 
delays in which magnetisation is simply allowed to precess under the influence 
of chemical shifts and couplings, usually with the goal of producing a defined 
state of magnetisation before further pulses are applied or data is acquired. To 
illustrate these points, we consider one of the fundamental building blocks of 
numerous NMR experiments, the spin-echo. 

Consider first two groups of chemically distinct protons, A and X, that share 
a mutual coupling JAX, which will be subject to the simple two-pulse sequence 
in Fig. 2.14. For simplicity we shall consider the effect of chemical shifts and 
couplings separately, starting with the chemical shifts and again assuming the 
reference frequency to be that of the A spins (Fig. 2.15). The initial 90°^ creates 
transverse A and X magnetisation, after which the X vector precesses during 
the first time interval, A. The following 180°̂ ; pulse (note this is now along 
the y-axis) rotates the X magnetisation through 180° about the y-axis, and so 
places it back in the x-y plane, but now lagging behind the A vector. A-spin 
magnetisation remains along the y-axis so is invariant to this pulse. During 
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Figure 2.13. Scalar couplings in the 
rotating frame. Multiplet components 
evolve according to their coupling 
constants. The vectors have an antiphase 
disposition after an evolution period of 
1/2J and 1/4J s for doublets and triplets 
respectively. 
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Figure 2.14. The basic spin-echo pulse 
sequence. 

Figure 2.15. Chemical shift evolution is 
refocused with the spin-echo sequence. 

the second time period, A, the X magnetisation will precess through the same 
angle as in the first period and at the end of the sequence finishes where it 
began and at the same position as the A vector. Thus, after the time period 2 A 
no phase difference has accrued between the A and X vectors despite their 
different shifts, and it were as if the A and X spins had the same chemical shift 
throughout the 2A period. We say the spin-echo has refocused the chemical 
shifts, the dephasing and rephasing stages gives rise to the echo terminology. 

Consider now the effect on the coupling between the two spins with 
reference to the multiplet of spin A, safe in the knowledge that we can ignore 
the effects of chemical shifts. Again, during the first period A the doublet 
components will move in opposite directions, and then have their positions 

180° 

^ > . 
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interchanged by the application of the 180°^ pulse. At this point it would seem 
obvious to assume that the two halves of the doublets would simply refocus as 
in the case of the chemical shift differences above, but we have to consider the 
effect of the 180° pulse on the J-coupled partner also, in other words, the effect 
on the X-spins. To appreciate what is happening, we need to remind ourselves 
of what it is that gives rise to two halves of a doublet. These result from spin A 
being coupled to its partner, X, which can have one of two orientations (a or P) 
with respect to the magnetic field. When spin X has one orientation, spin A will 
resonate as the high-frequency half of its doublet, whilst with X in the other, A 
will resonate as the low-frequency half. As there are approximately the same 
number of X spins in a and P orientations, the two halves of the A doublet will 
be of equal intensity (obviously there are not exactly equal numbers of a and P 
X spins, otherwise there would be no NMR signal to observe, but the difference 
is so small as to be negligible for these arguments). The effect of applying the 
180° pulse on the X spins is to invert the relative orientations, so that any A 
spin that was coupled to Xa is now coupled to Xp, and vice versa. This means 
the faster moving vector now becomes the slower and vice versa, the overall 
result being represented in Fig. 2.16a. The two halves of the doublet therefore 
continue to dephase, so that by the end of the 2A period, the J-coupling, in 
contrast to the chemical shifts, have continued to evolve so that homonuclear 
couplings are not refocused by a spin-echo. The reason for adding the term 
homonuclear to the previous statement is because it does not necessarily apply 
to the case of heteronuclear spin-echoes, that is, when we are dealing with 
two different nuclides, such as ^H and ^̂ C for example. This is because in 
a heteronuclear system one may choose to apply the 180° pulse on only one 
channel, thus only one of the two nuclides will experience this pulse and 
refocusing of the heteronuclear coupling will occur in this case (Fig. 2.16b). 
If two simultaneous 180° pulses are applied to both nuclei via two different 
frequency sources, continued defocusing of the heteronuclear coupling occurs 
exactly as for the homonuclear spin-echo above. 

The use of the 180°^ pulse instead of a 180°;̂  pulse in the above sequences 
was employed to provide a more convenient picture of events, yet it is important 
to realise that the refocusing effects on chemical shift and couplings described 
above would also have occurred with a 180°;̂  pulse except that the refocused 
vectors would now lie along the -3^-axis instead of the +y-axis. One further 
feature of the spin-echo sequence is that it will also refocus the deleterious 
effects that arise from inhomogeneities in the static magnetic field, as these may 
be viewed as just another contribution to chemical shift differences throughout 
the sample. The importance of the spin-echo in modem NMR techniques can 

Figure 2.16. The influence of 
spin-echoes on scalar couphng as 
illustrated for two coupled spins A and 
X. (a) A homonuclear spin-echo (in 
which both spins experience a 180'' 
pulse) allows the coupling to evolve 
throughout the sequence, (b) A 
heteronuclear spin-echo (in which only 
one spin experiences a 180° pulse) 
causes the coupling to refocus. If both 
heteronuclear spins experience 180° 
pulses, the heteronuclear coupling 
evolves as in (a) (see text). 
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hardly be over emphasised. It allows experiments to be performed without 
having to worry about chemical shift differences within a spectrum and the 
complications these may introduce (phase differences for example). This then 
allows us to manipulate spins according to their couplings with neighbours and 
it is these interactions that are exploited to the full in many of the modem NMR 
techniques described later. 

2.3. TIME AND FREQUENCY DOMAINS 

It was shown in the previous section that the emitted rf signal from excited 
nuclear spins (the FID) is detected as a time dependent oscillating voltage 
which steadily decays as a result of spin relaxation. In this form the data is 
of little use to us because it is a time domain representation of the nuclear 
precession frequencies within the sample. What we actually want is a display 
of the frequency components that make up the FID as it is these we relate to 
transition energies and ultimately chemical environments. In other words, we 
need to transfer our time domain data into the frequency domain. 

The time and frequency domains are related by a simple function, one being 
the inverse of the other (Fig. 2.17). The complicating factor is that a genuine 
FID is usually composed of potentially hundreds of components of differing 
frequencies and amplitude, in addition to noise and other possible artefacts, and 
in such cases the extraction of frequencies by direct inspection is impossible. 
By far the most widely used method to produce the frequency domain spectrum 
is the mathematical procedure of Fourier transformation, which has the general 
form: 

f(a)) 

+0C 

= / f(t)e^^Mt (2.6) 

where f(a)) and f(t) represent the frequency and time domain data respectively. 
In the very early days of pulse-FT NMR the transform was often the rate 
limiting step in producing a spectrum, although with today's computers and 
the use of a fast Fourier transform procedure (the Cooley-Tukey algorithm) 
the time requirements are of little consequence. Fig. 2.18 demonstrates this 
procedure for very simple spectra. Clearly even for these rather simple spectra 
of only a few lines the corresponding FID rapidly becomes too complex for 
direct interpretation, whereas this is impossible for a genuine FID of any 
complexity (see Fig. 2.11 for example). 

The details of the Fourier transform itself are usually of little consequence to 
anyone using NMR, although there is one notable feature to be aware of. The 
term e*̂ ^ can equally be written cos cot + / sin cot and in this form it is apparent 
that the transformation actually results in two frequency domain spectra that 
differ only in their signal phases. The two are cosine and sine functions so 
are 90° out-of-phase relative to one another and are termed the 'real' and 
'imaginary' parts of the spectrum (because the function contains complex 

Figure 2.17. Time and frequency 
domains share a simple inverse 
relationship. 

v=J_ 
At 

time frequency 
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Figure 2.18. Fourier transformation of 
time domain FIDs produces the 
corresponding frequency domain spectra. 

50 0 
Hz 

time frequency 

numbers). Generally we are presented with only the 'real' part of the data 
(although the 'imaginary' part can usually be displayed) and with appropriate 
phase adjustment we choose this to contain the preferred pure absorption mode 
data and the imaginary part to contain the dispersion mode representation. The 
significance of this phase relationship will be pursued in Chapters 3 and 5. 

2.4. SPIN RELAXATION 

The action of an rf pulse on a sample at thermal equilibrium perturbs the 
nuclear spins from this restful state. Following this perturbation, one would 
intuitively expect the system to re-establish the equilibrium condition, and lose 
the excess energy imparted to the system by the applied pulse. A number of 
questions then arise; where does this energy go, how does it get there (or in 
other words what mechanisms are in place to transfer the energy), and how 
long does all this take? While some appreciation of all these points is desirable, 
it is the last of the three that has greatest bearing on the day-to-day practice 
of NMR. The lifetimes of excited nuclear spins are extremely long when 
compared to, say, the excited electronic states of optical spectroscopy. These 
may be a few seconds or even minutes for nuclear spins as opposed to less 
than a picosecond for electrons, a consequence of the low transition energies 
associated with nuclear resonance. These extended lifetimes are crucial to 
the success of NMR spectroscopy as an analytical tool in chemistry. Not 
only do these mean that NMR resonances are rather narrow relative to those 
of rotational, vibrational or electronic transitions (as a consequence of the 
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Heisenberg Uncertainty principle), but it also provides time to manipulate 
the spin systems after their initial excitation, performing a variety of spin 
gymnastics and so tailoring the information available in the resulting spectra. 
This is the world of multi-pulse NMR experiments, into which we shall enter 
shortly, and knowledge of relaxation rates has considerable bearing on the 
design of these experiments, on how they should be implemented and on the 
choice of experimental parameters for optimum results. Even in the simplest 
possible case of a single pulse experiment, relaxation rates influence both 
achievable resolution and sensitivity (as mentioned in Chapter 1, the earliest 
attempts to observe the NMR phenomenon probably failed because of a lack of 
understanding of the spin relaxation properties of the samples used). 

Relaxation rates of nuclear spins can also be related to aspects of molecular 
structure and behaviour in favourable circumstances, in particular internal 
molecular motions. It is true to say, however, that the relationship between 
relaxation rates and structural features are not as well defined as those of the 
chemical shift and spin-spin coupling constants, and are not used on a routine 
basis. The problem of reliable interpretation of relaxation data arises largely 
from the numerous extraneous effects that influence experimental results, 
meaning empirical correlations for using such data are not generally available 
and this aspect of NMR will not be pursued further in this book. 

2.4.1. Longitudinal relaxation: establishing equilibrium 

Figure 2.19. Longitudinal relaxation. 
The recovery of a magnetisation vector 
(shown on resonance in the rotating 
frame) diminishes the transverse (x-y) 
and re-establishes the longitudinal (z) 
components. 

Immediately after pulse excitation of nuclear spins the bulk magnetisation 
vector is moved away from the thermal equilibrium +z-axis, which corresponds 
to a change in the spin populations. The recovery of the magnetisation along the 
z-axis, termed longitudinal relaxation, therefore corresponds to the equilibrium 
populations being re-established, and hence to an overall loss of energy of 
the spins (Fig. 2.19). The energy lost by the spins is transferred into the 
surroundings in the form of heat, although the energies involved are so small 
that temperatures changes in the bulk sample are undetectable. This gives rise 
to the original term for this process as spin-lattice relaxation which originated 
in the early days of solid-state NMR where the excess energy was described as 
dissipating into the surrounding rigid lattice. 

The Bloch theory of NMR assumes that the recovery of the +z-magnetisa-
tion, M ,̂ follows exponential behaviour, described by: 

dMz ^ (Mo - Mz) 

dt " Ti 
(2.7) 

where MQ is the magnetisation at thermal equilibrium, and Ti is the (first-order) 
time constant for this process. Although exponential recovery was proposed as 
an hypothesis, it turns out to be an accurate model for the relaxation of spin-V2 
nuclei in most cases. Starting from the position of no net z-magnetisation (for 
example immediately after the sample has been placed in the magnet or after a 
90° pulse) the longitudinal magnetisation at time t will be: 

Mz = Mo( l -e- ' / ' ^0 (2.8) 

as illustrated in Fig. 2.20. It should be stressed that Ti is usually referred 
to as the longitudinal relaxation time throughout the NMR conmiunity (and. 
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Figure 2.20. The exponential growth of 
longitudinal magnetisation is dictated by 
the time constant Ti and is essentially 
complete after a period of 5Ti. 

7 8 
time (t/T^) 

following convention, throughout the remainder of this book), whereas, in fact, 
it is a time constant rather that a direct measure of the time required for 
recovery. Similarly, when referring to the rate at which magnetisation recovers, 
1/Ti represents the relaxation rate constant (s~^) for this process. 

For medium sized organic molecules (those with a mass of a few hundred) 
proton Tis tend to fall in the range 0.5-5 s, whereas carbon Tis tend to range 
from a few seconds to many tens of seconds. For spins to relax fully after 
a 90° pulse, it is necessary to wait a period of at least 5Ti (at which point 
magnetisation has recovered by 99.33%) and thus it may be necessary to wait 
many minutes for full recovery. This is rarely the most time efficient way 
to collect NMR spectra and Section 4.1 describes the correct approach. The 
reason such long periods are required lies not in the fact that there is nowhere 
for the excess energy to go, since the energies involved are so small they can be 
readily taken up in the thermal energy of the sample, but rather that there is no 
efficient means for transferring this energy. The time required for spontaneous 
emission in NMR is so long (roughly equivalent to the age of the Universe!) 
that this has no effect on the spin populations, so stimulated emission must be 
operative for relaxation to occur. Recall that the fundamental requirement for 
inducing nuclear spin transitions, and hence restoring equilibrium populations 
in this case, is a magnetic field oscillating at the Larmor frequency of the spins 
and the long relaxation times suggests such suitable fields are not in great 
abundance. These fields can arise from a variety of sources with the oscillations 
required to induce relaxation coming from local molecular motions. Although 
the details of the various relaxation mechanisms can become rather complex, 
a qualitative appreciation of these, as in Section 2.5 below, is important for 
understanding many features of NMR spectra. At a practical level, some 
knowledge of Tis in particular is crucial to the optimum execution of almost 
every NMR experiment, and the simple sequence below offers both a gentle 
introduction to multipulse NMR techniques as well as presenting a means of 
deducing this important parameter. 

2.4.2. Measuring Ti with the inversion-recovery sequence 

There are a number of different experiments devised for the determination 
of the longitudinal relaxation times of nuclear spins [2] although only the most 
commonly applied method, inversion recovery, will be considered here. The 
full procedure is described first, followed by the 'quick-and-dirty' approach 
which is handy for experimental set-up. 
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Figure 2.21. The inversion recovery 
sequence. 

Figure 2.22. The inversion recovery 
process. With short recovery periods the 
vector finishes along the ->'-axis, so the 
spectrum is inverted, whilst with longer 
periods a conventional spectrum of 
scaled intensity is obtained. 

In essence, all one needs to do to determine Tis is to perturb a spin 
system from thermal equilibrium and then devise some means of following 
its recovery as a function of time. The inversion-recovery experiment is a 
simple two-pulse sequence (Fig. 2.21) that, as the name implies, creates 
the initial population disturbance by inverting the spin populations through 
the application a 180° pulse. The magnetisation vector, initially aligned with 
the —z-axis, will gradually shrink back toward the x-y plane, pass through 
this plane and eventually make a full recovery along the +z-axis at a rate 
dictated by the quantity of interest, Ti. Since magnetisation along the z-axis is 
unobservable, the recovery is monitored by placing the vector back in the x-y 
plane with a 90° pulse after a suitable period, x, following the initial inversion 
(Fig. 2.22). 

If T is zero, the magnetisation vector terminates with full intensity along the 
—y-axis producing an inverted spectrum using conventional spectrum phasing, 
that is, defining the -hj-axis to represent positive absorption. Repeating the 
experiment with increasing values of x allows one to follow the relaxation of 
the spins in question (Fig. 2.23). Finally, when x is sufficiently long (Xoo > 5Ti) 
complete relaxation will occur between the two pulses and the maximum posi-
tive signal is recorded. The intensity of the detected magnetisation, Mt, follows: 

Mt = Mo(l - 2e-'/'^0 (2.9) 

where MQ corresponds to equilibrium magnetisation, such as that recorded at 
Xoo- Note here the additional factor of two relative to Eq. 2.8 as the recovery 
starts from inverted magnetisation. The relaxation time is determined by fitting 
the signal intensities to this equation, algorithms for which are found in many 
NMR software packages. The alternative traditional method of extracting Ti 
from such an equation is to analyse a semi-logarithmic plot of ln(Klo — Mt) 
vs. X whose slope is 1/Ti. The most likely causes of error in the use of the 
inversion recovery method are inaccurate recording of MQ if full equilibration 
is not achieved, and inaccuracies in the 180° pulse causing imperfect initial 
inversion. The scaling factor (2 in Eq. 2.9) can be made variable in fitting 
routines to allow for incomplete inversion. 

90x 
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5 ms 

The quick Ti estimation 
In many practical cases it is sufficient to have just an estimation of relaxation 

times in order to calculate the optimum experimental timings for the sample 
at hand. In these instances the procedure described above is overly elaborate 
and since our molecules are likely to contain nuclei exhibiting a range of Tis, 
accurate numbers will be of little use in experiment set-up. This 'quick and 
dirty' method is sufficient to provide estimates of Ti and again makes use of the 
inversion recovery sequence. Ideally the sample in question will be sufficiently 
strong to allow rather few scans per i value, making the whole procedure quick 
to perform. The basis of the method is the disappearance of signals when the 
longitudinal magnetisation passes through the x-y plane on its recovery (at time 
"Cnuii). because at this point the population difference is zero (Mt = 0). From the 
above equation, it can be shown that: 

"Cnuii = Ti In 2 
hence 

Ti = 
In 2 

= 1.443tnull 

(2.10) 

(2.11) 

Thus, the procedure is to run an experiment with x = 0 and adjust (phase) 
the spectrum to be negative absorption. After having waited >5 Ti repeat the 
experiment with an incremented x using the same phase adjustments, until the 
signal passes through the null condition (see Fig. 2.23), thus defining Xnuii, 
which may be a different value for each resonance in the spectrum. Errors 
may be introduced from inaccurate 180*" pulses, from off-resonance effects (see 
Section 3.2) and from waiting for insufficient periods between acquisitions, so 
the fact that these values are estimates cannot be overemphasised. 

One great problem with these methods is the need to know something about 
the Ti's in the sample even before these measurements. Between each new 

Figure 2.23. The inversion recovery 
experiment performed on a-pinene 2.1 
in non-degassed CDCI3 (^H spectra, 
aliphatic region only shown). Recovery 
delays in the range 5 ms to 20 s were 
used and the Tis (calculated from fitting 
peak intensities as described in the text) 
are shown for each resonance. 

5.3 H, 

3.3 H. 

H5.0 

H3.2 

2.1 
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X value one must wait for the system to come to equilibrium, and if signal 
averaging were required one would also have to wait this long between each 
repetition! Unfortunately, it is the weak samples that require signal averaging 
that will benefit most from a properly executed experiment. To avoid this it is 
wise is to develop a feel for the relaxation properties of the types of nuclei and 
compounds you commonly study so that when you are faced with new material 
you will have some 'ball park' figures to provide guidance. Influences on the 
magnitude of Ti are considered in Section 2.5. 

2.4.3. Transverse relaxation: loss of magnetisation in the x-y plane 

Figure 2.24. Transverse relaxation. Local 
field differences within the sample cause 
spins to precess with slightly differing 
frequencies, eventually leading to zero 
net transverse magnetisation. 

Referring back to the situation immediately following a 90° pulse in which 
the transverse magnetisation is on-resonance in the rotating frame, there exists 
another way in which observable magnetisation can be lost. Recall that the bulk 
magnetisation vector results from the addition of many microscopic vectors for 
the individual nuclei that are said to possess phase coherence following the 
pulse. In a sample of like spins one would anticipate that these would remain 
static in the rotating frame, perfectly aligned along the j-axis (ignoring the 
effects of longitudinal relaxation). However, this only holds if the magnetic 
field experienced by each spin in the sample is exactly the same. If this is not 
the case, some spins will experience a slightly greater local field than the mean 
causing them to have a higher frequency and to creep ahead, whereas others 
will experience a slightly smaller field and start to lag behind. This results in a 
fanning-out of the individual magnetisation vectors, which ultimately leads to 
no net magnetisation in the transverse plane (Fig. 2.24). This is another form of 
relaxation referred to as transverse relaxation which is again assumed to occur 
with an exponential decay now characterised by the time constant T2. 

Magnetic field differences in the sample can be considered to arise from two 
distinct sources. The first is simply from static magnetic field inhomogeneity 
throughout the sample volume which is really an instrumental imperfection and 
it is this one aims to minimise for each sample when optimising or 'shinmiing' 
the static magnetic field. The second is from the local magnetic fields arising 
from intramolecular and intermolecular interactions in the sample, which 
represent 'genuine' or 'natural' transverse relaxation processes. The relaxation 
time constant for the two sources combined is designated T2 such that: 

T* 

1 1 
(2.12) 

L2 ^2 A2(ABo) 

where T2 refers to the contribution from genuine relaxation processes and 
T2(ABo) to that from field inhomogeneity. The decay of transverse magnetisation 
is manifested in the observed free induction decay. Moreover, the widths of 
NMR resonances are inversely proportional to T2 since a short T2 corresponds 
to a faster blurring of the transverse magnetisation which in turn corresponds 

time 

' ,1 y'\.:''"^ """ 
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Figure 2.25. Rapidly relaxing spins 
produce fast decaying FIDs and broad 
resonances, whilst those which relax 
slowly produce longer FIDs and 
narrower resonances. 

short T2 
fast relaxation 

long T2 

slow relaxation 

to a greater frequency difference between the vectors and thus a greater spread 
(broader line) in the frequency dimension (Fig. 2.25). For (single) exponential 
relaxation the lineshape is Lorentzian with a half-height linewidth, Avi/2 
(Fig. 2.26) of 

AViA = 
1 

7?f* 
(2.13) 

For most spin-y2 nuclei in small, rapidly tumbling molecules in low-viscos-
ity solutions, it is field inhomogeneity that provides the dominant contribution 
to observed linewidths, and it is rarely possible to obtain genuine T2 measure-
ments directly from these. However, nuclei with spin > V2 (quadrupolar nuclei) 
may be relaxed very efficiently by interactions with local electric field gradients 
and so have broad lines and short T2S that can be determined directly from 
linewidths. 

Generally speaking, relaxation mechanisms that operate to restore longitudi-
nal magnetisation also act to destroy transverse magnetisation, and since there 
clearly can be no magnetisation remaining in the x-y plane when it has all 
returned to the +z-axis, T2 can never be longer than Ti. However, additional 
mechanisms may also operate to reduce T2, so that it may be shorter. Again, 
for most spin-Vi nuclei in small, rapidly tumbling molecules, Ti and T2 have 
the same value, whilst for large molecules that tumble slowly in solution (or for 
solids) T2 is often very much shorter than Ti (see Section 2.5). Whereas longi-
tudinal relaxation causes a loss of energy from the spins, transverse relaxation 
occurs by a mutual swapping of energy between spins, for example, one spin 
being excited to the P state while another simultaneously drops to the a state; 
a so called flip-flop process. This gives rise to the original term of spin-spin 
relaxation which is still in widespread use. Longitudinal relaxation is thus 
an enthalpic process whereas transverse relaxation is entropic. Although the 
measurement of T2 has far less significance in routine spectroscopy, methods 
for this are described below for completeness and an alternative practical use of 
these is also presented. 

Figure 2.26. The definition of the 
half-height linewidth of a resonance. 

2.4.4. Measuring T2 with a spin-echo sequence 

The measurement of the natural transverse relaxation time T2 could in 
principle be obtained if the contribution from magnetic field inhomogeneity 
was removed. This can be achieved, as has been suggested already, by use 
of a spin-echo sequence. Consider again a sample of like spins and imagine 
the sample to be composed of microscopically small regions such that within 
each region the field is perfectly homogeneous. Magnetisation vectors within 
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Figure 2.27. Spin-echo sequences 
for measuring T2 relaxation times, 
(a) A basic spin-echo, (b) the 
Carr-Purcell sequence and (c) the 
Carr-Purcell-Meiboom-Gill (CPMG) 
sequence. 

a) T -*• 

b) Lhirl -— T - « - B - ^ X — 

c) Ihrl —- T - ^ • - ^ X — 

Figure 2.28. The spin-echo refocuses 
magnetisation vectors dephased by field 
inhomogeneity. 

any given region will precess at the same frequency and these are sometimes 
referred to as isochromats (meaning 'of the same colour' or frequency). In the 
basic two-pulse echo sequence (Fig. 2.27a) some components move ahead of 
the mean whilst others lag behind during the time period, t (Fig. 2.28). The 
180° pulse rotates the vectors toward the —y axis and following a further period 
T the faster moving vectors coincide with the slower ones along the —y axis. 
Thus, the echo has refocused the blurring in the x-y plane caused by field 
inhomogeneities. If one were to start acquiring data immediately after the 90° 
pulse, one would see the FID decay away initially but then reappear after a 
time 2x as the echo forms (Fig. 2.29a). However, during the 2x time period, 
some loss of phase coherence by natural transverse relaxation also occurs, and 
this is not refocused by the spin-echo since, in effect, there is no phase memory 
associated with this process to be undone. This means that at the time of the 
echo the intensity of the observed magnetisation will have decayed according 
to the natural T2 time constant, independent of field inhomogeneity. This can 
clearly be seen in a train of spin-echoes applied during the acquisition of an 
FID (Fig. 2.29b). 

A logical experiment for determining T2 would be to repeat the sequence 
with increasing x and measure the amplitude of the echo versus time, by 
analogy with the inversion-recovery method above. However, some care is 
required when using such an approach as the formation of the echo depends 
on the isochromats experiencing exactly the same field throughout the duration 
of the pulse sequence. If any given spin diffuses into a neighbouring region 
during the sequence it will experience a slightly different field from that where 
it began, and thus will not be fully refocused. As x increases such diffusion 
losses become more severe and the experimental relaxation data less reliable 
(although this method does provide the basis for measuring molecular diffusion 
in solution by NMR; see Chapter 9). 

180° 

H- '^ 
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a) — X T —- echo 

b) 

t t t t t 

Figure 2.29. Experimental observation of 
spin-echoes, (a) Signal acquisition was 
started immediately after a 90° excitation 
pulse and a 180° pulse applied to refocus 
field inhomogeneity losses and produce 
the observed echo, (b) A train of 
spin-echoes reveals the true T2 relaxation 
of magnetisation (dashed line). 

180 180 180 180 180 

A better approach to determining T2, which minimises the effect of diffu-
sion, is to repeat the echo sequence within a single experiment using a short 
T to form mukiple echoes, the decay of which follow the time constant T2. 
This is the Carr-Purcell sequence (Fig. 2.27b) which causes echoes to form 
alternately along the —y and -\-y axes following each refocusing pulse. Losses 
occur from diffusion between the echo peaks, or, in other words, in the time 
period 2x, so if this is kept short relative to the rate of diffusion (typically 
T < 100 ms) such losses become negligible. The intensity of the echo at 
longer time periods is attenuated by repeating the -x-180-x- sequence many 
times prior to acquisition. The problem with this method is the fact that any 
errors in the length of the 180° pulse will be cumulative leading to imperfect 
refocusing as the experiment proceeds. A better implementation of this scheme 
is the Carr-Purcell-Meiboom-Gill (CPMG) sequence (Fig. 2.27c) in which 
180°̂ ; (as opposed to 180°;̂ ) pulses cause refocusing to take place in the -\-y 
hemisphere for every echo. Here errors in pulse lengths are not cumulative but 
are small and constant on every odd-numbered echo but will cancel on each 
even-numbered echo (Fig. 2.30). 

T2 may then be extracted by performing a series of experiments with in-
creasing 2Tn (by increasing n) and acquiring data following the last even echo 
peak in each case. Application of the CPMG sequence is shown in Fig. 2.31 
for a sample with differing resonance linewidths and illustrates the faster dis-
appearance of the broader resonances, i.e. those with shorter T2. In reality, 
the determination of T2 by any of these methods is still not straightforward. 
The most significant problem is likely to be from homonuclear couplings 
which are not refocused by the spin-echo and hence will impose additional 
phase modulations on the detected signals. As a result, studies involving T2 
measurements are even less widespread than those involving Ti. Fortunately, 
from the point of view of performing practical day to day spectroscopy, 
exact T2 values are not important and the value of T2 (which may be cal-
culated from linewidths as described above) has far greater significance. It is 
this value that determines the rate of decay of transverse magnetisation, so 
it effectively defines how long a multipulse experiment can be before the 
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90° -T [ 1 8 0 - a ] ; 

odd echo 

- T -

Figure 2.30. The operation of the CPMG 
sequence in the presence of pulse 
imperfections. The 180° pulse is assumed 
to be too short by a° meaning vectors 
will fall above (dark grey) or below (light 
grey) the x-y plane following a single 
180° pulse and so reduce the intensity of 
'odd' echoes. By repeating the sequence 
the errors are cancelled by the imperfect 
second 180° pulse so 'even' echoes can 
be used to accurately map T2 relaxation. 

even echo 

system has decayed to such an extent that there is no longer any signal left to 
detect. 

T2 spectrum editing 
One interesting use of these echo techniques lies in the exploitation of 

gross differences in transverse relaxation times of different species. Larger 
molecules typically display broader resonances than smaller ones since they 
posses shorter T2 spin relaxation times. If the differences in these times are 
sufficiently large, resonances of the faster relaxing species can be preferentially 
reduced in intensity with the CPMG echo sequence, whilst the resonances of 
smaller, slower relaxing molecules decrease by a lesser amount (Fig. 2.32). 
This therefore provides a means, albeit a rather crude one, of editing a spectrum 
according to molecular size, retaining the resonances of the smaller components 
at the expense of the more massive ones. This approach has been widely used 
in the study of biofluids to suppress background contributions from very large 
macromolecules such as lipids and proteins. 

The selective reduction of a solvent water resonance [3] can also be achieved 
in a similar way if the transverse relaxation time of the water protons can be 
reduced (i.e. the resonance broadened) such that this becomes very much 
shorter than that of the solutes under investigation. This can be achieved by 
the addition of suitable paramagnetic relaxation agents (about which the water 
molecules form a hydration sphere) or by reagents that promote chemical 
exchange. Anmionium chloride and hydroxylamine have been used to great 
effect in this way [4,5], as illustrated for the proton spectrum of the reduced 
arginine vasopressin peptide in 90% H2O [6] (Fig. 2.33). This method of 
solvent suppression has been termed WATR (water attenuation by transverse 
relaxation). Whilst capable of providing impressive results it does have limited 
application; more general solvent suppression procedures are described in 
Chapter 9. 



Chapter 2: Introducing high-resolution NMR 35 

amide 

4 ms 

160 ms 

320 ms 

2.5. MECHANISMS FOR RELAXATION 

Nuclear spin relaxation is not a spontaneous process, it requires stimulation 
by a suitable fluctuating field to induce the necessary spin transitions and there 
are four principal mechanisms that are able to do this, the dipole-dipole, chemi-
cal shift anisotropy, spin rotation and quadrupolar mechanisms. Which of these 
is the dominant process can directly influence the appearance of an NMR 
spectrum and it is these factors we consider here. The emphasis is not so much 
on the explicit details of the underlying mechanisms, which can be found in 
physical NMR texts [7], but on the manner in which the spectra are affected 
by these mechanisms and hoŵ , as a result, different experimental conditions 
influence the observed spectrum. 

Figure 2.31. The CPMG sequence 
performed on the pentapeptide 
Leu-enkephahn 2.2 in DMSO. The very 
fast decay of the highest frequency 
amide proton occurs because this is in 
rapid chemical exchange with dissolved 
water, broadening the resonance 
significantly. The numbers show the total 
T2 relaxation period 2xn. 

Tyr-Gly-Gly-Phe-Leu 

2.2 

2.5.1. The path to relaxation 

The fundamental requirement for longitudinal relaxation of a spin-V2 nu-
cleus is a time-dependent magnetic field fluctuating at the Larmor frequency 
of the nuclear spin. Only through this can a change of spin state be induced 
or, in other words, can relaxation occur. Local magnetic fields arise from a 
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Figure 2.32. The T2 filter. The broad 
resonances of polystyrene (Mr = 50,000) 
in (a) have been suppressed in (b) 
through T2-based editing with the CPMG 
sequence, leaving only the resonances of 
the smaller camphor molecule. The t 
delay was 1.5 ms and the echo was 
repeated 150 times to produce a total 
relaxation delay period 2Tn of 450 ms. 
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Figure 2.33. Solvent attenuation with the 
WATR method, (a) The ID proton 
spectrum of 8 mM reduced arginine 
vasopressin in 90% H2O/10% D2O, pH 
= 2.75 containing 0.2 M NH2OH. (b) 
The same sample recorded with the 
CPMG sequence using a total relaxation 
delay period of 235 ms (reproduced with 
permission from [6]). 
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number of sources, described below, whilst their time-dependence originates in 
the motions of the molecule (vibration, rotation, diffusion etc). In fact, only the 
chaotic tumbling of a molecule occurs at a rate that is appropriate for nuclear 
spin relaxation, others being either too fast or too slow. This random motion 
occurs with a spread of frequencies according to the molecular collisions, 
associations and so on experienced by the molecule, but is characterised by 
a rotational correlation time, Xc, the average time taken for the molecule to 
rotate through one radian. Short correlation times therefore correspond to rapid 
tumbling and vice versa. The frequency distribution of the fluctuating magnetic 
fields associated with this motion is termed the spectral density, J(co), and may 
be viewed as being proportional to the probability of finding a component of 
the motion at a given frequency, 00 (in rad s"^). Only when a suitable compo-
nent exists at the spin Larmor frequency can longitudinal relaxation occur. The 
spectral density function has the general form 

J(co) = 
2tc 

1 - f 0)2x2 2 T 2 
(2.14) 

and is represented schematically in Fig. 2.34a for fast, intermediate and slow 
molecular tumbling rates (note the conventional use of the logarithmic scale). 
As each curve represents a probability, the area under each remains constant. 
For the Larmor frequency COQ indicated in Fig. 2.34a the corresponding graph of 
Ti against molecular tumbling rates is also given (Fig. 2.34b). Fast molecular 
motion has only a relatively small component at the Larmor frequency so 
relaxation is slow (Ti is long). This is the region occupied by small molecules 
in low-viscosity solvents, know as the extreme narrowing limit. As the tumbling 
rates decrease the spectral density at COQ initially increases but then falls away 
once more for slow tumbling so the Ti curve has a minimum at intermediate 
rates. Thus, for small rapidly tumbling molecules, faster motion corresponds 
to slower relaxation and hence narrower linewidths, since longitudinal and 
transverse relaxation rates are identical (T2 = Ti) under these conditions. A 
reduction in tumbling rate, such as by an increase in solvent viscosity or 
reduction in sample temperature, reduces the relaxation times and broadens 
the NMR resonance. The point at which the minimum is encountered and the 
slow motion regime approached is field dependent because ODQ itself is field 
dependent (Fig. 2.34b). Behaviour in the slow motion regime is slightly more 
complex. The energy-conserving flip-flop processes that lead to transverse 
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relaxation are also stimulated by very low frequency fluctuations and the T2 
curve differs markedly from that for Ti (Fig. 2.35). Thus, for slowly tumbling 
molecules such as polymers and biological macromolecules, Ti relaxation 
times can again be quite long but linewidths become rather broad as a result of 
short T2S. 

Molecular motion is therefore fundamental to the process of relaxation, but 
it remains to be seen how the fields required for this arise and how these 
mechanisms influence observed spectra. 

2.5.2. Dipole-dipole relaxation 

Tlk most important relaxation mechanism for many spin-V2 nuclei arises 
from the dipolar interaction between spins. This is also the source of the 
tremendously important nuclear Overhauser effect and further discussions on 

Figure 2.34. (a) A schematic 
representation of the spectral density as a 
function of frequency shown for 
molecules undergoing fast, intermediate 
and slow tumbling. For spins with a 
Larmor frequency OOQ, the corresponding 
Ti curve is shown in (b) as a function of 
molecular tumbling rates (inverse 
correlation times, Xc)- The Ti curve is 
field dependent because 000 is field 
dependent and the minimum occurs for 
faster motion at higher fields (dashed 
curve in (b)). 

log(TJ 

slow "p 
motion ^ - intermediate 

motion 
fast 

motion 

log (T-C') 

Figure 2.35. A schematic illustration of 
the dependence of Ti and T2 on 
molecular tumbling rates. Ti relaxation 
is insensitive to very slow motions whilst 
T2 relaxation may still be stimulated by 
them. 
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B 0 

Figure 2.36. Dipole-dipole relaxation. 
The magnitude of the direct through 
space magnetic interaction between two 
spins is modulated by molecular 
tumbling and so induces spin transitions 
and hence relaxation. 

o 

this mechanism can be found in Chapter 8, so are kept deliberately brief here. 
Dipolar interactions can be visualised using the 'bar magnet' analogy for a 
spin-l/2 nucleus in which each is said to possess a magnetic North and South 
pole. As two such dipoles approach their associated magnetic fields interact; 
they attract or repel depending on their relative orientations. Now suppose 
these dipoles were two neighbouring nuclei in a molecule that is tumbling in 
solution. The orientation of each nucleus with respect to'the static magnetic 
field does not vary as the molecule tumbles just as a compass needle maintains 
its direction as a compass is turned. However, their relative positions in space 
will alter and the local field experienced at one nucleus as a result of its 
neighbour will fluctuate as the molecule tumbles (Fig. 2.36). Tumbling at an 
appropriate rate can therefore induce relaxation. 

This mechanism is often the dominant relaxation process for protons which 
rely on their neighbours as a source of magnetic dipoles. As such, protons 
which lack near-neighbours relax more slowly (notice how the methine protons 
in 0~-pinene (Fig. 2.23) all have longer Tls than the methylene groups). 
The most obvious consequence of this is lower than expected integrals in 
routine proton spectra due to the partial saturation of the slower relaxing 
spins which are unable to recover sufficiently between each pulse-acquire 
sequence. If T1 data are available, then protons with long relaxation times 
can be predicted to be remote from others in the molecule. Carbon-13 nuclei 
are also relaxed primarily by dipolar interactions, either with their directly 
bound protons or, in the absence of these, by more distant ones. In very 
large molecules and at high field, the chemical shift anisotropy mechanism 
described below can also play a role, especially for sp 2 centres, as it can for 
spin-i/2 nuclei which exhibit large chemical shift ranges. Dipolar relaxation 
can also arise from the interaction of a nuclear spin with an unpaired electron, 
the magnetic moment of which is over 600 times that of the proton and 
so provides a very efficient relaxation source. This is sometimes referred to 
as the paramagnetic relaxation mechanism. Even the presence of dissolved 
oxygen, which is itself paramagnetic, can contribute to spin relaxation and 
the deliberate addition of relaxation agents containing paramagnetic species, 
the most common being chromium(HI)acetylacetonate, Cr(acac)3, for organic 
solvents or manganese(II) chloride for water, are sometimes used to reduce 
relaxation times and so speed data acquisition (Chapter 4). 

2.5.3. Chemical shift anisotropy relaxation 

The electron distribution in chemical bonds is inherently unsymmetrical or 
anisotropic and as a result, the local field experienced by a nucleus, and hence 
its chemical shift, will depend on the orientation of the bond relative to the 
applied static field. In solution, the rapid tumbling of a molecule averages this 
chemical shift anisotropy (CSA) such that one observes only a single frequency 
for each chemically distinct site, sometimes referred to as the isotropic chemical 
shift. Nevertheless, this fluctuating field can stimulate relaxation if sufficiently 
strong. This is generally the case for nuclei which exhibit a large chemical shift 
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Table 2.2. The 77Se longitudinal relaxation times as a 
function of B0 and the corresponding dependence of 
the relaxation rate on the square of the applied field 

(adapted with permission from [8]) 

Bo TI l/T1 
(T) (s) (s -1) 

2.36 2.44 0.41 
5.87 0.96 1.04 
7.05 0.67 1.49 
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range since these posses the greatest shift anisotropy, for example 19F, 31p and, 
in particular, many metals. 

The characteristic feature of CSA relaxation is its dependence on the 
square of the applied field, meaning it has greater significance at higher 
B0. For example, the selenium-77 longitudinal relaxation rate in the selone 
2.3 was shown to be linearly dependent on B~, indicating CSA to be a 
significant relaxation mechanism [8] (Table 2.2), whilst no proton-selenium 
nuclear Overhauser effect (NOE) could be detected, demonstrating the 1H- 
77Se dipole-dipole mechanism to be ineffectual. Nuclei whose relaxation is 
dominated by the CSA mechanism may show significantly larger linewidths at 
higher fields if they posses a large shift anisotropy, and any potential benefits 
of greater dispersion and sensitivity may be lost by line broadening. For this 
reason, the study of some metal nuclei may be more successful at lower 
fields. Reducing the correlation time, by warming the sample for example, 
may attenuate the broadening effect, although this approach clearly has rather 
limited application. In some cases, enhanced CSA relaxation at higher fields 
can be advantageous. A moderately enhanced relaxation rate, such as in the 
77Se example above, allows for more rapid data collection (Section 4.1), thus 
providing an improvement in sensitivity (per unit time) above that expected 
from the increase in magnetic field alone. 

The CSA mechanism can also have a perhaps unexpected influence on the 
spectra of nuclei that are scalar spin-coupled to the CSA-relaxed spin. If CSA 
causes very rapid relaxation, the satellites arising from coupling to this spin 
will broaden and may even disappear altogether. Thus, whilst the coupling may 
be apparent at low fields, it may vanish at higher ones. This effect can be seen • 
in the proton spectra of the platinum complex 2.4 recorded at 80 and 400 MHz 
[9] (Fig. 2.37). The increased linewidth of the satellites relative to the parent 
line at higher field scales with the square of the applied field, as expected 
for the CSA mechanism. To understand why this occurs, recall the origin of 
the Pt satellites themselves. These doublet components arise from the spin-l/2 
195pt nuclei existing in one of two states, ¢x and 15, which result in a frequency 
difference of J Hz for the corresponding proton signals. The CSA relaxation 
induces rapid transitions of the platinum spins between these states causing 
the doublet components to repeatedly switch positions. As this exchange rate 
(i.e. relaxation rate) increases the satellites first broaden and will eventually 
merge into the parent line, as for any dynamic process. This rapid and repeated 
change of spin states has a direct analogy with conventional spin decoupling 
(Chapter 4). 

I C ; I  e 

2.3 

H 

H..~,~~ H Cl 
HcI/Pt~,N~ 02" 
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2.5.4. Spin-rotation relaxation 

Molecules or groups which rotate very rapidly have associated with them a 
molecular magnetic moment generated by the rotating electronic and nuclear 
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Figure 2.37. The ethene proton 
resonance of the platinum complex 2.4 in 
CDCI3 at 80 and 400 MHz showing 
broadening of the ^^^Pt satellites at 
higher field (reproduced with permission 
from [9]). 
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charges. The field due to this fluctuates as the molecule or group changes 
its rotational state as a result of, for example, molecular collisions and this 
provides a further mechanism for nuclear relaxation. This is most effective 
for small, symmetrical molecules or for freely rotating methyl groups and its 
efficiency increases as tumbling rates increase. This is in contrast to the pre-
viously described mechanisms. Thus, heating a sample enhances spin-rotation 
relaxation, this temperature dependence being characteristic of this mechanism 
and allowing its presence to be established. 

2.5.5. Quadrupolar relaxation 

The quadrupolar relaxation mechanism is only directly relevant for those 
nuclei that have a nuclear spin quantum number, I, greater than V2 (quadrupolar 
nuclei) and is often the dominant relaxation process for these. This can also 
be a very efficient mechanism and the linewidths of many such nuclei can be 
hundreds or even thousands of hertz wide. The properties of selected nuclei 
with I > V2 are sunmiarised in Table 2.3. Whilst the direct observation of these 

Table 2.3. Properties of selected quadrupolar nuclei 

Isotope 

2H 

*Li 
'U 
lOg 

" B 
'"N 
" 0 
23Na 
2'Al 

33s 

"CI 
"CI 
»Co 

Spin 
(I) 

1 
1 
% 
3 
V2 
1 
V2 
¥2 
V2 
V2 
V2 
V2 
V2 

Natural abundance 

(%) 

0.015 
7.42 

92.58 
19.58 
80.42 
99.63 

0.037 
100 
100 

0.76 
75.73 
24.47 

100 

Quadrupole moment 
(10-28 ^2^ 

2.8 X 10-3 
-8 .0 X 10-4 
-4 X 10-^ 

8.5 X 10-^ 
4.1 X 10-2 
1.0 X 10-2 

-2 .6 X 10-2 
0.10 
0.15 

-5 .5 X 10-2 
-0 .1 
-7 .9 X 10-2 

0.38 

NMR frequency 
(MHz) 

61.4 
58.9 

755.5 
43.0 

128.3 
28.9 
54.2 

105.8 
104.2 
30.7 
39.2 
32.6 
94.5 

Relative sensitivity 

1.45 X 
6.31 X 
0.27 
3.93 X 
0.13 
1.01 X 
1.08 X 
9.27 X 
0.21 
1.72 X 
3.55 X 
6.63 X 
0.28 

10-^ 
10-4 

10-' 

10-3 
10-5 
10-2 

10-5 
10-3 
10-4 

The observation of such nuclei is generally most favourable for those of low quadrupole moment 
and high natural abundance which exist in more highly symmetric environments; those listed 
in italics are considered the least favoured of the available isotopes. The NMR frequencies are 
quoted for a 400 MHz instrument (9.4 T magnet) and sensitivities are relative to ^H and take 
account of both the intrinsic sensitivity of the nucleus and its natural abundance. 
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Figure 2.38. Quadrupolar nuclei lack the 
spherical charge distribution of spin V2 
nuclei, having an ellipsoidal shape which 
may be viewed as arising from pairs of 
electric dipoles. Thus quadrupolar nuclei 
interact with electric field gradients. 
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nuclei may not be routine for many organic chemists, their observation can, 
at times, prove very enlightening for specific problems and the indirect effects 
they have on the spectra of spin-V2 nuclei should not be overlooked. 

Quadrupolar nuclei possess an electric quadrupole moment in addition to 
a magnetic dipole moment. This results from the charge distribution of the 
nucleus deviating from the usual spherical symmetry associated with spin-V2 
nuclei and becoming ellipsoidal in shape. This can be viewed as arising from 
two back-to-back electric dipoles (Fig. 2.38). As such, the quadrupole moment 
is influenced by electric field gradients about the nucleus, but not by symmetric 
electric fields. The gradient is modulated as the molecule tumbles in solution 
and again if this occurs at the appropriate frequency it can induce flipping 
of nuclear spin states and thus stimulate relaxation. This is analogous to the 
relaxation of nuclear dipoles by time-dependent local magnetic fields, but the 
quadrupolar relaxation mechanism is the only one that depends on electric 
rather than magnetic interactions. 

The relaxation rates of a quadrupolar nucleus are dictated by two new factors 
not previously considered. The first is the magnitude of the quadrupole moment 
itself (Table 2.3). Larger values contribute to more efficient spin relaxation and 
hence broader linewidths, whereas smaller values typically produce sharper 
lines. Thus, those nuclei with smaller quadrupole moments are usually more 
favoured for NMR observation. As before, for the mechanism to be effective, 
molecular tumbling must occur at an appropriate frequency, so again fast 
molecular tumbling reduces the effectiveness, leading to longer relaxation 
times and sharper lines. High temperatures or lower-viscosity solvents are 
thus more likely to produce narrow linewidths. The ultimate in low viscosity 
solvents are supercritical fluids which have viscosities more like those of a gas 
yet solubilising properties more like liquids. These have indeed been used in 
the study of quadrupolar nuclei, [10] but since they are only supercritical at 
very high pressures they demand the use of single-crystal sapphire NMR tubes 
so their use cannot be considered routine! 

The second new factor is the magnitude of the electric field gradient. In 
highly symmetrical environments, such as tetrahedral or octahedral symmetries, 
the field gradient is, in principle, zero and the quadrupolar mechanism is sup-
pressed. In reality, local distortions still arise, if only momentarily, introducing 
an element of asymmetry and hence enhanced relaxation and line broadening. 
Nevertheless, a higher degree of electrical symmetry can be correlated with 
narrower resonances. Thus, for example, the "̂̂ N linewidth of N(Me)J" is less 
than 1 Hz whereas that for NMcs is nearer to 80 Hz. Linewidth changes in ^̂ B 
spectra (I = ^li) have been used in the identification of tetrahedral boronic acid 
complexes at the active site of ^-lactamases [11], enzymes responsible for the 
destruction of ^-lactam antibiotics such as penicillins, and part of the defence 
mechanism of bacteria. Boronic acids, such as 3-dansylamidophenylboronic 
acid 2.5, are known to be reversible inhibitors of active site serine ^-lactamases 
and the complexes so formed display significant changes in the ^̂ B chemical 
shift of the boronic acid together with a reduction in linewidth relative to the 
free acid (Fig. 2.39). This reduction is attributed to the boron nucleus taking 
up a more symmetrical tetrahedral environment as this becomes bound by the 
enzyme's active site serine. This shift and line-narrowing can be mimicked 
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Figure 2.39. The ^̂ B NMR spectrum 
(128 MHz) of dansylamidophenylboronic 
acid 2.5 (a) as the free trigonal boronic 
acid (Avi/2 580 Hz) and (b) as the 
tetrahedral complex with the active site 
serine of the P99 P-lactamase from 
Enterobacter cloacae (Avi/j 160 Hz). 
Spectra are referenced to external 
trimethylborate (adapted with permission 
from [11]). 
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by placing the boronic acid in alkaline solution in which the R-B(OH)^ ion 
predominates. 

The broad resonances of many quadrupolar nuclei means field inhomogene-
ity makes a negligible contribution to linewidths so the methods described 
previously for measuring relaxation times are no longer necessary. For small 
molecules at least, T2 and Ti are identical and can be determined directly from 
the half-height linewidth. The broad resonances together with the sometimes 
low intrinsic sensitivity and low natural abundance of quadrupolar nuclei are 
the principal reasons for their relatively low popularity for NMR studies rela-
tive to spin-V2 nuclei. The very fast relaxation of certain quadrupolar nuclei can 
also make their direct observation difficult with conventional high-resolution 
spectrometers; see Section 4.5. 

Scalar coupling to quadrupolar nuclei 
Probably of more relevance to the practising organic chemist is the influence 

quadrupolar nuclei have on the spectra of spin-V2 nuclei, by virtue of their 
mutual scalar coupling. Coupling to a quadrupolar nucleus of spin I produces, 
in theory, 2 1 + 1 lines so, for example, the carbon resonance of CDCI3 appears 
as a 1:1:1 triplet (̂ H has I = 1) by virtue of the 32 Hz ^^C-^H coupling. 
However, more generally, if the relaxation of the quadrupolar nucleus is rapid 
relative to the magnitude of the coupling, the splitting can be lost, in much 
the same way that coupling to a nucleus experiencing rapid CSA relaxation is 
lost. The carbon resonance of CDCI3 is only a triplet because deuterium has a 
relatively small quadrupole moment making its coupling apparent whereas all 
coupling to the chlorine nuclei (̂ ^Cl and ^^Cl have I = Vi) is quenched by the 
very rapid relaxation of these spins (Fig. 2.40). Similarly, the proton resonance 

Figure 2.40. The carbon-13 spectrum of 
CDCI3 reveals coupling to deuterium but 
not to chlorine-35 or chlorine-37. 
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JH^^N 

Figure 2.41. The ^H spectrum of 
ammonium nitrate in DMSO (a) before 
and (b) after acidification. In (b) the 
NH4" ion dominates and the induced 
synnmetry reduces the "̂̂ N quadrupolar 
relaxation rate and reveals the ^H-^'^N 
one-bond coupling constant (51 Hz). 

7.4 7.3 ppm 

of CHCI3 is a sharp singlet despite the presence of the neighbouring chlorine 
atoms. 

The appearance of the spin-V2 nucleus spectrum is therefore also influenced 
by the factors described above which dictate the rate of quadrupolar relaxation. 
Couplings to quadrupolar nuclei that exist in a highly symmetrical environment 
are likely to be seen because of the slower relaxation the nuclei experience. For 
this reason the proton spectrum of "̂̂ NHj is an unusually sharp 1:1:1 triplet 
(Fig. 2.41, "̂̂ N has 1 = 1 ) and the fluorine spectrum of ^̂ BF4 is a sharp 1:1:1:1 
quartet (Fig. 2.42, ^̂ B has I = V2) . Increasing sample temperature results in 
slower relaxation of the quadrupolar nucleus so there is also a greater chance of 
the coupling being observable. In contrast, reducing the temperature increases 
relaxation rates and collapses coupling fine structure. This is contrary to the 
usual behaviour associated with dynamic systems where heating typically leads 
to simplification of spectra by virtue of resonance coalescence. The likelihood 
of coupling fine-structure being lost is also increased as the magnitude of the 
coupling constant decreases. In general then, the observation of scalar coupling 
to a quadrupolar nucleus is the exception rather than the rule. 
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Figure 2.42. The ^^F spectrum of 
sodium borofluoride in D2O. The ^̂ BF̂ ;̂  
ion produces the even quartet (̂ ^B I = 
V2, 80% abundance, J = 1.4 Hz) and the 
^^BF^ ion produces the even septet (̂ ^B 
I = 3, 20% abundance, J = 0.5 Hz). The 
frequency difference between the two is 
due to the ^°B/^^B isotope shift. 
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Chapter 3 

Practical aspects of high-resolution NMR 

NMR spectrometers are expensive instruments, representing one of the 
largest financial investments a chemical laboratory is likely to make, and to 
get the best results from these they must be operated and maintained in the 
appropriate manner. This chapter explores some of the fundamental experimen-
tal aspects of relevance to high-resolution, solution-state NMR spectroscopy, 
from instrumental procedures through to the preparation of samples for analy-
sis. Later sections also deal with the basics of calibrating a spectrometer and 
assessing its performance. 

3.1. AN OVERVIEW OF THE NMR SPECTROMETER 

A schematic illustration of a modem NMR spectrometer is presented in 
Fig. 3.1. The fundamental requirement for high-resolution NMR spectroscopy 
is an intense static magnetic field which is provided, nowadays exclusively, 
by superconducting solenoid magnets manufactured from niobium-alloy wire. 
These are able to produce the stable and persistent magnetic fields demanded by 
NMR spectroscopy of up to 18.8 tesla with current technology, corresponding 
to proton frequencies of 800 MHz. The drive for ever increasing magnetic 
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Figure 3.1. A schematic illustration of 
the modern NMR spectrometer. The 
greyed sections are essential components 
of the spectrometer, whereas the others 
may be considered optional features 
(although pulsed field gradients are 
becoming standard on new instruments). 
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Figure 3.2. The increase in proton 
resonance frequency since the 
introduction of NMR spectroscopy as an 
analytical method (adapted with 
permission from [1]). 
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fields, encouraged by the demands for greater signal dispersion and instrument 
sensitivity, has continued since the potential of NMR spectroscopy as an 
analytical tool was first realised over 50 year years ago (Fig. 3.2) and still 
represents an area of intense competition between magnet manufacturers. 

The magnet solenoid operates in a bath of liquid helium (at 4 K), surrounded 
by a radiation shield and cooled by a bath of liquid nitrogen (at 77 K), itself 
surrounded by a high vacuum. This whole assembly is an extremely efficient 
system and once energised the magnet operates for many years free from 
any external power source. It requires only periodic refilling of the liquid 
cryogens, typically on a weekly or bi-weekly basis for the nitrogen but only 
every 2-12 months for helium depending on magnet age and construction. 
The central bore of the magnet dewar is itself at ambient temperature, and 
this houses a collection of electrical coils, known as the shim coils, which 
generate their own small magnetic fields and are used to trim the main static 
field and remove residual inhomogeneities. This process of optimising the 
magnetic field homogeneity, known as shimming, is required for each sample 
to be analysed, and is discussed in Section 3.4. Within the shim coils at the 
exact centre of the magnetic field sits the head of the probe, the heart of 
any NMR spectrometer. This houses the radio-frequency coil(s) and associated 
circuitry that act as antennae, transmitting and receiving the electromagnetic 
radiation. These coils may be further surrounded by pulsed field gradient coils 
that serve to destroy field homogeneity in a controlled fashion (this may seem 
a rather bizarre thing to do, but it turns out to have rather favourable effects 
in numerous experiments). The sample, sitting in a cylindrical glass tube, is 
held in a turbine or 'spinner' and descends into the probe head on a column 
of air or nitrogen. For one-dimensional experiments it is still common practice 
to spin the sample at 10-20 Hz whilst in the probe to average to zero field 
inhomogeneities in the transverse {x-y) plane and so improve signal resolution. 
Sample spinning is now rarely used for multidimensional NMR experiments 
on modem instruments, as it can induce additional signal modulations and 
associated undesirable artefacts. This requires that acceptable resolution can 
be obtained on a static sample and while this is perfectly feasible with 
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b) 

Figure 3.3. Floor vibrations can 
introduce unwelcome artefacts around 
the base of a resonance (a) which can be 
largely suppressed by mounting the 
magnet assembly on an anti-vibration 
stand (b) (figure courtesy of Bruker). 

modem shim technology, older instruments may still demand spinning for all 
work. 

Probes come in various sizes of diameter and length, depending on the 
magnet construction, but are more commonly referred to by the diameter of the 
sample tube they are designed to hold. The most widely used tube diameter 
is now 5 mm, other common sizes being 3, 8 and 10 mm (Section 3.4), 
Probes may be dedicated to observing one frequency (selective probes), may 
be tuneable over a very wide frequency range (broadband probes) or may 
tune to predefined frequency ranges, for example 4- or quad-nucleus probes. 
In all cases they will also be capable of observing the deuterium frequency 
simultaneously to provide a signal for field regulation (the 'lock' signal). A 
second (outer) coil is often incorporated to allow the simultaneous application 
of pulses on one or more additional nuclei. 

In many locations it is advantageous to mount the whole of the magnet 
assembly on a vibration damping system as floor vibrations (which may 
arise from a whole host of sources including natural floor resonances, air 
conditioners, movement in the laboratory and so on) can have deleterious 
effects on spectra, notably around the base of resonances (Fig, 3.3), Whilst 
such artefacts have lesser significance to routine ID observations, they may 
severely interfere with the detection of signals present at low levels, for example 
those in heteronuclear correlation or nuclear Overhauser effect experiments. 

Within the spectrometer cabinet sit the radio-frequency transmitters and the 
detection system for the observation channel, additional transmitter channels \ 
the lock channel and the pulsed field gradient transmitter. Most spectrometers 
come in either a two-channel or three-channel configuration, plus the lock 
channel The spectrometer is controlled via the host computer, the brains of 
the spectrometer, which in recent years has generally been a UNIX based 
system linked to the spectrometer via a suitable interface but the trend for 
some manufacturers seems to be toward PC workstations taking on this role. 
The electrical analogue NMR signals are converted to the digital format 
required by the host computer via the analogue-to-digital converter (ADC), the 
characteristics of which can have important implications for the acquisition 
of NMR data (Section 3.2). The computer also processes the acquired data, 
although this may also be performed 'off-line' with one of the many available 
NMR software packages. 

Various optional peripherals may also be added to the instrument, such as 

^ Reference to the 'decoupler channel(s)' is often used when referring to these additional channels 
but this should not be taken too literally as they may only be used for the application of only 
a few pulses rather than a true decoupling sequence. This nomenclature stems from the early 
developments of NMR spectrometers when the additional channel was only capable of providing 
'noise decoupling', usually of protons. 
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variable temperature units which allow sample temperature regulation within 
the probe, robotic sample changers and so on. Recently, the coupling of NMR 
with other analytical techniques such as HPLC, has gained popularity especially 
within the pharmaceutical industry. The need for these will obviously depend 
on the type of samples handled and the nature of the experiments employed. 

With the hype surrounding the competition between instrument manufac-
turers to produce ever increasing magnetic fields, it is all too easy for one to 
become convinced that an instrument operating at the highest available field 
strength is essential in the modem laboratory. Whilst the study of biological 
macromolecules no doubt benefits from the greater sensitivity and dispersion 
available, problematic small or mid-sized molecules are often better tackled 
through the use of the appropriate modem techniques. Signal dispersion limi-
tations are generally less severe, and may often be overcome by using suitably 
chosen higher-dimensional experiments. Sensitivity limitations, which are usu-
ally due to a lack of material rather than solubility or aggregation problems, 
may be tackled by utilising smaller probe geometries (Section 3.3.3), after all, a 
new probe will cost at least an order of magnitude less than a new spectrometer. 
So for example, if one has insufficient material to collect a carbon-13 spec-
trum, rather than seeking time on a higher-field instmment, one could consider 
employing a proton-detected heteronuclear correlation experiment to determine 
these shifts indirectly. Beyond such considerations, there are genuine physical 
reasons largely relating to the nature of nuclear spin relaxation which mean 
that certain experiments on small molecules are likely to work less well at 
very high magnetic fields. In particular this relates to the nuclear Overhauser 
effect (Chapter 8), one of the principal NMR methods in stmcture elucidation. 
For many cases conmionly encountered in the chemical laboratory a lower 
field instmment of modem specification is sufficient to enable the chemist 
to unleash a myriad of modem pulse NMR experiments on the samples of 
interest and subsequently solve the problem in hand. A better understanding 
of these modem NMR methods should aid in the selection of the appropriate 
experiments. 

3.2. DATA ACQUISITION AND PROCESSING 

This section examines some of the spectrometer procedures that relate 
to the collection, digitisation and computational manipulation of NMR data, 
including some of the fundamental parameters that define the way in which 
data is acquired. Such technicalities may not seem relevant to anyone who does 
not consider themselves a spectroscopist, but the importance of understanding 
a few basic relationships between experimental parameters comes from the 
need to recognise spectmm artefacts or cormpted data that can result from 
inappropriate parameter settings and to appreciate the limitations inherent in 
NMR measurements. Only then can one make full and appropriate use of the 
spectroscopic information at hand. 

3.2.1. Pulse excitation 

It is widely appreciated that modem NMR spectrometers use a 'short pulse' 
of radiofrequency energy to excite nuclear resonances over a range of frequen-
cies. This pulse is supplied as monochromatic radiation from the transmitter, yet 
the nuclear spin transitions giving rise to our spectra vary in energy according 
to their differing Larmor frequencies and so it would appear that the pulse will 
be unable to excite all resonances in the spectmm simultaneously. However, 
Heisenberg's Uncertainty principle tells us that an excitation pulse of duration 
At has associated with it a frequency uncertainty or spread of around 1/At Hz 
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Figure 3.4. A single monochromatic 
radiofrequency pulse has an effective 
excitation bandwidth that depends 
inversely on the duration of the pulse. A 
short intense pulse is therefore able to 
excite over a wide frequency window (a), 
whereas a longer weaker pulse provides 
a more selective excitation profile (b). 

At i=C> 

and so effectively behaves as if it were polychromatic. The duration of the rf 
pulse At is usually referred to as the pulse width. A short, high-power pulse 
provides excitation over a wide frequency window whilst a longer, low-power 
pulse (which will provide the same net tip angle) is effective over a much 
smaller region (Fig. 3.4). 

Consider a proton spectrum recorded at 400 MHz with the transmitter 
frequency placed in the centre of the spectral region of interest. A 10 ppm 
spectral window corresponds to 4000 Hz, therefore we need to excite over 
±2000 Hz, meaning the pulse duration must be 0.5 ms or less. The observation 
frequency for carbon-13 on the same instrument would be 100 MHz so a typical 
200 ppm spectral width corresponds to ±10 kHz, requiring a pulse of only 100 
|JLS but with considerably higher power as its energy is now spread over a wider 
area. If the pulse were to be made very long (say tens of milliseconds) and 
weak, it would only excite over a rather small frequency range, giving rise to 
selective excitation of only part of the spectrum. As will become apparent in 
later chapters, the use of selective excitation methods are now commonplace 
in numerous NMR experiments. Long, low-power pulses which excite only a 
selected region of a spectrum are commonly referred to as 'soft pulses' whereas 
those that are of short duration and of high power are termed 'hard pulses'. 
Unless stated explicitly, all pulses in this book will refer to non-selective hard 
pulses. 

Off-resonance effects 
In practice, modem NMR instruments are designed to deliver high-power 

90° pulses closer to 10 |Jis, rather than the hundreds predicted from the above 
arguments. This is to suppress the undesirable effects that arise when the pulse 
rf frequency is off-resonance, that is, when the transmitter frequency does 
not exactly match the nuclear Larmor frequency, a situation of considerable 
practical significance that has been ignored thus far. 

As shown in the previous chapter, spins that are on-resonance have their 
magnetisation vector driven about the rf Bi field toward the x-y plane during 
the pulse. Those spins that are off-resonance will, in addition to this Bi field, 
experience a residual component AB of the static BQ field along the z-axis of 
the rotating frame for which: 

vAB 
= yAB = AvHz 27t 

(3.1) 

where Av represents the offset from the reference frequency. The vector sum of 
Bi and AB is the effective field Bgff experienced by an off-resonance spin about 
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Figure 3.5. Excitation of magnetisation 
for which the rf is on-resonance (a) 
results in the rotation of the bulk vector 
about the applied rf field, Bi. Those 
spins which experience off-resonance 
excitation (b) are instead driven about an 
effective rf field, Bgff, which is tipped out 
of the ;c->' plane by an angle 0, which 
increases as the offset increases. 

B i 

on-resonance off-resonance 

Figure 3.6. Experimental excitation 
profiles for a 90° pulse as a function of 
resonance offset relative to the applied rf 
field strength yBi. Greater offsets 
introduce larger phase errors and reduce 
the amplitude of the resultant transverse 
magnetisation. 

Resonance 
offset 

which it rotates (or more correctly, nutates) (Fig. 3.5). This is greater than Bi 
itself and is tilted away from the x-y plane by an angle 0, where 

1.0 0.8 

tane = 
A B 

(3.2) 

For those spins further from resonance, the angle 0 becomes greater and the 
net rotation toward the x-y plane diminishes until, in the limit, 0 becomes 90°. 
In this case the bulk magnetisation vector simply remains along the 4-z-axis 
and thus experiences no excitation at all. In other words, the nuclei resonate 
outside the excitation bandwidth of the pulse. Since an off-resonance vector 
is driven away from the y-axis during the pulse it also acquires a (frequency 
dependent) phase difference relative to the on-resonance vector (Fig. 3.6). This 
is usually small and an approximately linear function of frequency so can be 
corrected by phase adjustment of the final spectrum (Section 3.2.8). 

How deleterious off-resonance effects are in a pulse experiment depends 
to some extent on the pulse tip-angle employed. A 90° excitation pulse 
ideally transfers magnetisation from the -f z axis into the x-y plane, but when 
off-resonance the tilt of the effective field will act to place the vector above this 
plane. However, the greater Beff will mean the magnetisation vector follows a 
longer trajectory and this increased net flip angle offers some compensation, 
and hence a 90° pulse is fairly tolerant to off-resonance effects as judged by the 
elimination of z-magnetisation (Fig. 3.7a). In contrast, a 180° inversion pulse 
ideally generates pure —z magnetisation leaving none in the transverse plane, 
but now the increased effective flip angle is detrimental, tending to move the 
vector further from the South Pole. Thus, 180° pulses do not perform well when 
applied off-resonance (Fig. 3.7b), and can be a source of poor experimental 
performance. In practice it is relatively easy to provide sufficiently short pulses 
(ca. 10 |xs) to ensure that excitation and inversion is reasonably uniform over 
the relatively small frequency ranges encountered in ^H NMR spectroscopy. 

0.6 0.4 0.2 -0.2 -0.4 -0.6 -0.8 -1.0 

J 



Chapter 3: Practical aspects of high-resolution NMR 51 

a) b) 
Figure 3.7. Excitation trajectories as a 
function of resonance offset for (a) a 90° 
pulse and (b) a 180° pulse. The offset 
moves from zero (on-resonance) to 
+yBi Hz in steps of 0.2yBi (as in 
Fig. 3.6). The 90° pulse has a degree of 
'offset-compensation' as judged by its 
ability to generate transverse 
magnetisation over a wide frequency 
bandwidth. In contrast the 180° pulse 
performs rather poorly away from 
resonance, leaving the vector far from 
the target South Pole and with a 
considerable transverse component. 

However, for nuclei that display a much greater frequency dispersion, such 
as ^̂ C or ^^F, this is often not the case, and resonance distortion and/or 
attenuation can occur, and spurious signals may arise in multipulse experiments 
as a result. One approach to overcoming these limitations is the use of clusters 
of pulses known as composite-pulses which aim to compensate for these (and 
other) defects; see Chapter 9. 

3.2.2. Signal detection 

Before proceeding to consider how one collects the weak NMR signals, we 
briefly consider the detection process that occurs within the NMR receiver. 
The energy emitted by the excited spins produces tiny analogue electrical 
signals that must be converted into a series of binary numbers to be handled 
by the computer. This digitisation process (Section 3.2.3) must occur for all 
the frequencies in the spectrum. As chemists we are really only interested 
in knowing the chemical shifts differences between nuclei rather than their 
absolute Larmor frequencies since it is from these differences that one infers 
differences in chemical environments. As we already know, Larmor frequencies 
are typically tens or hundreds of megahertz whilst chemical shift ranges only 
cover some kilohertz. For example, a proton spectrum recorded at 200 MHz 
corresponds to a frequency range of only 2-3 kHz, and even for carbon (50 
MHz on the same instrument) the frequency range is only around 10 kHz. 
Therefore, rather than digitising signals over many megahertz and retaining 
only the few kilohertz of interest, a more sensible approach is to subtract a 
reference frequency from the detected signal before digitisation, leaving only 
the frequency window of interest (Fig. 3.8). The resultant signals are now in the 
audio range which, for humans at least, corresponds to frequencies less than 20 
kHz (so it is also possible to hear NMR resonances!). 

Reference signal 

200,000,000 Hz 

200,002,000 Hz 

NMR signal 

Radio-frequen cy 

Digitised 
signal 

2000 Hz 

A udio-frequency 

Figure 3.8. The NMR detection process. 
A fixed reference frequency is subtracted 
from the detected NMR signal so that 
only the frequency differences between 
resonances are digitised and recorded. 
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Probe 

Host 
computer 

boxb 

Figure 3.9. Schematic illustration of 
NMR data collection. Pulsed rf 
excitation stimulates the NMR response 
in the probe head which is then amplified 
and detected in the receiver. The receiver 
reference frequency (that of the pulse rf) 
is subtracted to leave only audio 
frequencies (AF) which are digitised by 
the analogue-to-digital converter (ADC) 
and subsequently stored within the 
computer. The functions of the boxed 
sections are described later in the text 
(DSP: digital signal processor). 

box a 

The reference frequency is usually chosen to be that of the original pulse 
used to excite the spin system, and is supplied as a continuous reference signal 
from the transmitter (Fig. 3.9). This detection process is exactly analogous to 
the use of the rotating frame representation introduced in the previous chapter 
where the rotating frame reference frequency is also that of the rf pulse. If 
you felt a little uneasy about the seemingly unjustified use of the rotating 
frame formalism previously then perhaps the realisation that there is a genuine 
experimental parallel within all spectrometers will help ease your concerns. 
The digitised FID you see therefore contains only the audio frequencies that 
remain after subtracting the reference and it is these that produce the resonances 
observed in the final spectrum following Fourier transformation. 

3.2.3. Sampling the FID 

The Nyquist condition 
To determine the frequency of an NMR signal correctly, it must be digitised 

at the appropriate rate. The Sampling or Nyquist Theorem tells us that to 
characterise a regular, oscillating signal correctly it must be defined by at least 
two data points per wavelength. In other words, to characterise a signal of 
frequency F Hz, we must sample at a rate of at least 2F; this is also known 
as the Nyquist condition. In NMR parlance the highest recognised frequency is 
termed the spectral width, SW (Fig. 3.10). The time interval between sampled 
data points is referred to as the dwell time, DW, as given by: 

DW = 
1 

2SW 
(3.3) 

Signals with frequencies less than or equal to the spectral width will 
be characterised correctly as they will be sampled at two or more points 
per wavelength, whereas those with higher frequencies will be incorrectly 
determined and in fact will appear in the spectrum at frequencies which are 
lower than their true values. To understand why this occurs, consider the 

spectral width 

Figure 3.10. The spectral width defines 
the size of the observed frequency 
window. Only within this window are the 
line frequencies correctly characterised. 
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C) 

Aliased 

b) 

Correct 

Figure 3.11. The Nyquist condition. To 
correctly characterise the frequency of an 
NMR signal it must be sampled at least 
twice per wavelength, it is then said to 
fall within the spectral width. The 
sampling of signals (a) and (b) meet this 
criteria. Signals with frequencies too 
high to meet this condition are aliased 
back within the spectral width and so 
appear with the wrong frequency. The 
sampling pattern of signal (c) matches 
that of (a) and hence it is incorrectly 
recorded as having the lower frequency. 

a) 

Correct 

DW 

sampling process for three frequencies, two within and the third outside the 
spectral width (Fig. 3.11). The sampled data points of the highest frequency 
clearly match those of the lower of the three frequencies and this signal 
will therefore appear with an incorrect frequency within the spectral window. 
Resonances that appear at incorrect frequencies, because in reality they exist 
outside the spectral width, are said to be aliased or folded back into the 
spectrum. Their location when corrupted in this manner is dependent upon 
which of the two commonly employed quadrature detection schemes are in 
use, as explained in Section 3.2.4. 

Filtering noise 
One particularly insidious effect of aliasing or folding is that not only will 

NMR resonances fold into the spectral window but noise will as well. This 
can seriously compromise sensitivity, since noise can extend over an essentially 
infinite frequency range (so-called white noise) all of which, potentially, can 
fold into the spectrum and swamp the NMR resonances. It is therefore essential 
to prevent this by filtering out all signals above a certain frequency threshold 
with an audio bandpass filter after detection but prior to digitisation (Fig. 3.9, 
box a). The effect of the noise filter is demonstrated in Fig. 3.12 and the gain 
in signal-to-noise in the spectrum employing this is clearly evident in Fig. 3.13. 
The cut-off bandwidth of the filter is variable, to permit the use of different 
spectral widths, and is usually automatically set by the spectrometer software 
to be a little greater than the spectral window. This is necessary because 
analogue filters are not perfect and do not provide an ideal sharp frequency 
cut-off, but instead tend to fall away steadily as a function of frequency, as is 
apparent in Fig. 3.12. A practical consequence is that these filters can attenuate 
the intensity of signals falling at the extreme ends of the spectrum so may 
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Figure 3.12. Eliminating noise with 
analogue filters. Spectra were recorded 
over a spectral width of 5 kHz with no 
sample in the probe. The analogue filter 
window was set to (a) 6 kHz, (b) 3 kHz 
and (c) 1 kHz and the associated noise 
attenuation is apparent, although the 
cut-off point is ill defined. 
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Figure 3.13. The effect of analogue 
filters on signal-to-noise. Spectrum (a) 
was recorded with the correct filter width 
(1.25 times the spectral width), and (b) 
and (c) with it increased 10- and 
100-fold respectively. 
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interfere with accurate signal intensity measurement and it is therefore wise 
to ensure that resonances do not fall at the edges. Analogue filters can also 
introduce a variety of distortions to the spectrum, and in recent years the 
use of digital filtration methods having superior characteristics have become 
a standard feature in modem NMR spectrometers. Digital signal processing is 
considered in Section 3.2.6. 

Acquisition times and digital resolution 
The total sampling period of the FID, known as the acquisition time, is 

ultimately dictated by the frequency resolution required in the final spectrum. 
From the Uncertainty principle, the resolution of two lines separated by Av 
Hz requires data collection for at least 1/Av seconds. If one samples the FID 
for a time that is too short then the frequency differences cannot be resolved 
and fine structure is lost (the minimum linewidth that can be resolved is given 
approximately by 0.6/AQ). Likewise, if the signal decays rapidly then one is 
unable to sample it for a long period of time and again can resolve no fine 
structure. In this case, the rapid decay implies a large linewidth arising from 
natural (transverse) relaxation processes, or from poor field homogeneity, and 
one will be unable to recover resolution by extending the acquisition time. 
Thus, when selecting the appropriate acquisition time one needs to consider the 
likely frequency differences that need to be resolved and the relaxation times of 
the observed spins. 
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The acquisition time is defined by the digitisation rate (which is dictated 
by the spectral width and defines the sampHng dwell time DW) and on how 
many data points are sampled in total. If the FID contains TD time-domain data 
points then: 

AQ = DW • TD = 
TD 

2'SW 
(3.4) 

When dealing with the final spectrum we are concerned with frequency 
and not time, and what one really needs is some measure of how well the 
resonances in the spectrum are digitised. The figure of interest is the frequency 
between adjacent data points in the spectrum, the digital resolution, DR (quoted 
in hertz per data point or simply Hz/point). It should be stressed that this is not 
what spectroscopists speak of when they refer to the 'resolution' achieved on 
a spectrometer as this relates to the homogeneity of the magnetic field. Digital 
resolution relates only to the frequency window to data point ratio, which is 
small for a well digitised spectrum but large when poorly digitised. 

Following the Fourier transform, two data sets are generated representing 
the 'real' and 'imaginary' spectra (Section 3.3) so the real part with which one 
usually deals contains half the data points of the original FID (in the absence of 
further manipulation), and its data size, SI, is therefore TD/2. Digital resolution 
is then: 

DR = 
total frequency window S W 2 • S W 1 

total number of data points SI TD AQ 
(3.5) 

Thus, digital resolution is simply the reciprocal of the acquisition time, so to 
collect a well digitised spectrum one must sample the data for a long period of 
time; clearly this is the same argument as presented above. 

The effect of inappropriate digital resolution is demonstrated in Fig. 3.14. 
Clearly with a high value, that is short AQ, the fine structure cannot be 
resolved. Only with the extended acquisition times can the genuine spectrum be 
recognised. For proton spectroscopy, one needs to resolve frequency differences 
of somewhat less than 1 Hz to be able to recognise small couplings, so 
acquisition times of around 2-4 seconds are routinely used, corresponding 
to digital resolutions of around 0.5 to 0.25 Hz/point. This then limits the 
accuracy with which frequency measurements can be made, including shifts 
and couplings, (even though peak listings tend to quote resonance frequencies 
to many decimal places). 

The situation is somewhat different for the study of nuclei other than 
protons however, since they often exhibit rather few couplings (especially 
in the presence of proton decoupling), and because one is usually more 
concerned with optimising sensitivity, so does not wish to sample the FID for 
extended periods and thus sample more noise. Since one does not need to 
define lineshapes with high accuracy, lower digital resolution suffices to resolve 
chemical shift differences and 1-2 Hz/point (0.5-1 s AQ) is adequate in ^̂ C 
NMR. Exceptions occur in the case of nuclei with high natural abundance 
which may show homonuclear couplings such as ^^P, or when the spectrum is 
being used to estimate the relative ratios of compounds in solution. This is true, 
for example, in the use of 'Mosher's acid' derivatives for the determination of 
enantiomeric excess from ^̂ F NMR spectra, for which the resonances must be 
well digitised to represent the true intensity of each species. In such cases the 
parameters that may be used for the 'routine' observation of ^̂ F are unlikely to 
be suitable for quantitative measurements. Similarly, the use of limited digital 
resolution in routine carbon-13 spectra is one reason why signal intensities 
do not provide a reliable indication of relative concentrations. In contrast, the 
spectra of rapidly relaxing quadrupolar nuclei contain broad resonances that 
require only low digital resolution and hence short acquisitions times. 
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Figure 3.14. The influence of data 
acquisition times on the abihty to resolve 
fine structure. Longer acquisition times 
correspond to higher digitisation levels 
(smaller Hz/pt) which here enable 
characterisation of the coupling structure 
within the double-doublet (J = 6 and 
2 Hz). 
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Figure 3.15. Zero-filling can be used to 
enhance fine structure and improve 
lineshape definition. 
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Zero-filling and truncation artefacts 
Whilst the NMR response decays throughout the FID, the noise component 

remains essentially constant and will eventually dominate the tail of the FID. 
At this point there is little advantage in continuing acquisition since this 
only adds noise to the final spectrum. Provided the FID has fallen to zero 
when acquisition stops, one can artificially improve the digital resolution by 
appending zeros to the end of the FID. This process is known as zero-filling and 
it interpolates these added data points in the frequency-domain and so enhances 
the definition of resonance lineshapes (Fig. 3.15). 

It has been shown [2] that by doubling the number of data points in the 
time-domain by appending zeros (a single 'zero-fill') it is possible to improve 
the frequency resolution in the spectrum. The reason for this gain stems 
from the fact that information in the FID is split into two parts (real and 
imaginary) after the transformation so one effectively looses information when 
considering only the real (absorption) part. Doubling the data size regains 
this lost information and is therefore a useful tool in the routine analysis of 
proton spectra (one could of course simply double the acquired data points 
but this leads to reduced sensitivity and requires more spectrometer time). 
Further zero-filling simply increases the digital resolution of the spectrum 
by interpolating data points, so no new information can be gained and the 
improvement is purely cosmetic. However, because this leads to a better 
definition of each line it can still be extremely useful when analysing multiplet 
fine-structure in detail or when measuring accurate resonance intensities; in 
the determination of enantiomeric excess via chiral solvating reagents for 
example. In 2D experiments acquisition times are necessarily kept rather short 
and zero-filling is routinely applied to improve the appearance of the final 
spectrum. A more sophisticated approach to extending the time-domain signal 
known as linear prediction, is described below. 

If the FID has not decayed to zero at the end of the acquisition time, the 
data set is said to be truncated and this leads to distortions in the spectrum 
after zero-filling and Fourier transformation. The distortions arise from the 
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Figure 3.16. Processing a truncated FID. 
(a) A complete FID and the 
corresponding resonance, (b) a truncated 
FID which has been extended by 
zero-filhng produces sine wiggles in the 
spectrum, (c) apodisation of the FID in 
(b) together with zero filling and (d) 
hnear prediction of the FID in (b). 

FT of the sudden step within the FID, the result of which is described 
by the function (sin x)/x, also known as sine x. Fig. 3.16 shows that this 
produces undesirable ringing patterns that are symmetrical about the base of 
the resonance, often referred to as 'sine wiggles'. To avoid this problem it is 
essential to either ensure the acquisition time is sufficiently long, to force the 
FID to decay smoothly to zero with a suitable shaping function (Section 3.2.7) 
or to artificially extend the FID by linear prediction. 

In proton spectroscopy, acquisitions times are sufficiently long that trunca-
tion artefacts are rarely seen in routine spectra, although they may be apparent 
around the resonances of small molecules with long relaxation times, solvent 
lines for example. As stated above, acquisition times for other nuclei are 
typically kept short and FIDs are usually truncated. This, however, is rarely a 
problem as it is routine practice to apply a window function to enhance sensi-
tivity of such spectra, which itself also forces the FID to zero so eliminating 
the truncation effects. Try processing a standard -̂̂ C spectrum directly with an 
FT but without the use of a window function; for some resonances you are 
likely to observe negative responses in the spectra that appear to be phasing 
errors. In fact these distortions arise purely from the low digital resolution used, 
i.e. the short acquisition times, and the corresponding truncation of the FID 
[3] (Fig. 3.17a). Use of a simple decaying function (Section 3.2.7) removes 
these effects (Fig. 3.17b) and when used in this way is often referred to as 
apodisation, literally meaning 'removing the feet'. Similar considerations apply 
to truncated 2D data sets where shaping functions play an essential role. 

Linear prediction 
The method of linear prediction (LP) can play many roles in processing of 

NMR data [4,5], from the rectification of corrupted or distorted data, through to 
the complete generation of frequency-domain data from an FID; an alternative 
to the FT. Here we consider its most popular usage, known as forward linear 
prediction, which extends a truncated FID. Rather than simply appending 
zeros, this method, as the name suggests, predicts the values of the missing data 
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Figure 3.17. Carbon spectra often 
display distortions when transformed 
directly (a) which appear to be phase 
errors but which actually arise from a 
short acquisition time. Applying a 
Une-broadening apodisation function 
prior to the transform removes these 
distortions (b, 1 Hz line-broadening). 
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points by using the information content of the previous points and so genuinely 
extends the FID (Fig. 3.16d). 

In a time sequence of data points the value of a single point, dn, can be 
estimated from a linear combination of the immediately preceding values: 

dn = aidn-i + a2dn-2 + a3dn_3 + a4dn-4.-. (3.6) 

where ai, a2,... and so on represent the LP coefficients. The number of 
coefficients (referred to as the order of the prediction) corresponds to the 
number of data points used to predict the next value in the series. Provided 
the coefficients can be determined from the known data, it is then possible 
to extrapolate beyond the acquired data points. Repetition of this process 
incorporating the newly predicted points ultimately leads to the extended FID. 

This process is clearly superior to zero-filling and produces a much better 
approximation to the true data than does simply appending zeros. It improves 
resolution, avoids the need for strong apodisation functions and greatly at-
tenuates truncation errors. Naturally, the method has its limitations, the most 
severe being the requirement for high signal-to-noise in the FID for accurate 
estimation of the LP coefficients. Successful execution also requires that the 
number of points used for the prediction is very much greater than the number 
of lines that comprise the FID. This may be a problem for ID data sets 
with many component signals and LP of such data is less widely used. The 
method is far more valuable for the extension of truncated data sets in the 
indirectly detected dimensions of a 2 or 3D experiment (you may wish to 
return to these discussions when you are familiar with the 2D approach, see 
Chapter 5). Here individual interferograms contain rather few lines (look at a 
colunm from a 2D data set) and are thus better suited to prediction, providing 
sensitivity is adequate. The use of LP in the routine collection of 2D spectra 
of organic molecules has been subject to detailed investigation [6]. Typically 
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a two to four fold prediction is used, so for example, 128 ti data points may 
be readily extended to 256 or 512. Apodisation of the data is still likely to be 
required, although not as severely as for untreated data, and zero-filling may 
also be applied to further improve digitisation. Fig. 3.18 clearly demonstrates 
the improved resolution attainable through the use of linear prediction in the 
indirect dimension of a two-dimensional heteronuclear correlation experiment. 
The same principles can be used in backward linear prediction. Data points at 
the start of an FID are sometimes corrupted by ringing in receiver circuitry 
when detection starts resulting in baseline distortion of the spectrum. Replacing 
these points with uncorrupted predicted points eliminates the distortion; an 
example of this is found in Section 3.5. 

ppm 

Figure 3.18. Improved peak resolution in 
a two-dimensional heteronuclear 
proton-carbon correlation experiment 
(Chapter 6) through linear prediction. 
The same raw data was used in each 
spectrum, with the Fi (carbon) 
dimension processed with (a) no data 
extension, (b) one zero-fill and (c) linear 
prediction in place of zero-filling. 

3.2.4. Quadrature detection 

It was described above how during the NMR signal detection process a 
reference frequency equal to that of the excitation pulse is subtracted from 
the NMR signal to produce an audio-frequency signal that is digitised and 
later subject to Fourier transformation. The problem with analysing the data 
produced by this single-channel detection is that the FT is intrinsically unable 
to distinguish frequencies above the reference from those below it, that is, 
it cannot differentiate positive from negative frequencies. This results in a 
magnetisation vector moving at +v Hz in the rotating frame producing two 
resonances in the spectrum at +v and -v Hz after Fourier transformation 
(Fig. 3.19). The inevitable confusing overlap in a spectrum acquired with the 
reference positioned in the centre of the spectral width can be avoided by 
placing the reference at one edge of the spectrum to ensure all rotating-frame 
frequencies have the same sign. Whilst this will solve potential resonance 
overlap problems, it introduces a number of other undesirable factors. Firstly, 
although there will be no mirror image NMR resonances remaining within the 

FT 

C> 

+ vHz 
+ v Hz 

Figure 3.19. A single-channel detection 
scheme is unable to differentiate positive 
and negative frequencies in the rotating 
frame. This results in a mirror image 
spectrum being superimposed on the true 
one if the transmitter is placed in the 
centre of the spectrum. 
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a) b) 

+ V//Z 

Figure 3.20. A two-channel quadrature 
detection system monitors magnetisation 
on two orthogonal axes, providing both 
(a) cosine and (b) sine modulated data 
which ultimately allow the sense of 
precession to be determined (see text). 

Figure 3.21. A two-channel detection 
scheme is able to differentiate positive 
and negative frequencies in the rotating 
frame, allowing the transmitter to be 
placed in the centre of the spectrum 
without the appearance of mirror image 
signals. 

vHz 

-hvHz 

spectral window, noise will still be mirrored about the reference frequency and 
added to that already present. This leads to a decrease in signal-to-noise by 
a factor of y/l, or about 1.4 (not by a factor of 2 because noise is random 
and does not add coherently). Furthermore, this produces the greatest possible 
frequency separation between the pulse and the highest frequency resonance, 
so enhancing undesirable off-resonance effects. The favoured position for 
the reference is therefore in the centre of the spectrum and two-channel 
{quadrature) detection is then required to distinguish sign. 

To help visualise why single-channel detection cannot discriminate positive 
and negative frequencies, and how the quadrature method can, consider again a 
single magnetisation vector in the rotating frame. The use of the single-channel 
detector equates to being able to observe the precessing magnetisation along 
only one axis, say the y-axis. Fig. 3.20 shows that the resultant signal along this 
axis for a vector moving at +v Hz is identical to that moving at -v Hz, both giv-
ing rise to a cosinusoidal signal, so the two are indistinguishable (Fig. 3.20a). 
If, however, one were able to make use of two (phase-sensitive) detection chan-
nels whose reference signals differ in phase by 90° (hence the term quadrature), 
one would then be able to observe magnetisation simultaneously along both the 
X and the y axes such that one channel monitors the cosine signal, the other the 
sine (Fig. 3.20a and b). With the additional information provided by the sinu-
soidal response of the second channel, the sense of rotation can be determined 
and vectors moving at ibv Hz can be distinguished (Fig. 3.21). Technically, the 
Fourier transform is then complex, with the x and y components being handled 
separately as the real and imaginary inputs to the transform, following which 
the positive and negative frequencies are correctly determined. In the case of 
the single channel, the data are used as input to a real FT. 

1 
- = > 

cos J I - ^ 

-I-v Hz -I-v Hz 
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90 
reference 

Figure 3.22. Schematic illustration of the 
experimental implementation of 
quadrature detection in the NMR 
receiver. The incoming rf signal is split 
in two and the reference signal, differing 
in phase by 90° in the two channels, 
subtracted. Channels A and B therefore 
provide the required sine and cosine 
components. 

0 
reference 

Simultaneous and sequential sampling 
Quadrature detection is universally employed in all modem spectrometers. 

However, there exist two experimental schemes for implementing this and 
which of these you are likely to use will be dictated by the spectrometer hard-
ware and perhaps by the age of the instrument (on some modem instmments 
the operator can choose between the two methods). 

In both implementations the incoming rf signal from the probe and pream-
plifier is split in two and each fed to separate phase-sensitive detectors whose 
reference frequencies are identical but differ in phase by 90° (Fig. 3.22). The 
resulting audio signals are then sampled, digitised and stored for subsequent 
analysis, and it is in the execution of these that the two methods differ. The first 
relies on simultaneous sampling of the two channels (i.e. the channels are sam-
pled at precisely the same point in time) and the data points for each are stored 
in separate memory regions (Fig. 3.23a). The two sets of data so generated 
represent the cosine and sine components required for the sign discrimination 
and are used as the real and imaginary input to a complex FT routine. As this 
enables positioning of the transmitter frequency in the centre of the spectmm, 
a frequency range of only ±SW/2 need be digitised. According to the Nyquist 
criterion the sampling rate now becomes equal to SW i.e. (2*SW/2) or half of 
that required for single channel detection, so the equations given in the previous 
section are modified slightly for simultaneous quadrature detection to give: 

also 
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Notice that in the calculation of the acquisition time we need only consider 
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Figure 3.23. Data sampHng schemes for 
the two common quadrature detection 
methods, (a) Simultaneous sampHng: the 
two quadrature channels (representing x 
and y magnetisation) are sampled at the 
same point in time, (b) Sequential 
sampling: the two channels are sampled 
alternately at twice the rate of method 
(a), and the phase inverted for alternate 
pairs of data points (see text). 
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half the total time-domain data points since now two points are sampled at the 
same time. 

The second method for quadrature detection actually strives to eliminate the 
problems of positive and negative frequencies by effectively mimicking a single 
channel detection scheme with the transmitter at the edge of the spectrum, so is 
sometimes referred to as 'pseudo-quadrature detection'. Although it allows the 
positioning of the transmitter frequency at the centre of the spectrum, it employs 
an ingenious sampling scheme to make it appear as if the reference frequency 
sat at one edge of the spectrum, so that only frequencies of one sign are 
ever characterised. In this method data points are sampled sequentially at a rate 
suitable for single channel detection (i.e. 2.SW or twice that in the simultaneous 
method), but for each data point sampled the reference phase is incremented by 
90° (Fig. 3.23b). The effect on a magnetisation vector is that it appears to have 
advanced in the rotating frame by 90° more between each sampling period than 
it actually has, so the signal appears to be precessing faster than it really is. As 
digitisation occurs at a rate of 2SW and each 90° phase shift corresponds to an 
advance of 1/4 of a cycle, the frequency appears to have increased by 2.SW/4 
or SW/2. Since the transmitter is positioned at the centre of the spectrum, the 
genuine frequency range runs from H-SW/2 to —SW/2, meaning the artificial 
increase of +SW/2 moves the frequency window to +SW to 0. Thus, there 
are no longer negative frequencies to distinguish. Experimentally, the required 
90° phase shifts are achieved by alternating between the two phase-sensitive 
detectors to give the 0° and 90° shifts, and simply inverting the signals from 
these channels to provide the 180° and 270° shifts respectively (Fig. 3.23b). 
The sampled data is handled by a single memory region as real numbers which 
are used as the input to a real FT. In this sequential quadrature detection 
scheme, the sampling considerations in Section 3.2.3 apply as they would for 
single-channel detection. In Chapter 5 these ideas are extended to quadrature 
detection in two-dimensional spectroscopy. 

For either scheme, the total number of data points digitised, acquisition times 
and spectral widths are identical, so the resulting spectra are largely equivalent. 
The most obvious difference is in the appearance of aliased signals, that is, 
those that violate the Nyquist condition, as described below. Experimentally, 
flatter baselines are observed for the simultaneous method as a result of the 
symmetrical sampling of the initial data points in the FID and this is the 
recommended protocol. 

Aliased signals 
In Section 3.2.3 it was shown that a resonance falling outside the spectral 

window (because it violates the Nyquist condition) will still be detected but 
will appear at an incorrect frequency and is said to be aliased or folded back 
into the spectrum. This can be confusing if one is unable to tell whether 
the resonance exhibits the correct chemical shift or not. The precise location 
of the aliased signal in the spectrum depends on the quadrature detection 
scheme in use and on how far outside the window it truly resonates. With the 
simultaneous (complex FT) scheme, signals appear to be 'wrapped around' the 
spectral window and appear at the opposite end of the spectrum (Fig. 3.24b), 
whereas with the sequential (real FT) scheme signals are 'folded back' at the 
same end of the spectrum (Fig. 3.24c). If you are interested to know why this 
difference occurs see reference [7]. 

Fortunately, in proton spectroscopy it is generally possible to detect the 
presence of an aliased peak because of its esoteric phase which remains 
distorted when all others are correct. In heteronuclear spectra that display only 
a single resonance such phase characteristics cannot provide this information 
as there is no other signal with which to make the comparison. In such cases 
it is necessary to widen the spectral window and record any movement of the 
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Figure 3.24. Aliasing of resonances. 
Spectrum (a) displays all resonances at 
their correct shifts, whilst (b) and (c) 
result from the spectral window being 
positioned incorrectly. Spectrum (b) 
shows how the resonance wraps back 
into the spectrum at the far end when 
simultaneous sampling is employed, 
whereas in (c) it folds back in at the near 
end with sequential sampling. Typically, 
the phase of the aliased resonance(s) is 
also corrupted. 
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peak. A signal that is not aliased will be unchanged and will appear with the 
same chemical shift. In contrast, an aliased resonance will move toward the 
edge of the spectrum and will appear at a different chemical shift. 

3.2.5. Phase cycling 

At this point we briefly consider one particular artefact that arises from the 
use of quadrature detection, not only because of the need to recognise these 
if and when they occur, but more importantly because one approach to their 
removal introduces the concept of phase cycling, an experimental method that 
lies at the very heart of almost every NMR experiment. This process involves 
repeating a pulse sequence with identical timings and pulse tip angles but with 
judicious changes to the phases of the rf pulse(s) and to the routing of the data 
to the computer memory blocks (often loosely referred to as the receiver phase 
cycle). The aim in all this is for the desired signals to add coherently with time 
averaging whereas all other signals, whether from unwanted NMR transitions 
or from instrumental imperfections, cancel at the end of the cycle and do not 
appear in the resulting spectrum. We shall see the importance of phase cycles 
throughout the remainder of the book, particularly in the sections on multipulse 
one-dimensional and two-dimensional NMR, but as an introduction we return 
to the idea of quadrature detection. 

In the general quadrature scheme one requires two signals to be digitised 
that differ in phase by 90° but which are otherwise identical. The digitised data 
from each is then stored in two separate memory blocks, here designated 1 and 
2. Experimentally it is rather difficult to ensure the phase difference is exactly 
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Figure 3.25. Quadrature images are 
unwanted mirror-image artefacts that 
arise from spectrometer imperfections. 
Here an image of CHCI3 can be seen at 
about one-half the height of the carbon 
sateUites in a single scan spectrum. 
Phase cycling is typically employed to 
suppress these, although recent hardware 
designs can eliminate them completely. 

image 

A-
4\ 

transmitter 
frequency 

90° and the signal amplitude identical in each channel. Such channel imbalance 
in phase and amplitude leads to spurious images of resonances mirrored 
about the transmitter frequency known as quadrature images or colloquially 
as quad images (Fig. 3.25). Their origin can be realised if one imagines the 
signal amplitude in one channel to fall to zero. The scheme is then one of 
single-channel detection so again positive and negative frequencies cannot be 
distinguished and thus mirror images appear about the reference (see Fig. 3.19 
again). In a correctly balanced receiver these images are usually less than 1% 
on a single scan, but even these can be significant if you wish to detect weak 
resonances in the presence of very strong ones, so some means of compensating 
the imbalance is required. 

One solution is to ensure that data from each channel, A and B, contributes 
equally to the two memory blocks 1 and 2. This can be achieved by performing 
two experiments, the first with a 90^^ pulse the second with 9(fy and adding the 
data. To keep the cosine and sine components in separate memory regions for 
use in the FT routine, appropriate data routing must also be used (Fig. 3.26a 
and b). This is generally handled internally by the spectrometer, being defined 
as the 'receiver phase' from the operators point of view, and taking values of 0, 
90, 180 or 270° or jc, y, —x and —y. Note, however, that the phase of the receiver 
reference //does not alter on sequential scans, only the data routing is changed. 
For any pulse NMR sequence it is necessary to define the rf phases and the 
receiver phase to ensure retention of the desired signals and cancellation of 
artefacts. 

By use of the two-step phase cycle it is therefore possible to compensate 
for the effects of imbalance in the two receiver channels. It is also possible 
to remove extraneous signals that may occur, such as from DC offsets in the 
receiver, by simultaneously inverting the phase of the rf pulse and the receiver, 
thus Fig. 3.26a steps to 26c and likewise 26b becomes 26d. The NMR signals 
will follow the phase of the pulse so will add in the memory whereas offsets 
or spurious signals will be independent of this so will cancel. This gives us 

Table 3.1. The four-step CYCLOPS phase cycle illustrated in Fig. 3.26 

Scan number Pulse phase Receiver phase 

JC 

— J C 

-y 

This shorthand notation is conventionally used to describe all pulse sequence phase cycles. 
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Figure 3.26. Phase cycling. The 
CYCLOPS scheme cancels unwanted 
artefacts whilst retaining the desired 
NMR signals. This four-step phase cycle 
is explained in the text. 
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a second possible two-step phase cycle which, when combined with the first, 
produces an overall four-step cycle known as CYCLOPS [8] (CYCLically 
Ordered PhaSe cycle. Table 3.1). This is the standard phase cycle used for 
one-pulse acquisitions on all spectrometers, and is often nested within the 
phase cycles of two-dimensional experiments again with the aim of removing 
receiver artefacts. 

3.2.6. Dynamic range and signal averaging 

In sampling the FID, the analogue-to-digital converter (ADC or digitiser) 
limits the frequency range one is able to characterise (i.e. the spectral width) 
according to how fast it can digitise the incoming signal. In addition to limiting 
the frequencies, ADC performance also limits the amplitudes of signals that 
can be measured. The digitisation process converts the electrical NMR signal 
into a binary number proportional to the magnitude of the signal. This digital 
value is defined as a series of computer bits, the number of which describes the 
ADC resolution. Typical digitiser resolutions on modem spectrometers operate 
with 14 or 16 bits. The 16-bit digitiser is able to represent values in the range 
±32767 i.e. 2̂ ^ —1 with one bit reserved to represent the sign of the signal. 
The ratio between the largest and smallest detectable value (the most- and 
least-significant bits), 32767:1, is the dynamic range of the digitiser. If we 
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16 bits 

Figure 3.27. Dynamic range and the 
detection of small signals in the presence 
of large ones. As the digitiser resolution 
and hence its dynamic range are reduced, 
the carbon-13 satellites of the parent 
proton resonance become masked by 
noise until they are barely discernible 
with only 6-bit resolution (all other 
acquisition parameters were identical for 
each spectrum). The increased noise is 
digitisation or quantisation noise (see 
text below). 

12 bits 8 bits 6 bits 

Digitiser resolution 

assume the receiver amplification (or gain) is set such that the largest signal 
in the FID on each scan fills the digitiser, then the smallest signal that can be 
recorded has the value 1. Any signal whose amplitude is less than this will not 
trigger the ADC; the available dynamic range is insufficient. However, noise 
will also contribute to the detected signal and this may be sufficiently intense 
to trigger the least significant bit of the digitiser. In this case the small NMR 
signal will be recorded as it rides on the noise and signal averaging therefore 
leads to sunmiation of this weak signal, meaning even those whose amplitude 
is below that of the noise may still be detected. However, the digitiser may still 
limit the detection of smaller signals in the presence of very large ones when 
the signal-to-noise ratio is high. Fig. 3.27 illustrates how a reduction in the 
available dynamic range limits the observation of smaller signals when thermal 
noise in the spectrum is low. This situation is most commonly encountered in 
proton studies, particularly of protonated aqueous solutions where the water 
resonance may be many thousand times that of the solute. Such intensity 
differences impede solute signal detection, so many procedures have been 
developed to selectively reduce the intensity of the H2O resonance and ease the 
dynamic range requirements; some of these solvent suppression schemes are 
described in Chapter 9. 

If any signal is so large that it cannot fit into the greatest possible value the 
ADC can record, its intensity will not be measured correctly and this results in 
severe distortion of the spectrum (Fig. 3.28a). The effect can be recognised in 

b) 

Figure 3.28. Receiver or digitiser 
overload distorts the spectrum baseline 
(a). This can also be recognised as a 
'clipping' of the FID (b). 

a) 
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the FID as 'clipping' of the most intense part of the decay (Fig. 3.28b) which 
results from setting the receiver gain or amplification too high; this must be 
set appropriately for each sample studied, either by manual adjustment or more 
conveniently via the spectrometers automated routines. 

Signal averaging 
The repeated acquisition and summation of a free induction decay leads to 

an overall increase in the signal-to-noise ratio as the NMR signals add coher-
ently over the total number of scans, NS, whereas the noise, being random, 
adds according to V N S . Thus, the signal-to-noise ratio increases according 
to V N S . In other words, to double the signal-to-noise ratio it is necessary 
to acquire four-times as many scans (Fig. 3.29). It is widely believed that 
continued averaging leads to continuous improvement in the signal-to-noise 
ratio, although this is only true up to a point. Each time a scan is repeated, a 
binary number for each sampled data point is added to the appropriate com-
puter memory location. As more scans are collected, the total in each location 
will increase as the signal 'adds up'. This process can only be repeated if the 
cumulative total fits into the computer word size; if it becomes too large it 
cannot be recorded, potentially leading to corruption of the data (although spec-
trometers generally handle this problem internally by simply dividing the data 
and reducing the ADC resolution whenever memory overflow is imminent, so 
preserving the data and allowing the acquisition to continue). The point at 
which the computer word length can no longer accommodate the signal will be 
dependent upon the number of bits used by the ADC (its resolution), and the 
number of bits in the computer word. For example, if both the ADC and the 
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Figure 3.29. Signal averaging produces a 
net increase in the spectrum 
signal-to-noise ratio (S/N). This 
improves as the square-wot of the 
number of acquired scans (NS) because 
noise, being random, adds up more 
slowly than the NMR signal. 
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word length comprise 16 bits then any signal that fills the ADC will also fill the 
memory, so no further scans may be collected. Thus the word length must be 
greater than the ADC resolution to allow signal averaging, and the larger the 
word length or the smaller the ADC resolution the more scans can be collected. 
Typical word lengths on modem instruments are 32 bits, so with a 16 bit ADC 
it is possible to collect around 66,000 scans (2^^"^^) if the largest signal fills the 
digitiser (in fact, more scans than this could be collected since the NMR signal 
also contains noise which does not add coherently, meaning the memory will 
not fill as rapidly as this simple estimation suggests). Since signal averaging is 
most necessary when noise levels are relatively high and because longer word 
lengths are used on modem instmments, the problem of overflow is now rarely 
encountered. 

Oversampling and digital filtering 
Although it has only come into standard usage on the latest generation 

spectrometers, it has long been realised that the effective dynamic range can, in 
certain circumstances, be improved by oversampling the FID [9]. In particular, 
this applies when the digitisation noise (or quantisation noise) is significant 
and limits the attainable signal-to-noise level of the smallest signals in the 
spectmm. This noise arises from the 'rounding error' inherent in the digitisation 
process, in which the analogue NMR signal is characterised in discrete one-bit 
steps which may not accurately represent the tme signal intensity (Fig. 3.30). 
Although this is not tme noise, but arises from systematic errors in the sampling 
process, it does introduce noise into the NMR spectmm. Fig. 3.27 has already 
shown how larger errors in the digitisation process, caused by fewer ADC bits, 
increases the noise level. In realistic situations, this noise becomes dominant 
when the receiver amplification or gain is set to a relatively low level such that 
the thermal (analogue) noise arising from the probe and amplifiers is negligible 
(Fig. 3.31). This is most likely to arise in proton spectroscopy when attempting 
to observe small signals in the presence of far larger ones. High gain settings 
are therefore favoured to overcome digitisation noise. 

Oversampling, as the name suggests, involves digitising the data at a much 
faster rate than is required by the Nyquist condition or, equivalently, acquiring 
the data with a much greater spectral width than would normally be needed. 
The digitisation noise may then be viewed as being distributed over a far 
greater frequency range, such that in the region of interest this noise has 
reduced intensity so leading to a sensitivity improvement (Fig. 3.32). If the 
rate of sampling has been increased by an oversampling factor of Nos, then 
the digitisation noise is reduced by >/N^. Thus, sampling at four-times the 
Nyquist frequency would theoretically produce a two-fold reduction in noise, 
which in tum equates to an effective gain in ADC resolution of 1 bit. Likewise, 
oversampling by a factor of 16 corresponds to a four-fold noise reduction (a 
resolution gain of 2 bits) and a factor of 64 gives an 8-fold reduction or an 

Figure 3.30. Digitisation errors. Discrete 
digital sampling of an analogue 
waveform introduces errors in amplitude 
measurements, indicated by the vertical 
bars. These errors ultimately contribute 
to additional noise in the spectrum. DW 
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extra 3 bits. The degree of oversampling that can be achieved is limited by the 
digitisation speed of the ADC and typical values of Â^̂  for proton observation 
are 16-32, meaning spectral widths become a few hundred kHz and the ADC 
resolution may be increased by 2-3 bits in favourable circumstances (when 
thermal noise can be considered insignificant relative to digitisation noise). 

To maintain the desired digital resolution in the spectral region of interest 
when oversampling, data sets would have to be enlarged according to the 
oversampling factor also, which would demand greater storage capacity and 
slower data processing. To overcome these limitations, modem spectrometers 
generally combine oversampling with digital signal processing methods. Since 
one is really only interested in a relatively small part of our oversampled data 
set (l/Nos of it) the FID is reduced after digitisation to the conventional number 
of data points by the process of decimation (literally 'removing one-tenth of) 
prior to storage. This, in effect, takes a running average of the oversampled 
data points, leaving one point for every Â^̂  sampled, at intervals defined by 
the Nyquist condition for the desired spectral window (the peculiar distortions 
seen at the beginning of a digitally processed FID arise from this decimation 
process). The resulting FID then has the same number of data points as it would 
have if it had been sampled normally. These digital signal processing steps are 
generally performed with a dedicated processor after the ADC (Fig. 3.9, box 
b) and are typically left invisible to the user (short of setting a few software 
flags perhaps) although they can also be achieved by separate post-processing 
of the original data or even included in the FT routine itself [10]. The use of 
fast dedicated processors means the calculations can readily be achieved as the 
data are acquired thus not limit data collection. 

One further advantage of digital processing of the FID is the ability to 
mathematically define frequency filters that have a far steeper and more 
complete cut-off than can be achieved by analogue filtration alone, meaning 
signal aliasing can be eliminated. Spectral widths may then be set to encompass 
only a sub-section of the whole spectrum, allowing selective detection of NMR 
resonances [11]. The ability to reduce spectral windows in this way without 
complications from signal aliasing has considerable benefit when acquiring 
two-dimensional NMR data in particular. The principle behind the filtration is 
as follows (Fig. 3.33). The digital time domain filter function is given by the 
inverse FT of the desired frequency domain window. This function may then be 
convoluted with the digitised FID such that, following Fourier transformation, 
only those signals that fell within the originally defined window remain in 
the spectrum. One would usually like this window to be rectangular in shape 
although in practice such a sharp cut-off profile cannot be achieved without 
introducing distortions. Various alternative functions have been used which 
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Figure 3.31. Digitisation noise. At high 
receiver gain settings the noise in this 
proton spectrum is vanishingly small, 
meaning system thermal noise is low. As 
the gain is reduced, the amplitude of the 
NMR signal (and thermal noise) is 
reduced and digitisation noise becomes 
significant relative to the NMR signal. 
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Figure 3.32. Enhanced sensitivity can be 
realised in favourable cases by 
oversampling the data and hence 
reducing digitisation noise. Spectrum (a) 
shows part of a conventional proton 
spectrum sampled according to the 
Nyquist criterion. Oversampling the data 
by a factor of 24 as in (b) provides a 
sensitivity gain (all other conditions as 
for (a)). 
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Figure 3.33. The use of a digital filter to 
observe a selected region of a spectrum. 
The desired frequency window profile is 
subject to an inverse FT and the resulting 
time domain function convoluted with 
the raw FID. Transformation of the 
modified data produces a spectrum 
containing only a subset of all 
resonances as defined by the digital filter. 
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approach this ideal, generally with the property that the more coefficients used 
in the function, the steeper is their frequency cut-off. Since these operate 
only after the ADC, the analogue filter (Fig. 3.9, box a) is still required to 
reject broadband noise from outside the oversampled spectral width, but its 
frequency cut-off is now far removed from the normal spectral window and its 
performance less critical. 

3.2.7. Window functions 

There exist various ways in which the acquired data can be manipulated 
prior to Fourier transformation in an attempt to enhance its appearance or 
information content. Most commonly one would either like to improve the 
signal-to-noise ratio of the spectrum to help reveal resonances above the 
noise level, or to improve the resolution of the spectrum to reveal hidden fine 
structure. Many mathematical weighting functions, known as window functions, 
have been proposed to achieve the desired result, but a relatively small number 
have come into widespread use, some of which are illustrated in Fig. 3.34. The 
general philosophy behind all these functions is the same. In any FID the NMR 
signal intensity declines throughout the acquisition time whereas the noise 
amplitude remains constant, meaning the relative noise level is greater in the 
latter part. Decreasing the tail of the FID will therefore help reduce the noise 
amplitude in the transformed spectrum, so enhancing sensitivity. Conversely, 
increasing the middle and latter part of the FID equates to retarding the decay 
of the signal, thus narrowing the resonance and so enhancing resolution. 

One word of warning here before proceeding. The application of window 
functions has also been referred to in the past as 'digital processing' or 'digital 
filtering' of the data. However, this should not be confused with the digital sig-
nal processing terminology introduced in previous sections and in widespread 
use nowadays. The adoption of the terms 'window' or 'weighting' function is 
therefore recommended in the context of sensitivity or resolution enhancement. 

Sensitivity enhancement 
As suggested above, the noise amplitude in a spectrum can be attenuated 

by de-emphasising the latter part of the FID, and the most common procedure 
for achieving this is to multiply the raw data by a decaying exponential 
function (Fig. 3.34a). This process is therefore also referred to as exponential 
multiplication. Because this forces the tail of the FID towards zero, it is 
also suitable for the apodisation of truncated data sets. However, it also 
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increases the apparent decay rate of the NMR signal, causing lines to broaden, 
meaning one compromises resolution for the gain in sensitivity (Fig. 3.35). 
Using too strong a function, that is one that causes the signal to decay 
too rapidly, can actually lead to a decrease in signal-to-noise ratio in the 
resulting spectrum because the broadening of the Hues causes a reduction of 
their peak heights. Spectrometer software usually allows one to define the 
amount of line-broadening directly in hertz (here parameter lb) so exponential 
multiplication is rather straightforward to use and allows the chemist to 
experiment with different degrees of broadening to attain a suitable result. 
The optimum balance between reducing noise and excessive line broadening 
is reached when the decay of the window function matches the natural decay 
of the NMR signal, in which case it is known as the matched filter [12] 
which results in a doubling of the resonance linewidth. For the exponential 
function to truly match the FID, the decay of the NMR signal must also be 
an exponential (meaning the NMR resonances have a Lorentzian lineshape) 
which on a correctly adjusted spectrometer is usually assumed to be the 
case (at least for spin-72 nuclei). Despite providing the maximum gain in 
sensitivity, the matched condition is often not well suited to routine use in 
proton spectroscopy as the resulting line-broadening and loss of resolution may 
preclude the separation of closely space lines, so less line-broadening than this 
may be more appropriate. Furthermore, different resonances in the spectrum 
often display different unweighted linewidths so the matched condition cannot 
be met for all resonances simultaneously. For routine proton work it turns 
out to be convenient to broaden the line by an amount equal to the digital 
resolution in the spectrum, as this leads to some sensitivity enhancement but to 
a minimal increase in linewidth. For heteronuclear spectra resolution is usually 
a lesser concern and line-broadening of a few hertz is commonly employed 
(comparable to or slightly greater than the digital resolution). This can be 
considered essential to attenuate the distortions about the base of resonances 
arising, in part, from truncation of the data set (Section 3.2.3 and Fig. 3.17). 
For spectra that display resonances that are tens or even hundreds of hertz wide 
(most notably those of quadrupolar nuclei) the amount of line-broadening must 
be increased accordingly to achieve any appreciable sensitivity gain. 

Resolution enhancement 
One might suppose that to improve the resolution in spectra we should 

apply a function that enhances the latter part of the FID, so increasing the 
decay time. The problem with this approach is that by doing this one also 
increases the noise amplitude in the tail of the FID and emphasises any 
truncation of the signal that may be present, so increasing the potential for 
undesirable 'truncation wiggles'. A better approach is to apply a function 
which initially counteracts the early decay but then forces the tail of the FID 
to zero to provide the necessary apodisation. The most popular function for 
achieving this has been the Lorentz-Gauss transformation [13] (Fig. 3.34 b 
and c), sometimes loosely referred to as Gaussian multiplication (although this 
strictly refers to yet another mathematical weighting function) and also known 
as double-exponential multiplication. This transforms the usual Lorentzian 
lineshape into a Gaussian lineshape which has a somewhat narrower profile, 
especially around the base, (Fig. 3.36) and it 

is this feature that allows the resolution of closely spaced lines. 
The shape of the function is altered by two variable parameters which define 

the degree of line-narrowing in the resulting spectra and the point during the 
acquisition time at which the function reaches its maximum value. These are 
usually presented to the operator as negative line-broadening in hertz (here 
parameter lb) and as a fraction of the total acquisition time (here parameter 
gb), respectively. The choice of suitable values for these usually comes down 
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Figure 3.34. Some commonly employed 
window functions. These are used to 
modify the acquired FID to enhance 
sensitivity and/or resolution (lb = line 
broadening parameter, gb = Gaussian 
broadening parameter i.e. the fraction of 
the acquisition time when the function 
has its maximum value; see text) 
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Figure 3.35. Exponential multiplication 
of the FID can be used to reduce noise in 
the spectrum, (a) Raw FID and spectrum 
following Fourier transformation, (b) 
Results after exponential processing with 
lb = 1 Hz. 
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to a case of trial-and-error, and different optimum values may be found for 
different groups of peaks within the same spectrum. Modem NMR processing 
packages usually allow an interactive variation of the parameters during which 
one can observe both the window function itself and the resulting spectrum 
so an optimum can rapidly be determined. A more negative line-broadening 
will produce narrower lines whilst positioning the maximum further along the 
decay will enhance this effect. This will also lead to greater distortion of the 
resonances about the base and to degradation of sensitivity as the early signals 
are sacrificed relative to the noise (Fig. 3.37). In any case, some reduction 
in sensitivity will invariably result and it is necessary to have reasonable 
signal-to-noise for acceptable results. It has been suggested [14] that the 
optimum Gaussian resolution enhancement for routine use on spectra with 
narrow lines aims for a reduction in linewidth by a factor of 0.66 for which 
the function maximum should occur at a time of l/(Avi/2) seconds, that is, 
the inverse of the resonance linewidth in the absence of window functions. The 
appropriate figures for setting in the processing software can then be arrived 
at by simple arithmetic. For example, a starting linewidth of 1 Hz will require 
a line narrowing of 0.66 Hz and the maximum to occur after 1 second. With 
a typical proton acquisition time of around 3 s, the function should therefore 
reach a maximum at 1/3 of the total acquisition. Gaussian multiplication can be 
used to good effect when combined with zero-filling, thus ensuring the digital 
resolution is sufficiently fine to define any newly resolved fine-structure. 

In more recent years new window functions have been introduced [15,16] 
that are similar to the Lorentz-Gauss window but which aim to improve res-
olution without a discernible reduction in sensitivity. These so called TRAF 

Figure 3.36. A comparison of the 
Lorentzian and Gaussian lineshapes. Lorentzian lineshape Gaussian lineshape 
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a) 

b) 

c) 

Figure 3.37. The Lorentz-Gauss 
transformation ('Gaussian 
multiplication') can be used to improve 
resolution, (a) Raw FID and spectrum 
following Fourier transformation and 
results after the L-G transformation with 
(b) lb = - IHz , gb = 0.2 and (c) lb = 
- 3 Hz and gb = 0.2. 

functions (Fig. 3.34d) generally aim to enhance the middle part of the FID 
but also use matched filtration of the later part to attenuate noise. They are 
appearing in NMR software packages and provide an alternative to the estab-
lished functions. Another function, more commonly used in the processing of 
two-dimensional data sets, is the sine-bell window, which has no adjustable 
parameters. This comprises one half of a sine wave, starting at zero at the be-
ginning of the FID, reaching a maximum half way through the acquisition and 
falling back to zero by the end of the decay (Fig. 3.34e). The function always 
has zero intensity at the end, so eliminates the truncation often encountered in 
2D data sets. This tends to be a rather severe resolution enhancement function 
which can introduce undesirable lineshape distortions and also produces severe 
degradation in sensitivity because the early part of the NMR signal is heavily 
attenuated, and hence this is rarely used in one-dimensional spectra. A variation 
on this is the phase-shifted sine-bell for which the point at which the maximum 
occurs is a variable (Fig. 3.34f and g) and can be moved toward the start of the 
FID. Again, this is commonly applied in 2D processing and has the advantage 
that the user has the opportunity to balance the gain in resolution against the 
lineshape distortion and sensitivity degradation. A final variant is the (option-
ally shifted) squared sine-bell (Fig. 3.34h), which has similar properties to the 
sine-bell but tails more gently at the edges, which can invoke subtle differences 
in 2D spectra. Likewise, the trapezoidal function (Fig. 3.34i) is sometimes used 
in the processing of 2D data. 

3.2.8. Phase correction 

It has already been mentioned in Section 3.2 that the phase of a spec-
trum needs correcting following Fourier transformation because the receiver 
reference phase does not exactly match the initial phase of the magnetisation 
vectors. This error is constant for all vectors and since it is independent of 
resonance frequencies it is referred to as the 'zero-order' phase correction 
(Fig. 3.38). Practical limitations also impose the need for a frequency-depen-
dent or 'first-order' phase correction. Consider events immediately after the 

Figure 3.38. Zero-order (frequency 
independent) phase errors arise when the 
phase of the detected NMR signals does 
not match the phase of the receiver 
reference rf. All resonances in the 
spectrum are affected to the same extent. 
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Figure 3.39. First-order (frequency 
dependent) phase errors arise from a 
dephasing of magnetisation vectors 
during the pre-acquisition delay which 
follows the excitation pulse. When data 
collection begins, vectors with different 
frequencies have developed a significant 
phase difference which varies across the 
spectrum. 
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pulse is applied to the sample. A short period of time, the pre-acquisition delay, 
DE, is required for the spectrometer electronics to recover from the effect of 
the pulse before an undistorted FID can be collected. This delay is typically 
tens of microseconds, during which magnetisation vectors will evolve a little 
according to their chemical shifts so that at the point digitisation begins they 
no longer have the same phase (Fig. 3.39). Clearly those resonances with the 
greatest shifts require the largest corrections. If the pre-acquisition delay is 
small relative to the frequency offsets, the phase errors have an approximately 
linear offset dependency and can be removed. If the delay becomes large, the 
correction cannot be made without introducing a rolling spectrum baseline. 
The appearance of these zero- and first-order phase errors is illustrated in the 
spectra of Fig. 3.40. 

Typically both forms of error occur in a spectrum directly after the FT. The 
procedure for phase correction is essentially the same on all spectrometers. The 
zero-order correction is used to adjust the phase of one signal in the spectrum to 
pure absorption mode, as judged 'by eye' and the first-order correction is then 

Figure 3.40. Zero- and first-order phase 
errors in a ^H spectrum, (a) The 
correctly phased spectrum, (b) the 
spectrum in the presence of 
frequency-independent (zero-order) 
phase errors and (c) the spectrum in the 
presence of frequency-dependent 
(first-order) phase errors. 
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used to adjust the phase of a signal far away from the first in a similar manner. 
Ideally the two chosen resonances should be as far apart in the spectrum as 
possible to maximise the frequency dependent effect. 

3.3. PREPARING THE SAMPLE 

This section describes some of the most important aspects of sample 
preparation for NMR analysis, a topic that is all too frequently given insufficient 
consideration in the research laboratory. Even for routine applications of 
NMR it is wise for the chemist to adopt a systematic strategy for sample 
preparation that will give consistently good results, so saving instrument time 
and eliminating frustration. 

3.3.1. Selecting the solvent 

Since all modem NMR spectrometers rely on a deuterium lock system to 
maintain field stability, a deuterated solvent is invariably required for NMR, 
and these are now available from many commercial suppliers. In a busy organic 
chemistry laboratory the volume of NMR solvents used can be surprisingly 
large, and the cost of the solvent may play some part in its selection. Generally, 
chloroform and water are the most widely used solvents and are amongst 
the cheapest, although DMSO is becoming increasingly favoured, notably in 
the industrial sector, because of its useful solubilising properties. Acetone, 
methanol and dichloromethane are also in widespread routine use. 

The selection of a suitable solvent for the analyte is based on a number 
of criteria. The most obvious requirement is that the analyte be soluble in 
it at the concentration required for the study. This will be dependent on a 
diverse range of factors including the fundamental sensitivity of the nucleus, 
the overall sensitivity of the instrument, the nature of the experiment and 
so on. If experiments are likely to be performed at very low temperatures 
then it is also important to know that the solute remains in solution when 
the temperature is reduced so that a precipitate does not form in the NMR 
tube, and degrade resolution. For experiments at temperatures other than 
ambient probe temperatures (which may be a few degrees greater than the 
ambient room temperature), the melting and boiling points of the solvents must 
also be considered. Table 3.2 summarises some important properties of the 
most commonly encountered solvents. For work at very high temperatures, 
dimethylsulphoxide or toluene are generally the solvents of choice, whilst 
for very low temperatures dichloromethane, methanol or tetrahydrofuran are 
most appropriate. Even for experiments performed at ambient temperatures 
solvent melting points may be limiting; on a cold day DMSO solutions can 
freeze in the laboratory. The viscosity of the solvent will also influence the 
resolution that can be obtained with the best performance provided by the least 
viscous solvents, such as acetone (which, for this reason, is used as the solvent 
for spectrometer resolution tests). The sharpest possible lock signal is also 
beneficial in experiments based on difference spectroscopy, the most important 
of these being the NOE difference experiment (Chapter 8). 

For proton and carbon spectroscopy, the chemical shifts of the solvent reso-
nances need to be anticipated as these may occur in a particularly unfortunate 
place and interfere with resonances of interest. In proton spectroscopy, the 
observed solvent resonance arises from the residual protonated species (NMR 
solvents are typically supplied with deuteration levels in excess of 99.5%). 
For routine studies, where a few milligrams of material may be available, the 
lower specification solvents should suffice for which the residual protonated 
resonance is often comparable in magnitude to that of the solute. Solvents with 
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Table 3.2. Properties of the common deuterated solvents 

Solvent 
(ppm) 

S(HDO) 

(ppm) (ppm) 
Melting point Boiling point 
(°C) 

16 
- 9 4 
- 4 5 

5 
- 6 4 

4 
- 9 5 
- 6 1 

18 
- 9 8 
- 4 2 

-109 
- 9 5 
- 1 5 
- 4 4 

(°C) 

116 
57 
82 
80 
62 

101 
40 

153 
189 
65 

114 
66 

111 
75 
75 

Acetic acid-d4 
Acetone-de 
Acetonitrile-d3 
Benzene-d^ 
Chloroform-di 
Deuterium oxide-d2 
Dichloromethane-d2 
N,N-dimethyl formamide-dy 
Dimethylsulfoxide-d6 
Methanol-d4 
Pyridine-ds 
Tetrahydrofuran-dg 
Toluene-dg 
Trifluoroacetic acid-di 
Trifluoroethanol-d3 

11.65,2.04 11.5 
2.05 2.0 
1.94 2.1 
7.16 0.4 
7.27 1.5 
4.80 4.8 
5.32 1.5 
8.03, 2.92, 2.75 3.5 
2.50 3.3 
4.87,3.31 4.9 
8.74, 7.58, 7.22 5.0 
3.58, 1.73 2.4 
7.09, 7.00, 6.98, 2.09 0.4 
11.30 11.5 
5.02,3.88 5.0 

179.0, 20.0 
206.7, 29.9 
118.7, 1.4 
128.4 
77.2 

54.0 
163.2, 34.9, 29.8 
39.5 
49.2 
150.4, 135.9, 123.9 
67.6, 25.4 
137.9, 129.2, 128.3, 125.5, 20.4 
164.2, 116.6 
126.3, 61.5 

Proton shifts, 8H, and carbon shifts, 8C, are quoted relative to TMS (proton shifts are those of the residual partially protonated solvent). The 
proton shifts of residual HDO/H2O vary depending on solution conditions. 
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Figure 3.41. Residual protonated 
resonances of deuterated solvents (a) 
CHCI3 in CDCI3, (b) CHDCI2 in 
CD2CI2 and (c) CHD2COCD3 in 
(CD3)2CO. The multipUcity seen in (b) 
and (c) arises from two-bond (geminal) 
couplings to spin—1 deuterium 
producing a 1:1:1 triplet and a 1:2:3:2:1 
quintet respectively. The left-hand singlet 
in (b) is residual CH2CI2 in the solvent, 
the shift difference arises from the H-D 
isotope shift of 6 Hz. 

higher levels of deuteration are beneficial for proton spectroscopy when sample 
quantities are of the order of tens of micrograms or less and are likely to be 
used in conjunction with micro-sample techniques (Section 3.3.3). The solvent 
proton resonance, with the exception of chloroform and water, will comprise 
a multiplet from coupling to spin—1 deuterium. For example dichloromethane 
displays the triplet of CDHCI2 whilst acetone, dimethylsulphoxide or methanol 
show a quintuplet from CD2H (Fig. 3.41). In carbon spectroscopy, the dominant 
resonance is often that of the deuterated solvent which again will be a multiplet 
owing to coupling with deuterium. For other common nuclei, interference from 
the solvent is rarely a consideration, the one notable exception to this being 
deuterium itself. Unless very large sample quantities are being used (many tens 
of milligrams) and one can be sure the solvent resonance will not overlap those 
of the solute, it is usually necessary to record ^H spectra in protonated solvent 
since the huge signals of the deuterated solvent are likely to swamp those of 
interest. This then precludes the use of the lock system for maintaining field 
stability. The lack of a suitable lock reference requires a small quantity of the 
deuterated solvent to be added to the solution to provide an internal chemical 
shift reference (see below). 

Aside from the solvent resonance itself, the other significant interference 
seen in proton spectra is water, which is present to varying degrees in all 
solvents and is also often associated with solutes. The water resonance is often 
rather broad and its chemical shift can vary according to solution conditions. 
All solvents are hygroscopic to some degree (including deuterated water) and 
should be exposed to the atmosphere as little as possible to prevent them 
from becoming wet. Very hygroscopic solvents such as dimethylsulphoxide, 
methanol, and water are best kept under a dry inert-gas atmosphere. Solvents 
can also be obtained in smaller glass ampoules which are particularly suitable 
for those which are used only infrequently. Molecular sieves may also be used 
to keep solvents dry, although some care is required in filtering the prepared 
solution before analysis to remove fine particulates that may be present. 
Alternatively the NMR solution may be passed through activated alumina to 
remove water, as part of the filtration process. 

The solvent may also result in the loss of the resonances of exchangeable 
protons since these will become replaced by deuterons. In particular this 
is likely to occur with deuterated water and methanol. To avoid deuterium 
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Figure 3.42. Changes in solvent can be 
used to improve resonance dispersion. 
The proton spectrum of the sugar 3.1 is 
shown in (a) CDCI3 and (b) CeDe-
Notice the appearance of the resonance 
at 3.2 ppm in (b) that was hidden at 3.6 
ppm by another resonance in (a). 
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replacement altogether one must consider using H2O containing 10-20% 
D2O (to provide a lock signal) or ds-methanol (CD3OH). In these cases, a 
suitable solvent suppression scheme (Chapter 9) is required to attenuate the 
large solvent resonance (which may still lead to the loss of the exchangeable 
protons of the solute by the process known as saturation transfer). Studies in 
90% H2O dominate the NMR of biological macromolecules because solvent 
exchangeable protons, such as the backbone amide NH protons in peptides and 
proteins or the imido protons of DNA and RNA base-pairs, often play a key 
role in the structure determination of these molecules [17,18]. 

The nature of the solvent can also have a significant influence on the appear-
ance of the spectrum, and substantial changes can sometimes be observed on 
changing solvents. Whether these changes are beneficial is usually difficult to 
predict and a degree of trial- and error is required. A useful switch of solvent 
is from a non-aromatic solvent into an aromatic one, for example chloroform 
to benzene (Fig. 3.42), making use of the magnetic anisotropy exhibited by 
the latter. In cases of particular difficulty, where the change from one solvent 
to another simply produces a different but equally unsuitable spectrum, then 
titration of the second solvent into the first may provide a suitable compromise 
between the two extremes. Such changes may prove useful in ID experiments 
that use selective excitation of a specific resonance, by revealing a target proton 
when previously it was hidden, as in the example in Fig. 3.42. The selective 
removal of a resonance by the addition of another solvent can also prove useful 
in spectrum interpretation. Adding a drop of D2O to an organic solution in the 
NMR tube, mixing thoroughly and leaving the mix to settle removes (or atten-
uates) acidic exchangeable protons. Acidic protons that are protected from the 
solvent, such as those in hydrogen bonds, may not fully exchange immediately, 
but may require many hours to disappear. This can provide a useful probe of 
H-bonding interactions. 

3.3.2. Reference compounds 

When preparing a sample it is common practice to add a suitable compound 
to act as an internal chemical shift reference in the spectrum, and the selection 
of this must be suitable for the analyte and solvent. In proton and carbon NMR, 
the reference used in organic solvents is tetramethylsilane (TMS, 0.0 ppm) 
which has a number of favourable properties; it has a sharp 12-proton singlet 
resonance that falls conveniently to one end of the spectrum, it is volatile so 
can be readily removed and it is chemically inert. In a few cases this material 
may be unsuitable such as in the study of silanes or cyclopropanes. For routine 
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Table 3.3. Spectrum reference materials (0 ppm) and reference frequencies (S values) for 
selected nuclides 

Nuclide 

»H 
2 H 

^Li 
^Li 
10B 

i iB 

13c 
1 4 N 

1 5 N 

i^O 
19F 

29Si 
31p 

ii^Sn 
195pt 

207pb 

Primary reference 

Me4Si 
Me4Si 
LiCl(aq) 
LiCl (aq) 
BF30(Et)2 
BF30(Et)2 
Me4Si 
CH3NO2 
CH3NO2 
H2O 
CFCI3 
Me4Si 
H3PO4 (85%) 
Me4Sn 
K2[Pt(CN)6] 
Me4Pb 

S value 
(MHz) 

100.000 000 
15.351 
14.717 
38.866 
10.746 
32.089 
25.145 004 

7.224 
10.136 767 
13.557 
94.094 003 
19.867 184 
40.480 747 
37.290 665 
21.414 376 
20.920 597 

Alternative reference 

TSP-d4 (aq) 
trace deuterated solvent 

H2BO3 (aq) 
H2BO3 (aq) 
1,4-dioxan @ 67.5 ppm, TSP-d4 (aq) 

NH4NO2 (aq),NH3 (liq)^ 

^ i^N shifts of biomolecular materials are more often quoted relative to external liquid ammonia. 

work it is often not necessary to add any internal reference as the residual 
lines of the solvent itself can serve this purpose (Table 3.2). For aqueous 
solutions, the water soluble equivalent of TMS is partially deuterated sodium 
3-(trimethylsilyl)propionate-d4 (TSP-d4) which is also referenced to 0.0 ppm. 
A volatile alternative is 1,4-dioxane (^H 3.75 ppm, ^̂ C 67.5 ppm) which can 
be removed by lyophilisation. The standard reference materials for some other 
conmion nuclides are summarised in Table 3.3. Often these are not added into 
the solution being studied but are held in an outer, concentric jacket or within a 
separate axial capillary inside the solution, in which case the reference material 
may also be in a different solvent to that of the sample. 

An alternative to adding additional reference materials is to use a so-called 
external reference. Here the spectrum of a separate reference substance is 
acquired before and/or after the sample of interest and the spectrum reference 
value carried over. Identical field settings should be used for both which, 
on some older instruments, requires the same lock solvent, or an additional 
correction to the spectrum reference frequency must be used to compensate any 
differences. This restriction does not arise on instruments that use shifting of 
the lock transmitter frequency to establish the lock condition. 

The referencing of more 'exotic' nuclei is generally less clear-cut than for 
those in common use and in many cases it is impractical to add reference 
materials to precious samples, and it is sometimes even difficult to identify 
what substance is the 'accepted' reference standard. In such cases the 3-scale 
can be used, which does not require use of a specific reference material. Instead 
this scheme defines the reference frequency for the reference material of each 
nuclide at a field strength at which the proton signal of TMS resonates at 
exactly 100.000 MHz. The reference frequencies are scaled appropriately for 
the magnetic field in use and this then defines the absolute frequency at 0.0 
ppm for the nuclide in question. The S values for selected nuclei are also 
summarised in Table 3.3, whilst more extensive tables are available [19]. 

3.3.3. Hibes and sample volumes 

Newcomers to the world of practical NMR often find the cost of NMR tubes 
surprisingly high. The prices reflect the need to produce tubes that conform 
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to strict requirements of straightness (camber) and concentricity, as deviation 
from these can produce undesirable artefacts in spectra, usually in the form of 
'spinning-sidebands'. Generally, the higher quality (and more expensive) tubes 
are required on higher-field instruments and this is particularly so for proton 
work. Some experimenting may be required to decide on a suitable balance 
between cost and performance for your particular instruments. 

The diameter of the tube is generally determined by the dimensions of the 
probe to be used. Common tube diameters in chemical laboratories are 2.5 
or 3 mm (for use with the so-called microprobes), 5 mm (the most widely 
used), or 10 mm (typically used for the observation of low-sensitivity nuclei 
where the solubility of the material to be studied is limiting). Increasingly, 8 
mm tubes are finding use in biological macromolecular work, where solubility 
and aggregation considerations preclude the use of concentrated samples. 
As sensitivity is usually of prime importance when performing any NMR 
experiment, it is also prudent to use the correct sample volume for the 
probe/tube configuration and not to dilute the sample any more than is 
necessary. The important factor here is the length of the detection coil within the 
probe. The sample volume should be sufficient to leave a little solution above 
and below the coil since magnetic susceptibility differences at the solution/air 
and solution/glass interfaces lead to local distortions of the magnetic field. For 
a standard 5 mm tube, the required volume will be around 400-600 |xl whereas 
for the micro tubes this reduces to about 100-150 |Jil. For larger tubes it may 
be necessary to use a 'vortex-suppresser' to prevent whirlpool formation in the 
tube if the sample is spun. These are usually PTFE plugs designed to fit tightly 
within the NMR tube which are pushed down to sit on the surface of the sample 
and thus hold the solution in place. Some care is required when using these 
plugs in variable temperature work due to the thermal expansion or contraction 
of the plug, and at low temperatures the plug may even fall into the solution so 
its use may be inappropriate. 

For the handling of smaller sample quantities, microcells can be obtained 
that fit within standard 5 mm NMR tubes but which require only tens of 
microlitres of solution allowing one to concentrate the available material within 
the detection coil. When using such cells it is advisable to fill the volume around 
the outside of the cell with solvent, as this minimises susceptibility dififerences 
and improves resolution. More recently, special tubes and plugs have become 
available that allow smaller sample volumes to be held within the coils sensitive 
region (Fig. 3.43). These use glass that has a magnetic susceptibility matched to 
that of the solvent and so allows shorter sample heights without the introduction 
of lineshape defects [20]. Presently, tubes are available individually matched to 
water and to a small selection of organic solvents. 

a) b) 

matched 
glass 

Figure 3.43. Schematic comparison of 
(a) a conventional NMR tube and (b) a 
matched tube and plug in which the 
magnetic susceptibility of the glass is 
matched to that of the solvent. This 
allows a smaller sample volume and so 
concentrates more of the analyte within 
the detection coil. 
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NMR tubes should be kept clean, dry, free from dust, and must also be 
free from scratches on the glass as this distorts the cylinder in which the 
sample is confined. New tubes are not always clean when delivered, although 
this is, unfortunately, often assumed to be the case. Organic lubricants used 
in their manufacture may remain on the glass and become all too apparent 
when the tube is first used. For routine washing of tubes, rinsing with a 
suitable organic solvent, such as acetone, or with distilled water a few times is 
usually sufficient. More stubborn soiling is best tackled by chemical rather than 
mechanical means and either soaking in detergent or strong mineral acids is 
reconmiended. The use of chromic acid must be avoided as this can leave traces 
of paramagnetic chromium(VI) which will degrade resolution. Tubes should 
not be dried by subjecting them to high temperatures for extended periods 
of time as this tends to distort them. A better approach is to keep the tubes 
under vacuum, at slightly elevated temperatures if possible, or to blow filtered 
nitrogen into the tubes. If oven drying is used, the tubes must be laid on a flat 
tray and heated for only 30 minutes, not placed in a beaker or tube rack as this 
allows them to bend. If the removal of all traces of protiated water from the 
tube is important, then it is necessary to rinse the tube with D2O prior to drying 
to ensure the exchange of water adsorbed onto the surface of the glass. Unused 
tubes should be stored with their caps on to prevent dust from entering. Finally, 
it is also important to avoid contamination of the outside of the NMR tube 
(which includes fingerprint oils) as this leads to the transfer of the contaminants 
into the probe head. The accumulation of these contributes to degradation of 
the instrument's performance over time. 

3.3.4. Filtering and degassing 

For any NMR experiment it is necessary to achieve a uniform magnetic field 
throughout the whole of the sample to obtain a high-resolution spectrum and 
it is easy to imagine a range of circumstances that detract from this condition. 
One of the most detrimental is the presence of particulates in the sample since 
these can distort of the local magnetic field, so it is of utmost importance to 
remove these from an NMR sample prior to analysis. Even very slight changes 
in the field within the sample can produce a noticeable reduction in resolution. 
This should not come as a surprise if one recalls that one often wishes to 
resolve lines whose resonant frequencies are many hundreds of MHz but which 
are separated by less than 1 Hz. This corresponds to a resolution of 1 part in 
10^, roughly equivalent to measuring the distance from the Earth to the Sun to 
an accuracy of 1 km! Conmiercial sintered filters can be obtained but require 
constant washing between samples. A convenient and cheap alternative is to 
pass the solution through a small cotton-wool plug in a Pasteur pipette directly 
into the NMR tube (it is good practise to rinse the cotton-wool with a little of 
the NMR solvent before this). If cotton wool is not suitable for the sample, a 
glass wool plug may be used although this does not provide such a fine mesh. If 
metal ions are likely to be present in solution (paramagnetic ions being the most 
unwelcome), either from preparation of the sample or from decomposition of 
the sample itself, then passing the solution through a small column of a metal 
chelating resin should remove these. 

In situations where very high resolution is demanded or if relaxation 
studies are to be performed then it may also be necessary to remove all 
traces of oxygen from the solution. This may include the measurement of 
nuclear Overhauser enhancements, although for routine NOE measurements 
it is usually not necessary to go to the trouble of degassing the sample (see 
Chapter 8). The need to remove oxygen arises because O2 is paramagnetic 
and its presence provides an efficient relaxation pathway which leads to 
line-broadening. Essentially there are two approaches to degassing a sample. 
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The first involves bubbling an inert gas through the solution to displace oxygen. 
This is usually oxygen-free nitrogen or argon which need be passed through the 
solution in the NMR tube for about one minute for organic solvents and double 
this for aqueous solutions. Great care is required when attempting this and a 
fine capillary must be used to introduce the gas slowly. It is all too easy to blow 
the sample clean out of the tube in an instant by introducing gas too quickly so 
it is probably wise to get some feel for this before attempting the procedure on 
your most precious sample! Note that with volatile solvents a significant loss in 
volume is likely to occur and TMS, if used, may well also be lost. 

The second and more thorough approach is the 'freeze-pump-thaw' tech-
nique. The NMR tube containing the solution is frozen with liquid nitrogen 
or dry ice and placed under vacuum on a suitable vacuum line. Commercial 
tube manufacturers produce a variety of specialised tubes and adapters for this 
purpose but a simple alternative is to connect a standard tube to a vacuum 
line via a needle through a rubber septum cap on the tube. The tube is then 
isolated from the vacuum by means of a stop-cock and allowed to thaw, during 
which the dissolved gases leave the solution. The procedure is then repeated 
typically at least twice more, this usually being sufficient to fully degas the 
sample. When using an ordinary vacuum pump it may be necessary to place a 
liquid nitrogen trap between the pump and the sample to avoid the possibility 
of vacuum oils condensing in the sample tube. Furthermore, when freezing 
aqueous samples it is easy to crack the tube if this is carried out too fast; 
holding the sample tube just above the freezing medium whilst tilting it is 
usually sufficient to avoid such disasters. An alternative approach for aqueous 
samples containing involatile solutes is to carefully place the sample directly 
under vacuum without freezing, for example in a vacuum jar or schlenk, and 
allowing dissolved gas to bubble out of solution. 

Following the degassing procedure the tube should be sealed. If the sample is 
likely to be subject to short-term analysis, say over a few hours, then a standard 
tight-fitting NMR cap wrapped with a small amount of paraffin wax film or, 
better still, use of a rubber septum, is usually sufficient since diffusion into 
solution of gases in the tube will be rather slow. For longer duration studies, 
specialised adapters or screw-top tubes can be purchased or standard tubes can 
be flame-sealed, for which NMR tubes with restrictions toward the top are 
available to make the whole process very much easier. When flame-sealing it 
is highly advisable to cool or freeze the solution and then seal whilst pulling a 
gentle vacuum. Failure to cool the solution or evacuate the tube may cause 
the pressure within in it to become dangerously high as the sample warms. 
The seal should be symmetric otherwise the sample will spin poorly, so practice 
on discarded tubes is likely to pay dividends. 

3.4. PREPARING THE SPECTROMETER 

Whenever a new sample is placed within the NMR spectrometer, the 
instrument must be optimised for this. The precise nature of the adjustments 
required and the amount of time spent making these will depend on the 
sample, the spectrometer and the nature of the experiment but in all cases 
the aim will be to achieve optimum resolution and sensitivity and to ensure 
system reproducibility. The details of the approaches required to make these 
adjustments depend on the design of spectrometer in question so no attempt to 
describe such detail is made here. They all share the same general procedures 
however, which are summarised in Scheme 3.1 and described below. 
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Scheme 3.1. The typical procedure 
followed in preparing a spectrometer for 
data collection. All these steps can be 
automated, although at the time of 
writing there is still only a very limited 
selection of fully auto-tuneable 
probeheads. 
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3.4.1. The probe 

If you are a chemist making use of the NMR facilities available to you, then 
choosing the appropriate probe for the study in question may not be relevant 
as you will probably be forced to use that which is available. If, however, 
you are involved with instrument purchasing or upgrading or you are fortunate 
enough to have available a variety of probes for a given instrument, then it is 
important to be able to make the appropriate selection. Since it is the probe 
that must receive the very weak NMR signals it is perhaps the most critical 
part of the NMR spectrometer and its particular design and construction will 
influence not only the types of experiments it is able to perform but also its 
overall performance. There has been considerable competition over the years 
in the design of probes, resulting in ever increasing performance and whereas 
previously one was restricted to choosing a probe from the spectrometer 
manufacturer, this is no longer the case as there now exist a small number of 
companies that produce probes that are compatible with the instruments of the 
main NMR vendors. 

There are two main factors that have a significant bearing on improved probe 
performance. The first is the material used in the construction of the receiver 
coil itself. Since this coil sits in very close proximity to the sample, this material 
may distort the magnetic field within this, compromising homogeneity. Modem 
composite metals are designed so that they do not lead to distortions of the field 
(they are said to have zero magnetic susceptibility) so allowing better lineshapes 
to be obtained which ultimately leads to improved signal-to-noise figures. The 
second factor lies in the coil design and dimensions, with modem coils tending 
to be longer than previously so that a greater sample volume sits within them. 
This demands a greater volume in which the magnetic field is uniform so 
these changes in probe constmction have largely followed improvements in 
room-temperature shim systems (see below). 

There exists a great variety of probe designs of various dimensions that can 
be obtained for any given instmment. The probe size is usually described by 
the sample tube diameter it is designed to hold, and as mentioned previously, 
conmion sizes are 3, 5, 8 and 10 mm, with the 5 nmi configuration being that 
in standard use at present. Purely on the grounds of the inherent sensitivity 
of a given coil constmction, the narrower 3 nmi coils found in micro-probes 
will have the better performance and so are favoured when very small sample 
quantities, perhaps in the microgram region, are to be analysed. The use of 
these microprobes has largely been in the area of natural product chemistry [21] 
and in the study of biosynthetic materials, where these small sample quantities 
are conmionplace. For extreme cases of limited material, so-called nano-probes 
have been designed which allow the available sample to be concentrated into 
even smaller volumes of around 40 |xl, but these are not in widespread use. 
Wider diameter 8 or 10 mm tubes allow greater sample volumes to be held 
within the active region of the coil, so these would generally be used when 
sample solubility is the factor limiting sensitivity. 

The other important consideration when selecting a probe is the range of 
nuclei it is able to observe and for which of these the coil configuration 
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has been optimised. The simplest design is a probe containing a single coil 
which is designed for the observation of only one nucleus (in fact, it would 
be 'doubly-tuned' to enable the simultaneous observation of deuterium for 
the field-frequency regulation via the lock system, although the presence of a 
deuterium channel is usually implicit when discussing probe configurations). 
However, many modem NMR experiments require pulses to be applied to 
two (or more) different nuclides, of which one is most often proton, for 
which two coils are necessary. In this case, two possible configurations are 
in widespread use depending on whether one wishes to observe the proton or 
another nuclide (referred to as the X-nucleus). The traditional two-coil design 
is optimised for the observation of the X-nucleus, with the X-coil as the inner 
of the two allowing it to sit closer to the sample so offering the best possible 
sensitivity for X-observation (it is said to have the greatest 'filling factor'). This 
configuration can be described by the shorthand notation X{^H}. Nowadays 
multipulse experiments tend to utilise the higher sensitivity offered by proton 
observation wherever possible, and benefit from probes in which the proton coil 
sits closest to the sample with the X-coil now the outer most; ^H{X}. It is this 
design of probe that is widely referred to as having the inverse configuration 
because of this switch in geometry. In either case, the X-coil circuitry can 
be designed to operate at only a single frequency or can be tuneable over 
a wide frequency range, such probes being known as broadband observe or 
broadband inverse probes. An alternative popular configuration in organic 
chemistry is the quad-nucleus probe that allows observation of the four most 
commonly encountered nuclei ^H, ^^C, ^^F, and ^^P. In studies of biological 
macromolecules, and more recently in organic chemistry, triple-resonance 
probes are employed, allowing proton observation and pulsing or decoupling 
of two other nuclei; ^H{X,Y}. A further feature offered is the addition of 
magnetic field gradient coils to the probe head. These surround the usual 
rf coils and are designed to destroy the static magnetic field homogeneity 
throughout the sample for short periods of time in a very reproducible manner; 
gradient-selected techniques are introduced in Chapter 5. The most recent probe 
designs aim to reduce thermal noise by utilising superconducting materials for 
the detection coil (requiring this to be cooled with liquid helium) and, although 
proposed some years ago [22,23], have only recently become available [24]. 
So far these are available only in certain configurations, limited by a number 
of engineering factors, not least of which is the need to maintain the detection 
coil at around 4 K whilst the adjacent sample temperature remains at ambient! 
These typically offer sensitivity gains of a factor of 4-8 over conventional 
probes (under optimum conditions) and currently represent a promising area 
for future developments. 

3.4.2. T\ining the probe 

The NMR probe is a rather specialised (and expensive) piece of instru-
mentation whose primary purpose is to hold the transmit and receive coils 
as close as possible to the sample to enable the detection of the weak NMR 
signals. For the coils to be able to transmit the rf pulses to the sample and 
to pick up the NMR signals efficiently, the electrical properties of the coil 
circuit should be optimised for each sample. The adjustments are made via 
variable capacitors which sit in the probe head a short distance from the coil(s) 
and comprise the tuning circuitry. There are two aspects to this optimisation 
procedure known as tuning and matching, although the whole process is more 
usually referred to as 'tuning the probe'. The first of these, as the name implies, 
tunes the coil to the radiofrequency of the relevant nucleus and is analogous 
to the tuning of a radio-receiver to the desired radio station. A poorly tuned 
probe will lead to a severe degradation in sensitivity, just as a radio broadcast 
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becomes swamped with hissing noise. The second aspect aims to equalise (or 
match) the impedance (the total effective resistance to alternating current) of 
the coil/sample combination with that of the transmitter and receiver so that 
the maximum possible rf energy can pass from the transmitter into the sample 
and subsequently from the sample into the receiver. As electrical properties 
differ between samples, the optimum tune and match conditions will also vary 
and so require checking for each new sample. These differences can be largely 
attributed to differences between solvents with the most significant changes 
occurring between non-polar organic solvents and ionic aqueous solutions. 

Probe tuning is necessary for a number of reasons. Other than the funda-
mental requirement for maximising sensitivity, it ensures pulse-widths can be 
kept short which in turn reduces off-resonance effects and minimises the power 
required for broadband decoupling. A properly tuned probe is also required if 
previously calibrated pulse-widths are to be reproducible, an essential feature 
for the successful execution of multipulse experiments. 

Tuning and matching 
The process of probe tuning involves applying rf to the probe, monitoring 

the response from it by some suitable means and making adjustments to the 
capacitors in the head of the probe (via long rods that pass through its base) 
to achieve the desired response. In the case of broadband probes, which may 
be tuneable over very wide frequency ranges, the capacitors may even need to 
be physically exchanged, either by removing them from the probe altogether or 
by means of a switching mechanism held within the probe. Various procedures 
exist for monitoring the response of the probe but the most useful and the one 
supplied widely on modem instruments, uses a frequency sweep back and forth 
over a narrow region (of typically a few MHz) about the target frequency during 
which the probe response is compared to that of an internal 50 Q reference 
load (all NMR spectrometers are built to this standard impedance). The display 
then provides a simultaneous measure of the tune and match errors (Fig. 3.44a), 

Figure 3.44. Tuning and matching an 
NMR probehead. The dark line 
represents the probe response seen for (a) 
a mis-tuned and (b) a correctly tuned 
probe head. 

transmitter 
frequency 



Chapter 3: Practical aspects of high-resolution NMR 85 

allowing one to make interactive adjustments to the tuning capacitors to achieve 
the desired result (Fig. 3.44b); the response reaches a minimum when the probe 
is matched to the 50 Q load. With this form of display it is possible to see 
the direction in which adjustments should be made to arrive at the correct tune 
and match condition. It is important to note that the tune and match controls 
are not mutually exclusive and adjustments made to one are likely the alter the 
other, so a cyclic process of tune, match, tune etc. will be required to reach the 
optimum. 

The method for probe tuning on older spectrometers that are unable to 
produce the frequency sweep display is to place a directional coupler between 
the transmitter/receiver and the probe and to apply rf as a series of very rapid 
pulses. The directional coupler provides some form of display, usually a simple 
meter, which represents the total power being reflected back from the probe. 
The aim is to minimise this response by the tuning and matching process so 
that the maximum power is able to enter the sample. Unfortunately with this 
process, unlike the method described above, there is no display showing errors 
in tune and match separately, and there is no indication of the direction in which 
changes need be made, one simply has an indication of the overall response of 
the system. This method is clearly the inferior of the two, but may be the only 
option available. 

When more than one nuclear frequency is of interest, the correct approach is 
to make adjustments at the lowest frequency first and work up to the highest. 
It is also prudent to remove rf filters, couplers and so on from the rf path 
since it is the probe itself one wishes to match. Tuning will also be influenced 
by sample and probe temperature and must be checked whenever changes are 
made. If large temperature changes are required it is wise to quickly recheck 
the tuning every ten or twenty degrees so that one never becomes too far 
from the optimum; this is especially important if using the directional coupler 
method. Where the spectrometer is used in an open access environment, where 
interaction with the spectrometer is kept to a minimum or where the instrument 
runs automatically, probe tuning for each sample is generally not viable 
(although probes with complete auto-tuning capabilities are now appearing), 
in which case it is appropriate to tune the probe for the most frequently used 
solvent, and accept some degradation in performance for the others. Different 
solvents may require different pulse width calibrations under these conditions. 

Finally in this section we consider one particular situation in which it is 
beneficial to deliberately detune a probe. When performing studies in proto-
nated water the linewidth of the solvent resonance is broadened significantly 
in a well tuned probe, because of the phenomenon of radiation damping [25]. 
This is where the FID of the solvent decays at an accelerated rate because the 
relatively high current generated in the coil by the intense NMR signal itself 
produces a secondary rf field which drives the water magnetisation back to 
the -\-z axis at a faster rate than would be expected from natural relaxation 
processes alone. The rapid decay of the FID in turn results in a broadened 
water resonance. This only occurs for very intense resonances and has greatest 
effect when the sample couples efficiently with the coil, that is, when the probe 
is well tuned. Detuning the probe a little provides a sharper (and weaker) water 
resonance whose lineshape gives a better indication of the field homogeneity. 
Retuning the probe is essential for subsequent NMR observations employing 
solvent suppression schemes. 

3.4.3. The field-frequency lock 

Despite the impressive field stability provided by superconducting magnets 
they still have a tendency to drift significantly over a period of hours, causing 
NMR resonances to drift in frequency leading to a loss of resolution. To 
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overcome this problem some measure of this drift is required so that corrections 
may be appHed. On all modem spectrometers the measurement is provided by 
monitoring the frequency of the deuterium resonance of the solvent. The 
deuterium signal is collected by a dedicated ^H observe spectrometer within 
the instrument that operates in parallel with the principal channels, referred to 
as the lock channel or simply the lock. 

The lock system 
The lock channel regulates the field by monitoring the dispersion mode 

deuterium resonance rather than the absorption mode signal that is usually 
considered in NMR, and aims to maintain the centre of this resonance at 
a constant frequency (Fig. 3.45). A drift in the magnetic field alters the 

Figure 3.45. The spectrometer lock 
system monitors the dispersion mode 
signal of the solvent deuterium 
resonance. A shift of the resonance 
frequency due to drift in the static field 
generates an error signal that indicates 
the magnitude and direction of the drift, 
enabling a feedback system to 
compensate this. 

reference 
frequency 

dispersion mode 
lock signal 

deviation 

resonance frequency and therefore produces an error signal that has both 
magnitude and sign (unlike the absorption mode resonance which varies only 
in magnitude). This then controls a feedback system which adjusts the field 
setting. The dispersion signal also has the advantage of having a rather steep 
profile, providing the greatest sensitivity to change. Monitoring the deuterium 
resonance also provides a measure of the magnetic field homogeneity within the 
sample since only a homogeneous field produces a sharp, intense resonance. In 
this manner the lock signal may be used as a guide when optimising (shimming) 
the magnetic field (Section 3.4.4) where the absorption mode signal is presented 
to the operator as the lock display. Since the best field-frequency regulation 
is provided by the strongest and sharpest lock resonance, the more highly 
deuterated non-viscous solvents provide the best regulation. Water is especially 
poor since it tends to have a rather broad resonance because of exchange 
processes which are very dependent on solvent temperature and pH. 

Optimising the lock 
The first procedure for locking is to establish the resonance condition for 

the deuterium signal, which involves altering either the field or the frequency 
of the lock transmitter. Of these two options the latter is preferred since it 
avoids the need for changing transmitter frequencies and is now standard on 
modem instruments. Beyond this, there are three fundamental probe-dependent 
parameters that need to be considered for optimal lock performance. The first of 
these is the lock transmitter pt^w^r used to excite the deuterium resonance. This 
needs to be set to the highest usable level to maximise the ^H signal-to-noise 
ratio but must not be set so high that it leads to lock saturation. This is the 
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condition in which more energy is applied to the deuterium spins than can 
be dissipated through spin relaxation processes, and is evidenced by the lock 
level drifting up and down erratically. The saturation level can be determined 
by making small changes to the lock power and observing the effect on the 
lock signal. If the power is increased the lock signal should also increase, but 
if saturated it will then drift back down. Conversely, if the power is decreased, 
the lock level will drop but will then tend to creep up a little. The correct 
approach is to determine the point of saturation and then to be sure you are 
operating below this before proceeding. The second feature is the lock gain. 
This is the amplification that is applied to the detected lock signal, and is 
generally less critical than the power although it should not be so high as to 
introduce excessive lock noise. The final feature is the lock phase. We have 
already seen that the field-frequency regulation relies on monitoring the pure 
dispersion-mode lineshape and this is present only when the resonance has 
been phased correctly. This is the case when the observed lock signal produces 
the maximum intensity as the lock phase is adjusted since only then does this 
have the required pure-absorption lineshape. 

Acquiring data unlocked 
In cases where deuterium is not available for locking, for example if one 

wishes to observe or decouple deuterium itself, then it may be necessary to 
acquire data 'unlocked' (although recent hardware developments allow the 
decoupling of deuterium during acquisition by appropriate blanking of the 
lock channel). Running unlocked is perfectly feasible over limited time periods 
which depend on the drift rate of the magnet. For experiments that must run 
for very many hours for reasons of sensitivity, a useful approach is to acquire 
a series of FIDs each being collected over a shorter time period, say one hour. 
Drift within each data set will then be essentially negligible whereas any drift 
occurring over the whole duration of the experiment can be corrected by adding 
frequency domain spectra for which any frequency drift has been compensated 
manually by internal spectrum referencing. The addition then provides the 
required enhancement of signal-to-noise without the deleterious effects of field 
drift. 

3.4.4. Optimising the field homogeneity: shimming 

NMR experiments require a uniform magnetic field over the whole of the 
NMR sample volume that sits within the detection coil. Deviation from this 
ideal introduces various lineshape distortions, compromising both sensitivity 
and resolution. Thus, each time a sample is introduced into the magnet it is 
necessary to 'fine-tune' the magnetic field and a few minutes spent achieving 
good resolution and lineshape is time well spent. For anyone actually using 
an NMR spectrometer, competence in the basic level of field optimisation is 
essential, but even if you only need to interpret NMR spectra, perhaps because 
someone else has acquired the data or if the whole process is performed through 
automation, then some understanding of the most common defects arising from 
remaining field inhomogeneities can be invaluable. 

The shim system 
Maintaining a stable magnetic field that is uniform to 1 part in 10^ over the 

active volume within modem NMR probes (typically 0.1 to 1.5 cm^) is ex-
tremely demanding. This amazing feat is achieved through three levels of field 
optimisation. The first lies in the careful construction of the superconducting 
solenoid magnet itself, although the field homogeneity produced by these is 
rather crude when judged by NMR criteria. This basic field is then modified 
at two levels by sets of 'shim' coils. These coils carry electrical currents that 
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Table 3.4. Shim gradients found on high-resolution spectrometers 

Shim gradient Gradient order Interacting shim gradients 

Z 
Z, (Z2) 

Z2, Z^(Z, Z^) 
z^ z, (z2, z )̂ 
z^z^z^ (Z,z3,z5) 
Y,(Z) 
X,(Z) 
X,(Z) 
Y,(Z) 
X, Y 
XY, (X, Y) 
XZ, (X, Z) 
YZ, (Y, Z) 
XY, (X, Y, Z) 
X^-Y^, (X, Y, Z) 
X 
Y 
XZ2, (XZ, X, Z) 
YZ^, (YZ, Y, Z) 

Not all these may be present on lower-field instruments, whilst on very high-field spectrometers 
additional high-order shims may be found. Those shown in brackets interact less strongly, and 
thus may not require subsequent readjustment. Those that interact with Z^ (the main field) may 
cause momentary disruption of the lock signal when adjusted. 

generate small magnetic fields of their own which are employed to cancel 
remaining field gradients within the sample. In fact, shims are small wedges of 
metal used in engineering to make parts fit together, and were originally used 
in the construction of iron magnets to modify the position of the poles to adjust 
the field. Still in the present day where superconducting magnets dominate, this 
name permeates NMR, as does the term 'shimming', referring to the process 
of field homogeneity optimisation^. The superconducting shim coils sit within 
the magnet cryostat, and remove gross impurities in the magnet's field. The 
currents are set when the magnet is first installed and do not usually require 
altering beyond this. The room-temperature shims are set in a former which 
houses the NMR probe itself, the whole assembly being placed within the bore 
of the magnet such that the probe coil sits at the exact centre of the static field. 
These shims (of which there are typically around twenty to thirty on a modem 
instrument) remove any remaining field gradients by adjusting the currents 
through them, although in practice only a small fraction of the total number 
need be altered on a regular basis (see below). 

The static field in vertical bore superconducting magnets also sits vertically 
and this defines, by convention, the z-axis. Shims that affect the field along this 
axis are referred to as axial or Z-shims, whereas those that act in the horizontal 
plane are known as radial or X/Y shims (Table 3.4). When acquiring high-res-
olution spectra it is traditional practice to spin the sample (at about 10-20 Hz) 
about the vertical axis. This has the effect of averaging field inhomogeneities in 
the X-Y plane, so improving resolution. The averaging means that adjustments 
to shims containing an X or Y term must be made when the sample is static, 
hence these shims are also commonly referred to as the 'non-spinning shims'. 

^Note that some (older) texts may refer to this process as 'tuning', which is now exclusively 
reserved for processes involving radio-frequencies; for example, one may shim a magnet but will 
tune a probe. 
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Modem shim sets are capable of delivering non-spinning lineshapes that almost 
match those when spinning, and it is becoming increasing common not to spin 
samples. For multidimensional studies this is certainly the case, since sam-
ple spinning can introduce modulation effects to the acquired data, leading to 
unwanted artefacts particularly in the form of so-called ti-noise (see Chapter 5). 

Shimming 
In order to achieve optimum field homogeneity, high-quality samples are 

essential. The depth of a sample also has a considerable bearing on the amount 
of Z shimming required, which can be kept to a minimum by using solutions of 
similar depth each time. Most spectrometers possess software that is capable of 
carrying out the shimming process automatically, and clearly this is essential if 
an automatic sample changer is used. However, such systems are not infallible 
and can produce spectacularly bad results in some instances. Here, reproducible 
sample depths are vitally important for the auto-shimming procedures to be 
successful and to reach an optimum rapidly. It is also crucial for the whole 
of the sample to be at thermal equilibrium so that convection currents do not 
exist, which, for aqueous solution in particular, may demand 10-20 minutes 
equilibration in the probe. 

To provide an indication of progress when shimming, one requires a suitable 
indicator of field homogeneity. Essentially, there are three schemes that are in 
widespread use, all of which have their various advantages and disadvantages; 
1) the lock level, 2) the shape of the FID, and 3) the shape of the NMR 
resonance. The ultimate measure of homogeneity is the NMR resonance 
itself, since defects apparent in the spectrum can often be related directly to 
deficiencies in specific shim currents, as described below. Most often field 
homogeneity is monitored by the height of the deuterium lock resonance which 
one aims to maximise. Whilst conceptually this is a simple task, in reality it is 
complicated by the fact that most shims interact with others. In other words, 
having made changes to one it will then be necessary to re-optimise those with 
which it interacts. Fortunately, shims do not influence all others, but can be 
sub-divided into smaller groups which are dealt with sequentially during the 
shimming process. A detailed account of the shimming procedure has been 
described [261 and the fundamental physics behind field-gradient shims has 
also been presented [27], but here we shall be concerned more with addressing 
the lineshape defects that are commonly encountered in the daily operation of 
an NMR spectrometer. 

When shimming, it is not always sufficient to take the simplest possible 
approach and maximise the lock level by adjusting each shim in turn, as this is 
may lead to a 'false maximum', in which the lock level appears optimum yet 
lineshape distortions remain. Instead, shims must be adjusted interactively. As 
an example of the procedure that should be adopted, the process for adjusting 
the Z and Z^ shims (as is most often required) should be: 

(1) Adjust the Z shim to maximise the lock level, and note the new level 
(2) Alter Z^ so that there is a noticeable change in the lock level, which may 

be up or down, and remember the direction in which Z^ has been altered 
(3) Readjust Z for maximum lock level. 
(4) Check whether the lock level is greater than the starting level. If it is, 

repeat the whole procedure, adjusting Z^ in the same sense, until no further 
gain can be made. If the resulting level is lower, the procedure should be 
repeated but Z^ altered in the opposite sense. 

If the magnetic field happens to be close to the optimum for the sample 
when it is initially placed in the magnet, then simply maximising the lock level 
with each shim directly will achieve the optimum since you will be close to this 
already. Here again a reproducible sample depth makes life very much easier. 
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Shimming is performed by concentrating on one interacting group at a time, 
always starting and finishing with the lowest order shim of the group. Principal 
interactions are summarised in Table 3.4. Whenever it is necessary to make 
changes to a high order shim, it will be necessary to readjust all the low order 
shims within the same interacting group, using a similar cyclic approach to 
that described for the adjustment of Z and Z^ above. Generally, the order of 
optimisation to be followed will be: 

(1) Optimise Z and Z^ interactively, as described above. If this is the first pass 
through Z and Z^, then adjust the lock phase for maximum lock level. 

(2) Optimise Z^: make a known change, then repeat step 1. If the result is 
better than previously, repeat this procedure, if not, alter Z^ in the opposite 
sense and repeat step 1. 

(3) Optimise Z^ interactively with Z^, Z^ and Z. 
(4) Stop the sample spinning (if applicable) and adjust Z to give the maximum 

response (this is likely to have changed a little as the position of the sample 
relative to the field will change). Adjust X and Y in turn to give the 
maximum response. 

(5) Optimise X and XZ interactively. Adjust Z to give the maximum response. 
(6) Optimise Y and YZ interactively. Adjust Z to give the maximum response. 
(7) Optimise XY interactively with X and Y. 
(8) Optimise X^-Y^ interactively with XY, X and Y. 
(9) Repeat step 1. 

The higher the shim order, the greater the changes will be required and when 
far from the optimum shim settings, large changes to the shim currents may 
have only a small effect on the lock level and the shim response will feel rather 
'sluggish'. When close to the optimum the response becomes very sensitive 
and small changes can have a dramatic effect. The above procedure should be 
sufficient for most circumstances and any field strength, unless the basic shims 
set has become grossly misset. If lineshape distortions remain then it may be 
possible to identify the offending shim(s) from the nature of the distortion (see 
below), allowing the appropriate corrections to be applied. 

Common lineshape defects 
The NMR resonance lineshape gives the ultimate test of field homogeneity, 

and it is a useful skill to be able to recognise the common distortions that are 
caused by errors in shim settings (Fig. 3.46). Thus, the Z-shims all influence 
the width of the NMR resonance, but in subtly different ways; impurities in 
the even order shims (Z^, Z^ and Z^) will produce unsymmetrical distortions to 
the lines whereas those in the odd orders (Z, Z^, Z^) will result in symmetrical 
broadening of the resonance. In any case, the general rule is that the higher the 
order of the shim, the lower down the resonance the distortions will be seen. 
Errors in Z^ usually give rise to a broadening of the base of a resonance and, 
since a broad resonance corresponds to a rapid decay of the FID, such errors 
are sometimes seen as a sharp decay in the early part of the FID. Another 
commonly observed distortion is that of a shoulder on one side of a peak, 
arising from poorly optimised Z and Z^ shims (this is often associated with 
reaching a 'false maximum' simply by maximising the lock level with each 
shim and is usually overcome by making a significant adjustment to Z^, and 
following the procedure described above). 

Errors in the low order X/Y shims give rise to the infamous 'spinning 
sidebands' (for a spinning sample!). These are images of the main resonance 
displaced from it by multiples of the spinning frequency. Shims containing a 
single X or Y term produce '1st order sidebands' at the spinning frequency 
from the main line whereas XY and X^-Y^ give second order sidebands at 
double the spinning frequency. However, unless something has gone seriously 
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STATIC 

Optimum Z^low 

Figure 3.46. Lineshape defects that arise 
from inappropriate settings of various 
shims. These effects have been 
exaggerated for the purpose of 
illustration. 
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amiss, you should not encounter more than the first order sidebands in every 
day NMR at most, and these should certainly be no greater than one or 
two percent of the main resonance. If there is any doubt as to the presence 
of sidebands, a simple test is to alter the spinning speed by say 5 Hz and 
re-acquire the data; only the sidebands will have moved. If the sample is not 
spinning, errors in the low order X/Y shims contribute to a general broadening 
of the resonance. 

Shimming using the FID or spectrum 
Although the lock level is used as the primary indicator of field homogeneity, 

it is not always the most accurate one. The lock level is dependent upon only 
one parameter; the height of the deuterium resonance. This, whilst being rather 
sensitive to the width of the main part of the resonance, is less sensitive to 
changes in the broad base of the peak. The presence of such low level lumps 
can be readily observed in the spectrum (particularly in the case of protons) 
but for this to be of use when shimming, the spectrometer must be able to 
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supply a 'real-time display' of a single-scan spectrum so that changes to the 
shim currents can be assessed rapidly. With modem host computers, the Fourier 
transform and phase correction of a spectrum can be performed very rapidly, 
allowing one to correct for lineshape distortions as one shims. Alternatively, the 
shape and the duration of the FID may be used as a more immediate indicator 
of homogeneity and can often be used simultaneously with the lock display. 
This approach works best when a singlet resonance dominates the spectrum 
(such as for aqueous solutions) for which the shape of the FID should be a 
smooth exponential decay. Since with this method of shimming it is likely 
that changes to the shim currents will be made during the acquisition of the 
spectrum (which will certainly lead to a peculiar lineshape) it is essential that 
one assesses a later spectrum for which there have been no adjustments during 
acquisition to decide whether improvements have been made. 

Gradient shimming 
The most recently introduced approach to field optimisation comes from the 

world of magnetic resonance imaging and makes use of field gradients to map 
Bo inhomogeneity within a sample. This can then be cancelled by calculated 
changes to the shim settings [28]. The results that can be attained by this 
approach are little short of astonishing when seen for the first time, especially 
for anyone who has had to endure the tedium of extensive manual shimming 
of a magnet, and this relatively new method will undoubtedly enjoy greater 
popularity in the future. 

The discussions below assume some understanding of the action of pulsed 
field gradients (PFGs) and the reader not familiar with these may wish to 
return to this section after they are introduced in Chapter 5. In any case, 
an appreciation of the capabilities of this method should be readily achieved 
from what follows. Here we shall consider the basis of the method with 
reference to the optimisation of z-shims which requires z-axis pulsed field 
gradients (although recent work [29] has demonstrated the use of conventional 
shim assemblies to generate the appropriate gradients with so-called homospoil 
pulses, which has the advantage of not requiring specialised gradient hardware). 
The underlying principle is that all spins throughout a sample contributing to 
a singlet resonance will posses the same precession (Larmor) frequency only 
if the static field is homogeneous throughout (of course this is what we aim 
for when shimming!). Any deviation from this condition will cause spins 
in physically different locations within the sample to precess at differing 
rates according to their local static field. If the excited spins are allowed to 
precess in the transverse plane for a fixed time period prior to detection, these 
differing rates simply correspond to different phases of their observed signals 
(Fig. 3.47). By detecting these signals in the presence of an applied field 
gradient, the spatial distribution of the spins becomes encoded as iht frequency 
distribution in the spectrum allowing the inhomogeneity (encoded as phase 

Figure 3.47. Errors in the local static 
field along the length of a sample are 
encoded as signal phases when 
magnetisation is allowed to precess in a 
inhomogeneous static field for a time x. 
The resulting spatially dependent phase 
differences are used as the basis of 
gradient shimming. 

Field 
gradient 

(inhomogeneity) 
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^H/2H 

G, 

differences) to be mapped along the length of the sample in the case of z-axis 
gradients (or across the sample for x- and y-axis gradients). 

A suitable scheme for recording this is the gradient echo of Fig. 3.48 in 
which spins are first dephased by a PFG and later rephased after a period of 
precession xi to allow detection. The resulting spectrum is the one-dimensional 
spatial profile (or image) of the sample (Fig. 3.49). Recording a second echo 
with delay t2 and taking the difference yields the phase map in which only 
free precession during the period (T2-'ti) is encoded. The phase distribution in 
this profile therefore directly maps the inhomogeneity along the sample. The 
necessary corrections to shims currents to remove these inhomogeneities are 
calculated from a series of reference phase maps recorded with known offsets 
in each of the z-shims. Once these reference maps have been recorded for a 
given probe, they can be used for the gradient shimming of all subsequent 
samples, with the whole process operating automatically. 

The primary experimental requirement for gradient shimming is a sample 
containing a dominant strong, singlet resonance. A good candidate for proton 
observation is 90% H2O, but although this is ideal for biomolecular studies, it 

Figure 3.48. A gradient echo sequence 
suitable for z-axis field gradient 
shimming. The pulsed field gradients 
provide the spatial encoding whilst the 
delay t encodes the static field 
inhomogeneity as signal phase. 

a) 

rfcoil 
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Figure 3.49. (a) The ID z-axis deuterium 
image of DMSO (magnitude mode), 
(b) The frequency axis of this image 
encodes the spatial dimension along the 
length of the sample. 
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Figure 3.50. Automatic deuterium 
gradient shimming. Spectrum (a) was 
acquired with all z-axis shims set to zero. 
After less than two minutes of gradient 
shimming of the z-z^ shims (3 
iterations) spectrum (b) was obtained. 
The solvent was DMSO and one scan 
was acquired for each deuterium gradient 
echo collected via the probe lock coil. 
Automatic switching for deuterium 
observation was achieved with a 
home-built switching device. 

b) liklu iLMilLl 
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is clearly of little use for the majority of solvents used in organic spectroscopy. 
An alternative in this case is to observe the deuterium resonance of the solvent 
[30] (which in most cases is also a singlet) using the lock channel of the probe. 
The potential problem is then one of sensitivity and the need for appropriate 
hardware to allow deuterium observation on the lock coil without manually 
recabling the instrument each time a sample is shinmied. The necessary lock 
channel switching devices are now conmiercially available. 

The remarkable power of gradient shimming is illustrated in Fig. 3.50. 
The lower proton spectrum was recorded with the z-z^ shims all set to 
zero whilst the upper trace was the result of only 3 iterations of deuterium 
gradient shimming using the DMSO solvent resonance. The whole process took 
less than 2 minutes without operator intervention. Although a rather extreme 
example, the capabilities of this approach are clearly evident and it is likely to 
play a valuable role in automated spectroscopy, where irreproducible sample 
depths can lead to rather poor results with conventional simplex optimisation 
shim routines. The individual mapping of field errors within each and every 
sample overcomes these problems. 

3.5. SPECTROMETER CALIBRATIONS 

This section is primarily intended for those who need to set-up experiments 
or those who have new hardware to install for which new calibrations are re-
quired. As with any analytical instrumentation, correct calibrations are required 
for optimal and reproducible instrument performance. All the experiments en-
countered in this book are critically dependent on the application of rf and 
gradient pulses of precise amplitude, shape and duration and the calibrations 
described below are therefore fundamental to the correct execution of these 
sequences. Periodic checking of these calibrations, along with the performance 
tests described in the following section, also provides an indication of the 
overall health of the spectrometer. 

3.5.1. Radiofrequency pulses 

Modem multipulse NMR experiments are critically dependent on the ap-
plication of rf pulses of known duration (the pulse width) that correspond to 
precise magnetisation tip angles, most frequently 90° and 180°. Pulse width 
calibrations are normally defined for the 90° pulse (PW90), from which all other 
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tip angles may be derived. Those with PW90 in the microsecond range generally 
excite over a rather wide bandwidth and are termed non-selective or hard pulses 
whilst those in the millisecond range are of lower-power and are effective over 
a much smaller frequency window and are thus termed selective or soft pulses. 
The implementation of selective pulses and their calibration is considered sep-
arately in Chapter 9, whilst here we shall concentrate on the more widely used 
hard pulses, and on weaker rf fields used for decoupling purposes. 

Rf field strengths 
The calibration of a pulse width is equivalent to determining the radiofre-

quency (Bi) field strength of the pulse, and, in fact, it is often more useful 
to think in terms of field strengths than pulse widths when setting up ex-
periments. For example, excitation bandwidths and off-resonance effects are 
best considered with reference to field strengths, as are decoupling band-
widths. The relationship between pulse width and the rf field strength yBi is 
straightforward: 

yBi = = — ^ Hz (3.9) 
PW360 4PW90 

Thus, a 90° pulse width of 10 |JLS corresponds to a field strength of 25 kHz, a 
typical value for pulse excitation on a modem spectrometer. 

Although spectrometer transmitters are frequently used at full power when 
applying single pulses, there are many instances when lower transmitter powers 
are required, for example the application of decoupling sequences or of 
selective pulses. These lower powers are derived by attenuating the transmitter 
output, and the units used for defining the level of attenuation are the deciBel 
or dB. This is, in fact, a measure of the ratio between two power levels, Pi and 
P2, as defined by: 

(k) d B - l O l o g i o f ^ j (3.10) 

When one speaks of attenuating the transmitter output by so many dBs one 
must think in terms of a change in power relative to the original output. In fact, 
it is more convenient to think in terms of changes in output voltage rather than 
power, since the rf field strength and hence pulse widths (our values of interest) 
are proportional to voltage. Since power is proportional to the square of the 
voltage (P = V^/R, where R is resistance), we may rewrite Eq. 3.10 as: 

dB = 2 0 1 o g . o ( ^ ) ^ 2 0 1 o g , o ( ? ^ ) (3.11) 

where PWi and PW2 are the pulse widths for the same net tip angle at the two 
attenuations. Thus, if one wished to double a pulse width, an additional 20 log 
2 dB (6 dB) attenuation is required. An alternative expression has the form: 

+ndB=)^PWx 10 /̂̂ ^ (3.12) 

or in other words, addition of n dB attenuation increases the pulse width by a 
factor of 10"/^^. Some example attenuation values are presented in Table 3.5. 

Table 3.5. Pulse width vs attenuation 

Attenuation/dB 

Pulse width factor 

1 

1.1 

3 

1.4 

6 

2.0 

10 

3.2 

12 

4.0 

18 

7.9 

20 

10 

24 

15.8 

The additional attenuation of transmitter output levels increases the pulse width by the factors 
shown. Thus, adding 6 dB will double the pulse width whereas removing 6 dB will halve it. 
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An illuminating experiment to perform, if your spectrometer is able to alter 
the output attenuation internally, is to determine the pulse width over a wide 
range of attenuations. A plot of pulse widths vs logio(attenuation) should yield 
a single straight line over the full range. Discontinuities in the plot may arise 
when different power amplifiers come into use or when large attenuators are 
switched in place of many smaller ones. 

Observe pulses: high sensitivity 
We begin with the most basic NMR pulse calibration, that for the observed 

nucleus. When the spectrum of the analyte can be obtained in a single scan, 
or only a few scans, it is straightforward to calibrate the pulse width simply 
by following the behaviour of the magnetisation as the excitation pulse is 
increased, with nulls in the signal intensity occurring with a 180° or 360"* 
pulse. To perform any pulse calibration it is essential that the probe is first 
tuned for the sample so that the results are reproducible. The transmitter 
frequency should be placed on-resonance for the signal to be monitored, 
to eliminate potential inaccuracies arising from off-resonance effects, and a 
spectrum recorded with a pulse width less than 90°, say 2-3 |xs. The resonance 
is used to define the phase correction for all subsequent experiments, and is 
phased to produce the conventional positive absorption signal. The experiment 
is repeated with identical phase correction but with a progressively larger 
pulse width (Fig. 3.51). Passing through the 180° null then provides the 
PWiso calibration, whilst going beyond this yields an inverted resonance, so it 
becomes clear when you have gone too far. Detecting the null precisely can 
sometimes be tricky, as there is often some slight residual signal remaining, the 
exact appearance depending on the probe used, so in practice one aims for the 
minimum residual signal. 

Between acquisitions there must be a delay sufficient for complete relaxation 
of the spins, and if signal averaging is used for each experiment, this must 
also be applied between each scan to obtain reliable calibrations. In proton 
spectroscopy, such delays are unlikely to be too much of a burden, but can 
be tediously long for slower-relaxing spins. If you have some feel for what 
the pulse width is likely to be, perhaps from similar samples or a 'reference' 
calibration, then a better approach in this case is to search for the 360° null. 
Since magnetisation remains close to the +z axis, its recovery demands less 
time and the whole process can be performed more quickly. The process can 

Figure 3.51. Pulse width calibration for 
the observe channel. A sequence of 
experiments is recorded with a 
progressively incremented excitation 
pulse. The maximum signal is produced 
by a 90° pulse and the first null with a 
180° pulse. Either the 180° or 360° 
condition can be used for the calibration 
(but be sure to know which of these you 
are observing!). 
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be further simplified by monitoring the FID alone, which also has minimum 
amplitude with the 360° pulse. In any case, it is wise 1) check the null obtained 
is in fact the one you believe it to be, as all multiples of 180° give rise to nulls. 

Observe pulses: low sensitivity 
When the sample is too weak to allow its observation within a few scans, 

one possible approach is to use the method of signal averaging and to search 
for the 360° null as described above [31], although this could become a rather 
laborious affair. An alternative approach [32] requires that only two spectra 
are collected with the pulse width of the second being exactly double that 
of the first (PW2 = 2PWi). Once again, a sufficient delay between scans is 
required to avoid saturation effects and the spectrometer must be operating 
in an 'absolute intensity' scaling mode so that the relative signal intensities 
from both experiments can be compared. Heteronucleur spectra should also be 
acquired without enhancement by the NOE, and the use of the inverse-gated 
decoupling scheme (Section 4.2.3) allows such spectra to be collected with 
broadband decoupling during acquisition to aid sensitivity. Following some 
simple arithmetic [32], it can be shown that: 

Oi^cos-ifiM (3.13) (I) 
where Ii and I2 correspond to the measured signal intensities in the first 
and second experiment respectively. The duration of the pulse in the first 
experiment corresponds to the pulse angle Oi, from which the 90° pulse width 
can be derived. For optimum results, 0i should be greater than 30° and 02, the 
tip angle in the second experiment, should be less than 180°, so again some 
rough feel for the likely answer is required for this approach to be efficient. 

A more convenient approach in many instances is to perform the calibrations 
not on the sample of interest itself but on a suitable sample made up for 
the purposes of calibration that is strong enough to permit the observation of 
the 180/360° null directly and quickly. The calibration can then be recorded 
and used in future experiments, as this should be quite reproducible if similar 
solvents are used and the probe correctly tuned. The largest discrepancies occur 
between aqueous and organic solvents, especially when the aqueous solutions 
are highly ionic, and separate calibrations may be required. 

^Indirect' pulses 
In contrast to above, the calibration of pulses for nuclei other than that 

being observed must be performed 'indirectly'. This is often referred to as 
the calibration of the 'decoupler' pulses although this is something of a 
misnomer nowadays since the pulses may have nothing to do with decoupling 
itself but may be an integral part of the pulse sequence. Most commonly, 
the indirect channel is used in two modes; the first is to apply short, hard 
pulses typically at maximum power, the second is to apply a pulsed decoupling 
sequence for longer periods of time, at significantly less power. It is therefore 
commonplace to record indirect calibrations at these two power levels, for 
which the following method is equally applicable, and having performed the 
calibration at high power, the low power attenuation can be estimated from 
Eq. 3.11 prior to its accurate determination. With more recent spectrometers 
that make use of linear amplifiers together with internal power corrections, low 
power calibrations become superfluous since all pulse widths can be calculated 
from a single high power calibration with this equation, so it is worthwhile 
checking if your spectrometer is equipped for this. 

To relate the behaviour of the indirect spin. A, to that being observed, X, one 
exploits the mutual heteronuclear scalar coupling which must exist between 
them, JAX. for the calibration to be possible. The simplest calibration sequence 
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X — A 

Figure 3.52. The sequence for the 
calibration of 'indirect' transmitter pulses 
(those on nuclei other than that being 
observed). The period A is set to 
1/2JAX. 

[33,34] suitable for spin-¥2 nuclei is shown in Fig. 3.52. The A and X pulses 
should be on resonance, the X-pulse calibration must already be known, and 
the value of JAX measured directly from the (coupled) X spectrum. The delay 
A is set to 1/2JAX seconds for an AX group so that the X-spin doublet vectors 
are antiphase after this evolution period. The subsequent A pulse renders the X 
magnetisation unobservable when 6 = 90° as this generates pure heteronuclear 
multiple-quantum coherence which is unable to generate a detectable signal in 
the probe (see Chapter 5 for an explanation of this effect). 

The approach is to begin with 6 very small and to phase the spectrum so 
that the doublet lines are in antiphase. As 0 increases the doublet intensity 
will decrease and become zero when 9 is 90°, whilst beyond this the doublet 
reappears but with inverted phase (Fig. 3.53). If it is necessary to perform 
the calibration with an A2X group, the delay A should be 1/4J and it is 
the outer lines of the triplet that behave as described above whilst the centre 
line remains unaffected. When calibrating lower powers for the purpose of 
broadband decoupling, it is usually more convenient to set the duration of the 0 
pulse according to the decoupler bandwidth required (Section 9.2) and to vary 
the output attenuation to achieve the null condition. 

A readily available alternative that is particularly suitable for (although not 
restricted to) proton calibration in ^H-X systems is the DEPT sequence (Chap-
ter 4). This improves observation sensitivity by making use of polarisation 
transfer from ^H to X and is dependent upon the faster relaxing protons for 
repetition rates in signal averaging. The 90° proton pulse is achieved when 
XH2 or XH3 groups pass through a null whereas XH groups have maximum 
intensity at this point (Fig. 3.54). One caveat here is that for the purposes 
of pulse calibration, all the proton pulses in the sequence need to be altered 
on each experiment, not just the final '0' proton pulse (see Chapter 4 for an 
explanation of this sequence). 

As is often the way in experimental procedures, simplicity is best and 
the indirect pulse calibrations can most conveniently be performed on strong 
calibration samples using the sequence of Fig. 3.52. For ^H-^^C systems, 
CHCI3 or (^^C-labelled) methanoic acid are convenient materials for organic 
and aqueous calibrations respectively. When directly observing protons (inverse 
configuration), the major ^̂ C line of CHCI3 will be apparent as a large 
dispersive signal between the ^̂ C satellites of interests (Fig. 3.55), but this 
should not pose a problem so long as the sensitivity is sufficient for the 
satellites to be observed. For the indirect calibration of natural abundance ^̂ N 
with ^H observation, the dominant "̂̂ N-bound proton resonance is rather broad 
owing to the quadrupolar '̂̂ N nucleus and may mask the small ^̂ N satellites. 
In such cases, the "̂̂ N line can be preferentially suppressed, owing to its 
faster transverse relaxation rate, by the application of a spin-echo prior to the 
sequence of Fig. 3.52; see reference [35] for further details. A more convenient 
alternative is to use ^̂ N labelled materials for calibration purposes. 

Homonuclear decoupling field strength 
Homonuclear decoupling requires the decoupling (B2) field to be on during 

the acquisition of the FID and, as described in Chapter 4, this demands 
the use of rapid gating of the decoupler during this period, so the methods 
presented above are therefore no longer applicable. The field strengths used in 
homonuclear decoupling are considerably less than those required for pulsing 
and it is sometimes useful to have some measure of these when setting up 
decoupling experiments, to achieve the desired selectivity. A direct measure of 
the mean field strength produced during homonuclear decoupling can be arrived 
at through measurement of the Bloch-Siegert shift [36], which is the change 
in the resonance frequency of a line on the application of nearby irradiation. 
Provided the offset of the decoupler from the unperturbed resonance is greater 
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than the decoupler field strength (Vo — Vdec > > ¥62), then: 

VB2 = ( (VBS - Vo) • 2(Vo - Vdec))'^'Hz (3.14) 

where VBS is the signal frequency in the presence of the irradiating field, Vo is 
that in the absence of the irradiating field and Vdec the frequency of the applied 
rf. An example of such a calibration is shown in Fig. 3.56. 

Heteronuclear decoupling field strength 
Complementary to the pulse methods described above for the measurement 

of the 'indirect' pulse widths, is the measurement of the heteronuclear decou-
pling field strength. This method is applicable to the measurement of medium-
to low-power outputs, such as those used in broadband decoupling, soft pulses 
and selective decoupling, and makes use of continuous, rather than pulsed, 
irradiation. Once again the method exploits the heteronuclear coupling between 
spins and observes the changes to this on the application of off-resonance 
heteronuclear decoupling [37]. Consider again the AX pair in which continuous 
A-spin decoupling is applied so far from the A resonance that it has no effect; 
the X spectrum displays a doublet. As the decoupler frequency moves towards 
the A resonance the observed coupling begins to collapse until eventually the 
X spectrum displays only a singlet when decoupling is on-resonance. Measure-
ment of the reduced splitting in the intermediate stages provides a measure of 
the field strength according to [37]: 

H pulse/ jis 

y*""^ 0 

VB2 = 
j 'Voffy, ( J?-J ' ) 

+ - v: off Hz (3.15) 

where J is the AX coupling constant, Jr the reduced splitting in the presence of 
the decoupling field and Voff the decoupler offset from the A resonance. When 
the decoupler field strength is much larger than the decoupler resonance offset, 
this simplifies to: 

¥B2 
J-Vpff 

Jr 
Hz (3.16) 

Thus, by measuring the resonance splitting in the absence and presence of 
the irradiation, the field strength is readily calculated. For ^H-^^C spectroscopy, 
the one-bond coupling is suitable for the medium to strong powers, whilst for 
very weak decoupler fields (<50Hz) it may be necessary to utilise long-range 
^H-^^C couplings to obtain significant changes in splitting. The calibration of 
proton field strength with this method is illustrated in Fig. 3.57. 

3.5.2. Pulsed field gradients 

Numerous modem NMR experiments utilise field gradient pulses for signal 
selection or rejection (see Chapter 5), requiring these to be applied for well 
defined durations at known gradient strengths. Experiments presented in the 
literature will (or should) state the gradient strengths required to achieve the 
desired results, so it is necessary to have some knowledge of the strengths 
provided by the instrument if wishing to implement these techniques. Practical 
procedures for determining gradient strengths and gradient recovery periods 
are described here, as it is these two parameters that must be defined by 
the operator when preparing a gradient selected experiment. Discussions are 
restricted to static BQ gradients rather than the far less widely used rf Bi 
gradients [38,39]. However, the use of Bi gradients has a number of significant 
advantages [40], and it may be that these become more widely used as the 
theoretical and technical limitations are overcome. 
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Figure 3.53. Indirect calibration of the 
proton pulse width with carbon 
observation using the sequence of 
Fig. 3.52. As the proton pulse width 
increases the carbon signal diminishes 
until it disappears at the ^H(90°) 
condition. Going beyond this causes the 
signal to reappear but with inverted 
phase (the same phase correction is used 
for all spectra). The sample is 
^^C-labelled methanoic acid in D2O. 
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Figure 3.54. Calibration of indirect 
proton pulses using the DEPT sequence. 
When the proton editing pulse in the 
sequence is exactly 90°, only methine 
resonances are apparent (see Chapter 4 
also). The sample is menthol in CDCI3. 
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Figure 3.55. Calibration of indirect 
pulses (here *^C) with proton observation 
using the sequence of Fig. 3.52. The 
parent ^H(^^C) resonance appears as a 
large dispersive signal, but the behaviour 
of the satellites is clear, again 
disappearing with a 90° pulse on the 
indirect channel. The sample is CHCI3. 
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Gradient strengths 
For the application of pulsed field gradients in high-resolution NMR, 

knowledge of the exact gradient strengths produced is not, in fact, crucial to the 
success of the experiments. This is in contrast to the application of rf pulses, 
where precise pulse widths are required. Provided the gradients are sufficiently 
strong for the experiment, the critical factors are pulse reproducibility and the 
ability to produce gradients pulses of precise amplitude ratios. The procedure 
described below can be used to calibrate gradient strengths and to check the 
linearity of the gradient amplifier output. 

Essentially there are two approaches to gradient calibration, one based on 
the measurement of molecular diffusion, the other using an image of a suit-
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Figure 3.56. Calibration of the 
homonuclear decoupling field strength 
via the Bloch-Siegert shift. The 
decoupler offset from the unperturbed 
resonance was 47.5 Hz causing a shift of 
5.5 Hz, indicating the mean rf field to be 
23 Hz. 
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Figure 3.57. Calibration of the 
heteronuclear decoupler field strength via 
off-resonance proton decoupling. From 
the reduced splitting of the ^^C-^H 
doublet, the proton rf field strength is 
calculated to be 2.2 kHz, a typical value 
for broadband proton decoupling. 
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able calibration sample. With the relatively low gradient field strengths used 
in high-resolution NMR, the second approach is rather more straightforward 
and does not depend upon precise experimental conditions or the need for 
a reference solute with well defined diffusion properties. The calibration of 
z-gradients is based on the measurement of a one-dimensional image profile 
of a phantom of known spatial dimensions placed in a standard NMR tube 
containing H2O (Fig. 3.58). The phantom is typically a disk 2-4 mm in length 
of rubber or teflon (a cut-down vortex suppresser for example), which is posi-
tioned in the tube such that it sits at the centre of the rf coil. The sample 
is not spun and need not be locked, in which case the lock field sweep must 
be stopped. The proton spectrum is first acquired in the absence of the field 
gradient and the transmitter placed on resonance. The spectrum is then acquired 
with a very large spectral width, say 50 kHz, in the presence of the field 
gradient. This can, in principle, be achieved by a simple pulse-acquire scheme 
with the gradient turned on throughout (Fig. 3.59a), although this approach 
has its Hmitations because the application of rf pulses in the presence of the 
gradient requires excitation over a very wide bandwidth. Thus, it is preferable 

solvent 

phantom 

solvent 

Figure 3.58. A phantom sample suitable 
for calibrating ^-axis gradient field 
strength. The teflon or rubber phantom 
has precise dimensions (Az, typically 
2-4 mm in height) and excludes solvent 
from a slice of the tube. It is positioned 
in the tube such that it sits at the centre 
of the rf coil when placed in the probe. 
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Figure 3.59. Sequences for collecting 
gradient profiles for the calibration of the 
z-axis gradient field strength. Sequence 
(a) collects the FID directly in the 
presence of the applied gradient whilst 
sequence (b) makes use of a gradient 
echo (see text). In (b) the second 
gradient has the same strength but twice 
the duration of the first. 

a) 
Ĥ J y 

b) 

'H H 
to record the spectrum with a gradient spin-echo sequence (Fig. 3.59b), in 
which the second of the two gradients has the same strength but twice the 
duration of the first, and is appUed throughout the acquisition period during 
which the spin-echo refocuses. In either case, the acquisition time must be 
kept short (10 ms or less) and relatively low gradient strengths applied. The 
resulting data are processed with a non-shifted sine-bell window function (this 
matches the shape of the echo FID) and magnitude calculation. The spectrum 
then displays a dip in the profile corresponding to the region of the sample 
that contains the phantom, and hence no solution, (Fig. 3.60) from which the 
gradient strength may be calculated as: 

G . = 
27rAv Av 

yAz 4358 X Az 
•Gem * or 

Av 
4.358 X 105 X A, 

Tm"^ (3.17) 

where Av is the width of the dip in hertz and Az is the height of the phantom 
in cm. The SI units for a field gradient are T m~\ although it is common for 
values quoted in the hterature to be given in G cm~^ (1 G cm"^ = 0.01 T m~^). 
For calibrations of x and y gradients a similar method may be used, in which 
case the phantom is not required and the internal diameter of the NMR tube 
defines the sample width, with the areas outside the tube providing the empty 
region, and the width of the resulting 'peak' used in the above expression. 

Repeating the above procedure with increasing gradient field strengths 
indicates the linearity of the amplifier, with larger gradients producing a 
proportionally wider dip in the profile. Fig. 3.61 shows the result obtained for 
a 5 mm inverse z-gradient probe. Assuming linearity over the whole amplifier 
range, the maximum gradient strength for this system is 0.51 T m~^ (51 G 
cm~^). 

Figure 3.60. A typical gradient profile 
collected with the sequence of 
Fig. 3.59b. Here the dip is 5896 Hz wide, 
corresponding to a gradient strength of 
0.051 T m-i (10% of maximum). 
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Gradient recovery times 
As is discussed in Chapter 5, significant distortions in the magnetic field sur-

rounding a sample will result following the application of a gradient pulse 
and to acquire a high-resolution spectrum the eddy currents responsible for 
these field distortions must be allowed to decay before data is collected. A 
simple scheme for the measurement of the gradient recovery period is shown in 
Fig. 3.62, in which the initial gradient pulse is followed by a variable recovery 
period, after which the data is acquired. Distortions of the spectrum are readily 
seen by observing a sharp proton singlet, such as that of chloroform. Initially, 
the recovery period, t, is set to a large value (1 s) to establish the reference 
spectrum, and the value progressively decreased until distortions appear in 
the spectrum (Fig. 3.63). This provides some indication of the recovery 
period required following a gradient pulse, during which data should not be 
collected or further gradient or rf pulses applied. The success of high-resolution 
gradient-selected NMR is critically dependent on being able to use very short 
recovery periods, which are typically around 100 ixs on modem instruments 
that have actively-shielded probeheads. Whilst NMR experiments generally 
utilise shaped gradient pulses (as these help reduce eddy current generation), 
a more demanding test of hardware performance can be achieved by using 

Figure 3.61. Calibration of the gradient 
amplifier linearity using the sequence of 
Fig. 3.59b. Assuming system linearity 
over the full output range and 
extrapolating the calibration, the 
maximum gradient strength provided by 
this system is 0.51 T m~^ (51 G cm~^). 

Ĥ J 
Figure 3.62. A simple scheme for 
investigating gradient recovery times. 
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Figure 3.63. Gradient recovery after 
application of a 1 ms square gradient 
pulse of 0.25 Tm~^ (50% of maximum 
output). The sample is chloroform and 
data were acquired with an 
actively-shielded 5 mm inverse z-axis 
gradient probehead. 
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rectangular gradients, as in Fig. 3.63. Performing this test with a half-sine 
shaped gradient pulse showed complete recovery of the resonance within 10 
|XS. 

3.5.3. Sample temperature 

Many spectrometers are equipped with facilities to monitor and regulate 
the temperature within a probe head. Usually the sensor takes the form of 
a thermocouple whose tip is placed close to the sample in the gas flow 
used to provide temperature regulation. However, the readings provided by 
these systems may not reflect the true temperature of the sample unless they 
have been subject to appropriate calibration. One approach to such calibration 
is to measure a specific NMR parameter that has a known temperature 
dependence to provide a more direct reading of sample temperature. Whilst 
numerous possibilities have been proposed as reference materials [41], two 
have become accepted as the standard temperature calibration samples for 
solution spectroscopy. These are methanol for the range 175-310 K and 
1,2-ethanediol (ethylene glycol) for 300-400 K. 

For the low temperature calibration, neat MeOH is used, with a trace of HCl 
to sharpen the resonances, for which the following equation holds [42,43]: 

T(K) = 403 - 29.53AS - 23.87(AS)2 (3.18) 

where AS is the OH-CH3 chemical shift difference (ppm). This expression 
may be approximated to three linear equations of the form: 

175-220K: T(K) = 537.4 - 143.1A8 (3.19) 

220-270 K : T(K) = 498.4 - 125.3AS (3.20) 

270-310 K : T(K) = 468.1 - 108.9A5 (3.21) 

which are presented as calibration charts in Fig. 3.64. For calibrations with neat 
ethane-1,2-diol, the appropriate equation is [43]: 

T(K) = 466.0-101.6AS (3.22) 

where AS now represents the OH-CH2 chemical shift difference (ppm) 
(Fig. 3.65). For both samples, the peak shift difference decreases as the sample 

Figure 3.64. Temperature calibration 
chart for neat methanol. The shift 
difference A5 (ppm) is measured 
between the CH3 and OH resonances. 
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Figure 3.65. Temperature calibration 
chart for neat Ethane-1,2-diol (ethylene 
glycol). The shift difference A5 (ppm) is 
measured between the CH2 and OH 
resonances. 

temperature increases due to the reduced intermolecular hydrogen-bonding, 
which in turn causes the hydroxyl resonance to move to lower frequency. 

Before making temperature measurements, the sample should be allowed to 
equilibrate for at least 5-10 minutes at each new temperature, and it is also 
good practice to take a number of measurements to ensure they do not vary 
before proceeding with the calculation. 

3.6. SPECTROMETER PERFORMANCE TESTS 

There exist a large number of procedures designed to test various aspects 
of instrument performance and it would certainly be inappropriate, not to 
mention rather tedious, to document them in a book of this sort. Instead I 
want to introduce briefly only those that are likely to be of use in a routine 
spectrometer 'health check' and as such this section will be of most interest 
to anyone with responsibility for the upkeep of an instrument. These tests are 
generally accepted in the NMR community and by instrument manufacturers 
as providing a quantitative measure of instrument performance and, in theory 
at least, should also provide a comparison between the capabilities of dif-
ferent spectrometers. Naturally, this leads to aggressive claims by instrument 
vendors regarding their results and some caution is required when comparing 
advertised figures. This demands attention to the details of procedures used, 
for example, whether a lineshape test was performed with or without sam-
ple rotation or how wide a region of the spectrum was used for estimating 
the noise level in a sensitivity test. When utilising these tests for in-house 
checks, consistency in your methodology is the important factor if the results 
are to be compared with previous measurements. Ideally these tests should 
be performed at regular intervals, say every six months or once a year, and 
appropriate records kept. Additionally more frequent updating of the 'master' 
shim settings may also be required for optimal performance, although this 
tends to be very dependent on instrument stability (as well as that of the 
surrounding environment). One should also be aware that, perhaps not sur-
prisingly, the installation test results achievable on a modem state-of-the-art 
instrument will certainly be substantially better than the initial test data of 
an instrument installed some years ago (see, for example, the discussions on 
probes in Section 3.4.1). The idea of what is an acceptable test result for 
an older instrument should therefore be scaled accordingly and reference to 
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previous records becomes essential if one wishes to gauge instrument perfor-
mance. 

3.6.1. Lineshape and resolution 

The most important test, in may be argued, is that for the NMR resonance 
lineshape, since only when this is optimised can other quantities also be 
optimum. The test measures the properties of a suitable singlet resonance 
which, in a perfectly homogeneous field and in the absence of other distortions, 
produces a precise Lorentzian lineshape, or in other words, its FID possesses 
an exact exponential decay. Naturally the only way to achieve this is through 
careful optimisation of the magnetic field via shimming, which can take many 
hours to achieve good test results, depending on the initial state of the system. 
Nowadays both the lineshape and resolution measurements are often taken 
from a single set of test data. The lineshape is defined by the width of the 
resonance at 0.55% and 0.11% of the peak height (these numbers having 
evolved from measurement of proton linewidths at the height of the ^̂ C 
satellites and at one-fifth thereof). The resolution is defined by the half-height 
linewidth, Avi/2 of the resonance. In fact, by definition, this cannot be a true 
measure of resolution (how can one measure resolving power with only a 
single line?), rather the ability of the instrument to separate neighbouring lines 
is implied by the narrowness of the singlet. For a genuine Lorentzian line, 
the widths at 0.55 and 0.11% should be 13.5 and 30 times that at half-height 
respectively, although a check for this is often never performed as attempts are 
often made (erroneously) to simply minimise all measurements. The tests may 
be performed on both spinning and static samples (be sure you know which if 
comparing results), the first being of relevance principally for highest-resolution 
proton measurements whereas the second indicates suitability for non-spinning 
one- and two-dimensional experiments. 

The proton lineshape test uses chloroform in deuteroacetone typically at 
concentrations of 3% at or below 400 MHz, and 1% at or above 500 MHz. 
Older instruments and/or probes of lower sensitivity or observations via outer 
'decoupler coils', may require 10% at 200 MHz and 3% at 500 MHz to prevent 
noise interfering with measurements close to the baseline. A single scan is 
collected and the data recorded under conditions of high digital resolution 
(acquisition time of 16 s ensuring the FID has decayed to zero) and processed 
without window functions. Don't be tempted to make measurements at the 
height of the satellites themselves unless these are confirmed by measurement 
to be 0.55%. Since these arise from protons bound to ^^C, which relax faster 
than those of the parent line, they may be relatively enhanced should full 
equilibrium not be established after previous pulses. The test results for a 400 
MHz instrument is shown in Fig. 3.66. The traditional test for proton resolution 
which dates back to the CW era ((9-dichlorobenzene in deuteroacetone) is 
becoming less used nowadays, certainly by instrument manufacturers, and 
seems destined to pass into NMR history. 

Figure 3.66. Proton resolution and 
lineshape tests for a static 3% CHCI3 
sample recorded on a 400 MHz 
spectrometer equipped with a dual 
^Hi^^C} inverse probehead. The ^^C 
satellites are clearly seen in (b) at ±109 
Hz, whereas the artefacts at ±20 Hz 
arise from floor vibrations. 
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Lineshape and resolution tests on other nuclei follow a similar procedure 
to that above. Not all nuclei available with a given probe need be tested and 
typically only tests for 'inner' and 'outer' coil observations on multinuclear 
probes are required. This means the second test will often involve carbon-13 
for which two samples are in widespread use; the ASTM (American Society 
for Testing and Materials) test sample (40% p-dioxane in deuterobenzene; also 
used for the sensitivity test) or 80% benzene in deuteroacetone. In either case 
on-resonance continuous-wave (CW) decoupling of protons should be used as 
this provides improved results for a single resonance relative to broadband 
decoupling. Rather long (30-40 s) acquisition times will be required for a well 
shimmed system. 

3.6.2. Sensitivity 

A great disadvantage of NMR spectroscopy relative to many other analytical 
techniques is the intrinsically low sensitivity from which it suffers. This, of 
course, is greatly outweighed by its numerous benefits, yet is still one of the 
more likely causes of experiment 'failure' and so deserves serious attention. 
The term 'sensitivity' strictly defines a minimum amount of material that 
is detectable under defined conditions, but is used rather loosely throughout 
NMR and often interchangeably with 'signal-to-noise-ratio'. The instrument 
sensitivity test is indeed a signal-to-noise measurement in which the peak 
height of the analyte is compared with the noise level in the spectrum. 
For maximum peak height, optimum lineshape is essential and generally the 
lineshape and resolution test should be performed first and the shim settings 
re-optimised on the sensitivity sample (for similar reasons, sensitivity tests are 
most often performed with sample spinning). Likewise the probe must be tuned 
for the test sample and the 90° pulse determined accurately. The definition 
of noise intensity is of prime importance for this measurement since different 
approaches may lead to differing test results. This has particular significance 
nowadays as the older method of 'manual' noise estimation is being superseded 
by automated computational routines provided by instrument vendors. The 
traditional method compares peak intensity, P, to twice the root-mean-square 
noise level, Nrms, in the spectrum. Although not directly measurable, N^s may 
be estimated from the peak-to-peak noise of the baseline, Npp, whereby N^s is 
one-fifth Npp as measured directly on paper plots. The signal-to-noise is thus 
given by 

^ = ^ (3.23) 
N Npp 

The peak-to-peak measurement must include all noise bands within the 
defined frequency window but is somewhat susceptible to what one might 
call 'operator optimism' in the exclusion of 'spikes' or 'glitches'. Whilst 
computational methods for determining noise have the advantage of removing 
such operator bias, the algorithms used may leave an air of mystery surrounding 
the measurement which may cloud comparisons between vendors' published 
results. Whilst this may be of significance from the point of view of instrument 
purchasing, for routine instrument maintenance it is consistency of approach 
that is important for performance monitoring and the computerised approach is 
likely to be more reliable. 

The proton sensitivity test uses 0.1% ethylbenzene in deuterochloroform. 
As for all sensitivity tests, a single scan spectrum is recorded following a 
90° pulse on a fully equilibrated sample (relaxation delay of 60 s in this 
case). The spectrum is processed with matched filtration corresponding to a 
line-broadening of 1 Hz for the methylene group on which the signal intensity 
is measured (this resonance is broadened slightly by unresolved long-range 
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Figure 3.67. The proton sensitivity test 
for a 0.1 % ethyl benzene sample 
recorded on a 400 MHz spectrometer 
equipped with a dual ^H{^^C} inverse 
probehead. 
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couplings to the aromatic protons). Traditionally the noise is measured over 
the region between 3 and 5 ppm although there is an increasing tendency for 
instrument manufacturers to limit this to a 200 Hz window within this region, 
which invariably produces more impressive signal-to-noise figures (be sure you 
know which method is used if comparing results!). Those for a 400 MHz 
instrument are presented in Fig. 3.67. 

The carbon sensitivity test comes in two guises, without and with proton 
decoupling. These give rise to quite different results so its is again important 
to be aware of which approach has been used. Whilst the first provides an 
indication of absolute instrument sensitivity, the second represents a more 
realistic test of overall performance since it also takes into account the 
efficiency of proton decoupling and is thus more akin to how one performs 
genuine experiments. Both approaches acquire carbon spectra under atypical 
conditions of high digital resolution to correctly define peak shapes, demanding 
acquisition times of around 4 s. The proton coupled version makes use of 
the ASTM sample again (40% p-dioxane in deuterobenzene) but this time 
measures peak height of the deuterobenzene triplet. A line-broadening of 3.5 
Hz is applied and the noise measured over the 80 to 120 ppm window. The 
proton decoupled version uses 10% ethyl benzene in deuterochloroform and 
employs broadband composite-pulse decoupling usually via the WALTZ-16 
sequence (Chapter 9). A 0.3 Hz line-broadening is used and the noise recorded 
over the same region, with the peak height determined for the tallest aromatic 
resonance. Tuning of the proton coil and appropriate calibration of the proton 
decoupling pulses are required in this case for optimum results. Test samples 
for other conmion nuclei are summarised in Table 3.6. Should you have 
frequent interests in other nuclei, a suitable standard should be decided upon 
and used for future measurements. 

Table 3.6. Standard sensitivity test samples of some common nuclei 

Nucleus Sensitivity test sample Notes 

31p 

1 9 F 

1 5 N 

29Si 

0.1% Ethylbenzene in CDCI3 
10% Ethylbenzene in CDCI3 
40% dioxane in C6D6 (ASTM sample) 
0.0485 M triphenylphosphate in d6-acetone 
0.05% trifluorotoluene in CDCI3 
90% formamide in d6-DMSO 
85% hexamethyldisiloxane in d6-benzene 

Use broadband proton decoupling 
No decoupling, C(,D^ used for measurement 
No decoupling 
No decoupling 
Use inverse gated decoupling to suppress negative NOB 
No decoupling 
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3.6.3. Solvent presaturation 

Interest in biologically and medicinally important materials frequently de-
mands NMR analysis to be undertaken on samples in 90% H2O if solvent-
exchangeable protons are also to be observed. The various tests presented so 
far have all made use of organic solvents yet the dielectric properties of these 
and of water are substantially different and a probe that performs well for, 
say, chloroform may not be optimum for an ionic aqueous solution, particu-
larly with regard to sensitivity. Accurate tuning of the probe and pulse width 
calibration play an important role here, but protonated aqueous solutions also 
demand effective suppression of the solvent resonance if the analyte is to be 
observed (see Chapter 9 for discussions on suppression methods). The solvent 
suppression test makes use of solvent presaturation and can be used to measure 
a number of performance characteristics including the suppression capability, 
resolution and sensitivity. Good suppression performance places high demands 
on both static (BQ) and rf (Bi) field homogeneity. A narrow lineshape down 
to the baseline, and hence good BQ homogeneity, is again a pre-requisite for 
good results and ensures all solvent nuclei resonate within a small frequency 
window. Good Bi homogeneity means solvent nuclei in all regions of the 
sample experience similar rf power and are thus suppressed to the same degree. 
Much of the residual solvent signal that is observed following presaturation 
arises from peripheral regions of the sample that experience a reduced Bi field. 

The test sample is 2 mM sucrose with 0.5 mM sodium 2,2-dimethyl-2-
silapentane-5-sulphonate (DSS) in 90% H20/10% D2O, plus a trace of sodium 
azide to suppress bacterial growth. In the absence of suppression only the 
solvent resonance is observed. The test involves on-resonance presaturation of 
the solvent for a two second period, followed by acquisition with a 90° pulse. 
The presaturation power is selected to attenuate the resonance significantly 
(vBi ^ 25 Hz) and this setting used in future comparative tests. Naturally, 
higher powers will produce greater suppression but these should not be so 
high as to reduce the neighbouring sucrose resonances. Typically 8 transients 
are collected following two 'dummy' scans, which achieve a steady-state. The 
suppression performance is judged by measuring the linewidth of the residual 
solvent signal at 50% and 10% of the height of the DSS resonance. With probes 
of recent design that have appropriate screening of the rf coil leads, the 50% 
linewidth should be somewhat less than 100 Hz and reasonably symmetrical. 
Much older probes may show poorer performance and may be plagued by wide 
unsymmetrical humps (despite careful attention to shim optimisation) which 
result from signal pick-up in unscreened coils leads [44]. Resolution is judged 
by the splitting of the anomeric proton doublet at around 5.4 ppm, which should 
be resolved at least down to 40% of the anomeric peak height. Sensitivity may 
also be measured from this resonance with the noise determined for the 5.5 
to 7.0 ppm region using either of the methods described above (baseline 
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Figure 3.68. The proton solvent 
presaturation test. The data were 
acquired on a 400 MHz spectrometer 
equipped with a dual ^H{^^C} inverse 
probe and the sample was 2 mM sucrose 
and 0.5 mM DSS in 90% H2O/10% 
D2O. 
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correction may be required). Test results for a 400 MHz ^H{ ^^C} probe using a 
moderate presaturation power are shown in Fig. 3.68; further reductions in the 
water resonance could be achieved through the use of greater rf power. 
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Chapter 4 

One-dimensional techniques 

The approach to any structural or mechanistic problem will invariably 
start with the acquisition of one-dimensional spectra. Since these provide the 
foundations for further work, it is important that these are executed correctly 
and full use is made of the data they provide before more extensive and 
potentially time-consuming experiments are undertaken. This chapter describes 
the most widely used one-dimensional techniques in the chemistry laboratory, 
beginning with the simple single-pulse experiment and progressing to consider 
the various multipulse methods that enhance the information content of our 
spectra. The key characteristics of these are summarised briefly in Table 4.1. 
This chapter does not cover the wide selection of techniques that are strictly 
one-dimensional analogues of two-dimensional experiments, as these are more 
appropriately described in association with the parent experiment and are found 
throughout the following chapters. 

4.1. THE SINGLE-PULSE EXPERIMENT 

The previous chapter described procedures for the optimum collection of an 
FID, and how these were dictated by the relaxation behaviour of the nuclei 
and by the digital resolution required in the resulting spectrum, which in turn 
defines the data acquisition time. When setting up an experiment, one also need 
consider what is the optimum pulse excitation angle to use and how rapidly 
pulses can be applied to the sample for signal averaging (Fig. 4.1). These 
parameters also depend on the spin relaxation times. There are two extreme 

Pulse 

Relaxation ^ 
delay I Acquire 

Figure 4.1. The essential elements of the 
single-pulse NMR experiment: the 
relaxation (recovery) delay, the pulse 
excitation angle and the data acquisition 
time. 

Table 4.1. The principal applications of the multi-pulse techniques described in this chapter 

Technique Principal applications 

J-mod. spin-echo or APT 

INEPT 

DEPT 

DEPT-Q 

PENDANT 

RIDE or ACOUSTIC 

Editing of heteronuclide spectra (notably carbon-13) according to resonance multipHcity. 

Enhancement of a low-y nucHde through polarisation transfer from a high-y nucHde e.g. ^H, ^^P, ^^R Editing of 
spectra according to resonance multiplicity. 

Enhancement of a low-y nuclide through polarisation transfer, with editing according to resonance multipHcity. 
Experimentally more robust for routine carbon-13 spectra than INEPT. No responses observed for quaternary 
carbons. 

As for DEPT but with retention of quaternary carbons. 

Enhancement of a low-y nucHde through polarisation transfer from a high-y nucHde e.g. ^H, ^^P, ^^F. Editing of 
spectra according to resonance multiplicity with retention of quaternary carbons. 

Observation of low-frequency quadrupolar nuclei with very broad resonances. Sequence suppresses 'acoustic 
ringing' responses from probehead. 
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cases to be considered for the single-pulse experiment, in particular whether 
one is striving for optimum sensitivity for a given period of data accumulation 
or whether one requires accurate quantitative data from our sample. The 
experimental conditions for meeting these criteria can be quite different, so 
each shall be considered separately. 

4.1.1. Optimising sensitivity 

If one were to apply a 90° pulse to a spin system at thermal equilibrium, 
it is clear that the maximum possible signal intensity would result since all 
magnetisation is placed in the transverse plane. This may therefore appear to be 
the optimum pulse tip angle for maximising sensitivity. However, one is usually 
interested in performing signal averaging, so before applying subsequent pulses 
it becomes necessary to wait many times Ti for the system to relax and 
recover the full signal once again; a period of 5Ti leads to 99.3% recovery 
of longitudinal magnetisation (see Fig. 2.20 in Chapter 2), complete for all 
practical purposes. Such slow repetition is in fact not the most efficient way 
of signal averaging and it turns out to be better to do away with the recovery 
delay altogether and to adjust pulse conditions to maximise the steady-state 
z-magnetisation produced. 

Under conditions where there is complete decay of transverse magnetisation 
between scans (i.e. the FID decays to zero) the optimum tip angle for a pulse 
repetition time tr, known as the Ernst angle, a^, is given by [1,2]: 

cosae =e"^^/'^i (4.1) 

and is illustrated in Fig. 4.2. As the repetition time decreases relative to the spin 
relaxation rate, that is when faster pulsing is used, smaller tip angles produce 
the optimum signal-to-noise ratio. Proton spectra are typically acquired with 
sufficient digital resolution to reveal multiplet fine structure, and acquisition 
times tend to be of the order of 3T2, which is sufficient to enable the almost 
complete decay of transverse magnetisation between scans (3T2 corresponds 
to 95% decay). Furthermore, since for small to medium-sized molecules T2 = 
Ti and for proton observation in a well shimmed magnet T2 ^ T2, we have 
tr ^ 3Ti, and thus, from Fig. 4.2 the pulse angle for maximising sensitivity 
will typically be >80°. However, there will exist a range of Ti values for the 
protons in a molecule and it will not be possible to use optimum conditions for 
all. In such cases, a large pulse angle is likely to lead to significant intensity 
differences for protons with widely differing relaxation times, with the slower 
relaxing spins displaying reduced signal intensity [3]. This is exemplified in 

Figure 4.2. The Ernst angle for optimum 
sensitivity when signal averaging. The 
pulse tip angle is dictated by the pulse 
repetition time, tr, relative to the 
longitudinal relaxation time, Ti. 

90 
Optimum 

pulse 80 
flip angle 

70 4 
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Figure 4.3. The dependence of 
signal-to-noise ratio on pulse tip angle 
for different pulse repetition times. The 
maximum of each curve corresponds to 
the Ernst angle. When a molecule 
contains nuclei with very different 
relaxation times (Tis), pulsing with a 
large flip angle produces a large 
difference in their signal intensities and 
makes even semi-quantitative 
measurements unreliable. Optimising the 
tip angle for the slowest relaxing spins 
reduces these intensity differences. The 
plots have been generated from the 
equations given in [3]. 

the signal-to-noise plots of Fig. 4.3. When proton integrals are required to 
indicate the number of nuclei giving rise to each resonance, as for routine 
proton acquisitions, it is wise to optimise the pulse tip angle for the longer 
Ti values and thus use shorter pulses (see the following section for details of 
accurate quantitative measurements). Assuming the longest Ti to be around 4 
s and an acquisition time of 3 s, the optimum tip angle will be around 60°, 
although the plots of Fig. 4.3 clearly possess rather broad maxima, meaning the 
precise setting of the pulse tip angle is not critical. Pulsing too rapidly, that is, 
using very short repetition times relative to Ti, leads to a substantial decrease in 
signal-to-noise until in the extreme case magnetisation has no time to recover 
between pulses and so no signal can be observed. This condition is known as 
saturation and causes resonances to be lost completely which can be nuisance 
or a bonus depending on your point of view. If you are interested in observing 
the signal then clearly this must be avoided, whereas if the signal is unwanted, 
for example a large solvent resonance, then this is to be encouraged (Chapter 9). 

Conditions for the acquisition of heteronuclear spectra are usually rather 
different to those for proton observations. Often one does not require the 
spectra to be well digitised when there is little or no fine structure to be 
observed, therefore acquisition times are kept comparable to T2, which is often 
less than T2. Under such conditions transverse magnetisation does not decay 
completely between scans and such rapid pulsing gives rise to steady-state 
spin-echoes [2,4,5] where transverse magnetisation remaining from one pulse 
is refocused by subsequent pulses. These echoes can give rise to phase and 
intensity distortions in resulting spectra which are a function of resonance 
offset. The use of rapid pulsing, where repetition times are considerably shorter 
than longitudinal relaxation times as in the case of carbon-13 observations for 
example, further contributes to distortions of the relative intensities because 
of partial saturation effects. This is the principal reason for quaternary carbon 
centres (which relax rather slowly owing to the lack of attached protons) 
appearing with often characteristically weak intensities. In extreme cases these 
can become fully saturated and effectively lost altogether if pulsing is too 
rapid and/or if the pulse tip angle too large. Thus, routine carbon spectra 
are typically acquired with a somewhat reduced pulse angle (<45°) and 
with a relaxation delay of a second or so. Similar considerations apply to 
other heteronuclei. For routine observations there is always some compromise 
needed between optimum sensitivity and the undesirable intensity anomalies 
that arise for nuclei with widely differing relaxation times. If problematic, 
one approach toward reducing these anomalies is the addition of paramagnetic 
relaxation agents such as chromium(III) acetylacetonate, Cr(acac)3 with the 
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Figure 4.4. Carbon-13 spectra of 
camphor 4.1 acquired (a) without and (b) 
with the addition of Cr(acac)3 under 
otherwise identical standard observation 
conditions (1 s relaxation delay, 30° 
excitation pulse, 0.5 s acquisition time). 
In (a) the two quaternary resonances 
display reduced signal intensities as a 
result of partial saturation. In (b) this 
difference is largely eliminated by the 
addition of the relaxation agent, whilst 
the reduced signal-to-noise ratio of the 
protonated resonances arises from the 
suppression of ^H-^^C NOE 
enhancements and the line-broadening 
caused by the relaxation agent. 
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aim of reducing and, in part, equalising longitudinal relaxation times to allow 
faster signal averaging (Fig. 4.4; around 10-100 mM relaxation agent suffices 
and the solution should take on a slight pink-purple hue). 

Finally we consider the situation where one is compelled by the pulse 
sequence to use 9(f pulses in which case the above arguments no longer apply. 
This is in fact the case for most multipulse and multidimensional sequences. 
Under such conditions a compromise is required between acquiring data rapidly 
and the unwelcome effects of saturation, and it has been shown [6] that for 
steady-state magnetisation the sensitivity is maximised by setting the repetition 
rate equal to 1.3 Ti. This leads to a signal-to-noise ratio that is approximately 
1.4 times greater than that obtained using a recycle time of 5 Ti for a given 
period of data collection (Fig. 4.5). Thus for most sequences, a repetition time 
of 1.3 Ti is the target. 

Figure 4.5. Optimum pulse repetition 
time when using 90° pulses. The curve 
has been calculated from the equation in 
[3]. 

1 T 
Relative 
S/N per 
unit time 
of data 
collection 

4 5 
Repetition 
time (t^/T|) 

4.1.2. Quantitative measurements and integration 

The extensive use of integration in proton NMR arises from the well-used 
doctrine that the area of an NMR resonance is proportional to the relative 
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number of nuclei giving rise to it. In fact this is only strictly true under 
well-defined experimental conditions, and in routine proton spectra integrals 
may only be accurate to within 10-20% or so. Whilst this level of accuracy 
is usually sufficient for the estimation of the relative proton count within 
a molecule, it is clearly inadequate for quantitative measurements where 
accuracy to within a few percent is required. The fact that integrals are typically 
reported to many decimal places by NMR software can draw one into believing 
such figures are significant, so inflating ones expectations of what can be 
derived from routine spectra. Conversely, it is widely taught in introductory 
NMR lectures that it is not possible to integrate carbon-13 spectra. Whilst this 
is indeed inappropriate for routine acquisitions, not just for carbon-13 but also 
for many heteronuclei, it is nevertheless quite possible to obtain meaningful 
integrals when the appropriate protocols are employed, as described below. In 
all cases it is important to be conscious of the fact that NMR measurements are 
always relative measures of signal intensities. There exist no NMR equivalent 
to the extinction coefficients of ultra-violet spectroscopy so absolute sample 
quantities cannot be determined directly. 

Data collection 
There are three features of specific importance to quantitative measurements, 

aside from the obvious need for adequate signal-to-noise in the spectrum. These 
are the avoidance of differential saturation effects, the need to characterise the 
NMR resonance lineshape properly and the need to avoid differential NOE 
enhancements. As has been mentioned in the previous section, acquiring data 
whilst pulsing rapidly relative to spin relaxation times leads to perturbation of 
the relative signal intensities in the spectrum so to avoid this it is essential to 
wait for the spins to fully relax between pulses, demanding recycle times of 
least 5Ti of the slowest relaxing nuclei. This allows the use of 90° observation 
pulses, providing the maximum possible signal per transient. Clearly, one 
requires some knowledge of the Ti values for the sample of interest which 
may be estimated by the inversion recovery methods described in Chapter 2 
or estimates made from prior knowledge of similar compounds. Whilst recycle 
times of the order of 5Ti are usually bearable for proton work, they can be 
tediously long in the study of heteronuclei which may demand many minutes 
between scans. Here relaxation reagents can be employed to reduce these 
periods to something more tolerable. 

The second fundamental requirement is for the data be sufficiently well 
digitised for the lineshape to be defined properly. To minimise intensity errors 
it is necessary to have at least four acquired data points covering the resonance 
linewidth, although many more than this are preferable, so it is beneficial to 
use the minimum spectral width compatible with the sample and to adjust the 
acquisition times accordingly. The spectral width should not be too narrow 
to ensure the receiver filters do not interfere with resonance intensities at the 
edges of the spectrum. 

A further source of intensity distortions in heteronuclear spectra recorded 
with broadband proton decoupling arises from the NOE produced by proton 
saturation (Chapter 8). Clearly, differential enhancements will prevent the 
collection of meaningful intensity data, so it is necessary to take measures to 
suppress the NOE, yet it is still desirable to collect proton-decoupled spectra 
for optimum signal-to-noise and minimal resonance overlap. The solution to 
this apparent dichotomy is to employ the inverse-gated decoupling scheme 
described in the following section. The lack of the NOE and the need to pulse 
at a slow rate means quantitative measurements can take substantially longer 
than the routine observation of the same sample. The addition of a relaxation 
agent will again speed things along by reducing recycle delays and will also aid 
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suppression of the NOE as it will eliminate the dipolar relaxation responsible 
for this enhancement (see Fig. 4.4 above). 

Data processing 
Having taking the necessary precautions to ensure the acquired data gen-

uinely reflects the relative ratios within the sample, appropriate processing can 
further enhance results. The spectra of heteronuclei in particular benefit from 
the application of an exponential function that broadens the lines. This helps 
to ensure the data are sufficiently well digitised in addition to improving the 
signal-to-noise ratio. For proton spectroscopy, achieving adequate sensitivity is 
not such a demanding problem, although the use of a matched exponential win-
dow will again help to ensure sufficient digitisation. The use of zero-filling will 
further assist with the definition of the lineshape and is highly recommended, 
although this must not be used as a substitute for correct digitisation of the 
acquired FID. Careful phasing of the spectrum is also essential. Deviations 
from pure absorption-mode lineshapes will reduce integrated intensities with 
contributions from the negative-going components; in the extreme case of a 
purely dispersive lineshape, the integrated intensity is zero! Another potential 
source of error arises from distortions of the spectrum baseline, which have 
their origins in the spectrometer receiver stages. These errors mean the regions 
of the spectrum that should have zero intensity, that is, those that are free 
from signals, have a non-zero value, and make a positive or negative contribu-
tion to measurements. NMR software packages incorporate suitable correction 
routines for this. 

The final consideration when integrating is where the integral should start 
and finish. For a Lorentzian line, the tails extend a considerable distance from 
the centre and the integral should, ideally, cover 20 times the linewidth each 
side of the peak if it is to include 99% of it. For proton observation this is 
likely to be 10-20 Hz each side. In practice it may not be possible to extend the 
integral over such distances before various other signals are met. These may 
arise from experimental imperfections (such as spinning sidebands), satellites 
from coupling to other nuclei or from other resonances in the sample. Satellites 
can be particularly troublesome in some cases as they may constitute a large 
fraction of a total signal, owing to high natural abundance of the second 
nuclide, and one must decide on whether to include them or exclude them/<9r 
all measurements. In some instances satellites can be used to one's advantage 
in quantitative measurements. One example is in the estimation of enantiomeric 
or diastereomeric excesses by proton NMR where the minor isomer is present 
at only a few percent of the major. In such cases, the ee or de measurement 
demands the comparison of a very large integral verses a very small one, a 
situation prone to error. Comparison of similar size integrals can be made if 
one considers only the carbon-13 satellites of the major species (each present 
at 0.55%), and scales the calculation accordingly. 

4.2. SPIN DECOUPLING METHODS 

The use of spin-spin decoupling is no doubt familiar to most regular users 
of solution NMR spectroscopy, and it has constituted an important tool for the 
chemist since the early applications of NMR to problems of chemical structure 
[7]. It is now so widely used in the observation of heteronuclear spectra (when 
did you last see a fully proton-coupled carbon spectrum?) that one can almost 
become oblivious to the fact that it is an integral part of numerous pulse 
experiments. Nowadays, scalar spin-spin decoupling is most often applied with 
one of two goals in mind; either the selective decoupling of a single resonance 
in an attempt to identify its coupling partner(s), or non-selective {broadband) 
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decoupling of one nuclide to enhance and simplify the spectrum of another. 
Decoupling is usually classified as being homonuclear, in which the decoupled 
and observed nuclides are the same, or heteronuclear in which they differ. That 
which experiences the decoupling rf is conventionally distinguished by placing 
it in curly brackets so, for example, ^̂ C{ ^H} would indicate carbon observation 
in the presence of proton decoupling, whilst ^H{^^C,̂ ^P} would represent 
proton observation in the presence of simultaneous carbon and phosphorus 
decoupling (or more generally carbon and phosphorus pulsing). One may also 
find spin decoupling being referred to as one example of a 'double-resonance' 
experiment, a term originating from CW experiments in which the observe 
and decouple rf were applied simultaneously. Likewise, the H, C, P example 
above may be termed a 'triple-resonance' experiment as it requires three rf 
channels. 

4.2.1. The basis of spin decoupling 

A simplified [8] yet convenient description of how spin decoupling operates 
considers two spin-V2 nuclei, A and X, that share a mutual scalar coupling 
of J Hz. The resonant frequency of the X-spins will depend on whether 
their coupled partners are oriented parallel (a orientation) or anti-parallel (P 
orientation) to the applied static field. For a spin ensemble we can assume there 
exist an equal number of A nuclei in the a and P states, owing to the very 
small energy difference between the two orientations, and thus the X spectrum 
displays the familiar doublet pattern. Application of an rf field, designated the 
B2 field (recall the transmitter field is termed Bi), at the frequency of the A 
spins causes these to undergo continuous, rapid transitions between the a and 
P orientations by continually inverting these spins. If this reorientation is fast 
relative to the coupling constant, the X-spin doublet coalesces into a singlet 
since the lifetimes of the a and p orientations are no longer sufficient for 
the coupling to be distinguished. Thus, if the A spins are irradiated during 
data acquisition with a sufficiently strong field such that VB2 > J Hz, the X 
resonance displays no coupling to A and the spins are said to be decoupled. 

Whilst the removal of scalar spin-spin coupling is the usual goal of such 
experiments, a number of additional effects can arise from the application of 
the additional rf field, which may be beneficial or detrimental depending on the 
circumstances. Incomplete decoupling can introduce residual line-broadening 
or, even worse, leave rather esoteric partially decoupled multiplets, whilst the 
non-uniform irradiation of a resonance can introduce population transfer effects 
which cause intensity distortions within multiplets (Section 4.4). Population 
disturbances caused by the rf may also produce intensity changes that arise from 
the nuclear Overhauser effect (Chapter 8) which operates quite independently 
from J coupling. Finally, changes in the resonant positions of signals close 
in frequency to the applied rf may also be observed, so-called Bloch-Siegert 
shifts. In many cases it is possible to have some control over these factors, 
according to the experimental protocol used, as described in later sections. 

4.2.2. Homonuclear decoupling 

Homonuclear decoupling involves the selective application of a coherent 
decoupling field to a target resonance with the aim of identifying scalar spin-
coupled partners, and is most often applied in proton spectroscopy (Fig. 4.6). 
Although the use of this method for identifying coupled ^H-^H spins has 
been largely superseded by two-dimensional correlation methods (Chapter 5), 
selective decoupling can still be a very useful and convenient tool in the NMR 
armoury. It is very simple to set-up, providing rapid answers to relatively 
simple questions and can be particularly useful in identifying spins that share 
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Figure 4.6. Homonuclear decoupling 
allows the rapid identification of coupled 
partners by removing couplings to the 
irradiated spin, (a) Control spectrum and 
(b) decoupled spectrum. 

rf 

LJ 

very small couplings which do not always reveal themselves in 2D correlation 
experiments. In very crowded spectra where only a specific interaction is to 
be investigated, the affected resonances may not be obvious and the use of 
difference spectroscopy can aid interpretation [9,10]. Here, a control spectrum 
recorded in the absence of decoupling ^ is subtracted from that collected in 
the presence of on-resonance decoupling to reveal any changes that arise. In 
such cases a two-dimensional correlation experiment may, however, be more 
appropriate. 

One of the limitations to the use of selective decoupling lies in the need to 
irradiate only a single resonance to identify the coupling partners of the desired 
target. Any saturation spill-over onto neighbouring resonances introduces a 
degree of ambiguity into the interpretation. Where the target multiplet is free 
from other resonances this posses little problem and the decoupler power can 
be set sufficiently high to ensure complete decoupling (yB2 > J Hz). When 
other resonances are close in frequency to the target, it may be necessary to 
reduce the decoupler power and thus reduce the frequency spread to avoid 
disturbing neighbouring resonances. The penalty for reducing the decoupler 
power may be incomplete decoupling of the target spins, although changes 
within the fine-structure of other resonances should be sufficient to identify 
coupled partners. 

Bloch-Siegert shifts 
The application of an rf field during the acquisition of the FID may 

also move signals that resonate close to the decoupler frequency. This effect 
is known as the Bloch-Siegert shift [11,12] and, more formally, it occurs 
when yB2 becomes comparable to the shift difference in hertz between the 
decoupling frequency and the resonance. It arises because the decoupling 
field acts on the neighbouring spins such that they experience a modified 
effective field that is inversely dependent upon their resonance offsets from the 
decoupling frequency but proportional to (yB2)^, which causes resonances to 
move away from this decoupling frequency (Fig. 4.7). The effect is principally 
limited to homonuclear decoupling experiments, where resonances may be 

^ For any form of difference spectroscopy it is better practice to collect the control FID with the 
decoupler frequency applied far away from all resonances rather than being turned off completely. 
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Figure 4.7. The Bloch-Siegert shift 
causes resonances near to an appHed rf 
to move away its point of application, (a) 
is the conventional spectrum and (b) is 
that acquired with a decoupling field 
applied at the position of the arrow. 

very close to the decoupling frequency but is of no concern in most pulse 
NMR experiments since the rf pulse is turned off prior to data collection. 
A notable exception is when solvent presaturation is applied during the 
evolution time (ti) of proton homonuclear 2D experiments. This can lead to 
shifts of fi frequencies of resonances close to the solvent, but since this is not 
present in f2, it introduces asymmetry in the shifts of crosspeaks associated 
with these resonances. In homonuclear decoupling experiments it is rarely a 
major problem since the requirement for selectivity limits the B2 field and 
thus keeps the shifts small. However, such small shifts may still introduce 
subtraction artefacts into decoupling difference spectra since the reference will 
not contain Bloch-Siegert shifts, so one should be cautious not to interpret 
these as evidence of coupling. Caution is also required should one need to 
measure accurate chemical shifts from decoupled spectra. In Section 3.5.1 the 
Bloch-Siegert shift is used quantitatively as a means of calibrating decoupler 
powers. 

Experimental implementation 
The application of homonuclear irradiation whilst acquiring the FID poses 

some challenging instrumental problems. Whilst needing to detect the re-
sponses of the excited spins, one must not have the receiver open when the 
decoupler is on since this will simply swamp the NMR signal. The solution 
lies in the discrete sampling of the FID, and the application of homonuclear 
irradiation only when data points are not being sampled, that is, during the 
FID dwell time [13]. Spectrometers have purpose-built homonuclear decou-
pling modes to handle the necessary gating internally. The time in which the 
decoupler is gated on is thus only a small fraction of the total acquisition 
time, this so-called duty cycle being typically 20% or less. The low duty-cycle 
means the effective mean decoupler power is somewhat less than the instan-
taneous B2 field, hence rf powers are usually greater than those required for 
presaturation of a resonance where such receiver conflict does not arise. If the 
gating-off of the decoupler is not perfect during data collection, a number of 
spectrum artefacts may be introduced [14,15]. Most notable are a reduction 
in signal-to-noise, owing to 'leakage' of the decoupler rf into the receiver, 
and a significant 'spike' occurring at the decoupler frequency, although this 
is really only a question of aesthetics. The leakage problem varies greatly, it 
seems, from one instrument to another and if a serious problem may be cured 
by instrumental modification [15]. The second may be eliminated simply by 
setting the transmitter frequency to match that of the decoupler [16] so that the 
usual phase-cycling routines employed in ID acquisitions remove the unsightly 
'zero-frequency' spike (Fig. 4.8). 
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Figure 4.8. The aesthetically 
unappealing decoupler frequency 'spike' 
sometimes observed in homonuclear 
decoupling experiments as in (a) can be 
readily removed by setting the 
transmitter and decoupler frequencies to 
be the same, as in (b). 
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4.2.3. Heteronuclear decoupling 

XfH} decoupling 
The application of broadband proton decoupling during the acquisition of 

carbon-13 spectra is now universally applied. The removal of all ^H-^^C 
couplings concentrates all the carbon resonance intensity into a single line 
providing a significant increase in signal intensity and simplification of the 
spectrum. As an added bonus, the continuous saturation of the proton spins 
provides further enhancement of the signal (by as much as 200% in the case of 
carbon-13) due to the nuclear Overhauser effect (Chapter 8). For these reasons, 
the use of broadband proton decoupling is standard practice for the routine 
observation of most commonly encountered nuclides. 

The principles behind heteronuclear decoupling are no different from the 
homonuclear case, the major difference being the very much larger frequency 
separation between the decoupling and observed frequencies, meaning Bloch-
Siegert shifts and receiver interference are no longer a problem. The use 
of broadband heteronuclear decoupling is itself associated with a number 
of other practical problems. Firstly, there is the need to decouple uniformly 
over the whole of the proton spectrum and this requires the applied rf to 
be effective over a far greater frequency window. Decoupling bandwidths 
are typically of the order of many kilohertz and are greater at higher field 
strengths. A 10 ppm proton spectrum covers 4 kHz at 400 MHz but 6 
kHz at 6(X) MHz, for example. Generally, a wider decoupling bandwidth 
can be achieved by increasing the decoupler power, although the continuous 
application of high power rf is more likely to destroy the probe and sample 
than achieve the desired results. High powers also give rise to the problem 
of rf sample heating, which is most pronounced in ionic samples, and can be 
disastrous for heat sensitive compounds. The effect is insidious as the heating 
occurs within the sample itself, so the usual method of sample temperature 
monitoring (a thermocouple placed within the airflow surrounding the sample) 
is largely insensitive to its presence, the usual indicator being a drift of the 
lock level when the pulse sequence is started. To overcome the problem of 
decoupling over wide bandwidths without the need for excessive powers, 
specially designed modulated decoupling schemes are employed (so-called 
composite pulse decoupling sequences, described in Chapter 9). The careful 
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a) 1H Decouple 
Figure 4.9. Possible schemes for 
applying proton decoupling when 
observing a heteronucleus. (a) Gated 
decoupling (coupled spectrum with 
NOE), (b) inverse-gated decoupling 
(decoupled spectrum without NOE) and 
(c) power-gated decoupling where the rf 
is applied at two different powers 
(decoupled spectrum with NOE). 

b) 1H Decouple 

c) 1H Decouple Decouple 

design of probes can also assist by reducing the sample heating which is caused 
by the electric component of the rf. As with pulse excitation, the required 
frequency spread can be kept to a minimum by placing the decoupler frequency 
in the centre of the region to be decoupled. If your heteronuclear spectra display 
unexpectedly broad or even split resonances, this may be due to the decoupler 
frequency being incorrect, and/or the decoupler channel being poorly tuned or 
wrongly calibrated (Chapter 3). 

Sample heating can also be reduced by gating-off the rf when not essential 
to the experiment (Fig. 4.9). Gating the decoupler off during the recovery delay 
{inverse-gated decoupling. Fig. 4.9b) also removes the NOE and provides a 
decoupled spectrum without NOE enhancements. This is because any NOE that 
builds up during the acquisition time affects only longitudinal magnetisation 
so does not influence the detected (transverse) signals, and is then allowed to 
decay during the recovery delay, so again has no influence. This method has 
particular value in the observation of nuclei with negative magnetogyric ratios, 
since the NOE causes a decrease in signal intensity for such nuclei (Chapter 8). 
It is also employed for accurate quantitative measurements, as discussed in the 
previous section. Conversely, running the decoupler during the relaxation delay 
but gating it off during the acquisition period {gated decoupling. Fig. 4.9a) 
results in a spectrum that retains spin coupling and is enhanced by the NOE. 
A further method for reducing sample heating provides a decoupled spectrum 
with enhancement by the NOE and is known as power-gated decoupling 
(Fig. 4.9c). Here, a high decoupler power is applied during acquisition to 
achieve complete decoupling, but a reduced power is applied between scans to 
maintain a degree of saturation and hence develop the NOE. This approach is 
particularly applicable to studies at high-field where larger bandwidths demand 
relatively high decoupler powers. A comparison of these various decoupling 
schemes is illustrated in Fig. 4.10 for the terpene a-pinene 4.2. 

By analogy with homonuclear decoupling above, selective heteronuclear de-
coupling is also possible. The decoupling of a single proton resonance could in 

4.2 
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Figure 4.10. The carbon-13 spectrum of a-pinene acquired (a) without proton irradiation at any 
stage (coupled spectrum without NOE), (b) with gated decoupling (coupled spectrum with NOE), 
(c) with inverse-gated decoupling (decoupled spectrum without NOE) and (d) power-gated 
decoupling (decoupled spectrum with NOE). All other experimental conditions were identical 
and the same absolute scaling was used for each plot. 
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principle identify coupled partners through the observation of collapsed mul-
tiplet structure in the heterospin spectrum. This, however, requires the decou-
pling rf to be effective over the satellites of the parent proton resonance, which 
may be far apart if ^JXH is large. One-bond proton-carbon couplings exceed 
100 Hz and may be hard to remove whilst retaining sufficient selectivity, so 
here a two-dimensional heteronuclear correlation spectrum is likely to be a 
more efficient approach. The selective removal of long-range (2 or 3-bond) 
proton-carbon couplings is more readily achieved since these are typically less 
than 10 Hz. An example of this is illustrated by the identification of configu-
rational isomers of 4.3 through the measurement of three-bond proton-carbon 
couplings (Fig. 4.11) which share a Karplus-type dependence on dihedral bond 

a) 

CO 
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CN 
b) 13.7 Hz 
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Figure 4.11. The application of selective 
proton decoupling in the measurement of 
heteronuclear long-range proton-carbon 
coupling constants. Lower traces are 
from the fully proton-coupled carbon-13 
spectrum and the upper traces from that 
in which the methyl ester protons of 4.3 
were selectively decoupled to reveal the 
three-bond coupling of the carbonyl 
carbon across the alkene. 
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Figure 4.12. Simplification of the 
conventional proton spectrum (a) of the 
palladium phosphine 4.4 in CDCI3 by 
the application of broadband phosphorus 
decoupling (b). All long-range ^H-^^P 
couplings are removed, as is most 
apparent for the alkene proton (7.2 ppm) 
and the ortho protons of the phenyl rings 
(above 7.8 ppm). 
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angles. The magnitude of the proton couplings to the carbon atoms of the 
nitrile and the ester across the alkene would therefore indicate their relative 
stereochemistry, but whilst the nitrile coupling presented a clear doublet in the 
proton-coupled ^̂ C spectrum, the carbonyl coupling was masked by additional 
three-bond couplings to the ester methyl protons. Selective decoupling of these 
methyl protons eliminated this interference resulting in a carbonyl doublet, 
sufficient to identify the nitrile as being trans to the alkene proton. 

^H{X} decoupling 
Traditionally, FT spectrometers were built with the ability to decouple only 

protons whilst observing the heteronucleus, as described above. Modem instru-
ments now have the capability of providing X-nucleus pulsing and decoupling 
whilst observing protons, ^H{X} (the 'inverse' configuration). The bandwidths 
required for the broadband decoupling of, for example, carbon-13, far exceed 
those needed for proton decoupling, and the composite pulse decoupling meth-
ods described in Chapter 9 become essential for success. Thus, carbon-13 
decoupling over 150 ppm (a typical range for proton-bearing carbons) at 400 
MHz-^H requires a bandwidth of 15 kHz. Broadband X-nucleus decoupling 
is most frequently applied as part of a multidimensional pulse sequence to 
simplify crosspeak structures, although it can be a useful tool in interpreting 
ID proton spectra when a heteronucleus has high natural abundance and thus 
makes a significant contribution to coupling fine structure, for example ^̂ F 
or ^^P. Fig. 4.12 demonstrates the simplification of the ^H spectrum of the 
palladium phosphine 4.4 on application of broadband ^^P decoupling, and this 
procedure often aids the interpretation of multiplet structures or the extraction 
of homonuclear proton couplings. Likewise, if the X-nucleus chemical shifts 
are known, selective X-decoupling can be used to identify the coupled partners 
in the proton spectrum, and in simple cases this may serve as a ready alternative 
to a two-dimensional heteronuclear correlation experiment^. 

^ In fact, this approach was used to identify the resonant frequencies of heteronuclei prior to 
the advent of the pulse-FT methods [7] which made their direct observation possible. Thus, the 
proton spectrum was recorded whilst applying a second rf field to the heteronucleus. Successively 
stepping the decoupler frequency and repeating the measurement would ultimately indicate the X 
resonance position when the X-^H coupling was seen to disappear from the proton spectrum. 
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4.3. SPECTRUM EDITING WITH SPIN-ECHOES 

The principal reason behind the application of broadband proton decoupling 
of heteronuclei is the removal of the coupling structure to concentrate signal 
intensity, thereby improving the signal-to-noise ratio and reducing resonance 
overlap (Fig. 4.10 above). Additional gains such as signal enhancements 
from the NOE and the clarification of any remaining homonuclear couplings 
may also arise. Set against these obvious benefits is the loss of multiplicity 
information present in the proton-coupled spectrum (Fig. 4.10a), meaning 
there is no way, a priori, of distinguishing, for example, a methine from a 
methylene carbon resonance. It is therefore desirable to be able to record fully 
proton-decoupled spectra yet still retain the valuable multiplicity data. Some of 
the earliest multipulse sequences were designed to achieve this aim. These were 
based on simple spin-echoes and provided spectra in which the multiplicities 
were encoded as signal intensities and signs. Despite competition from the 
methods based on polarisation transfer described shortly, these techniques still 
find widespread use in organic chemistry laboratories. As they are ^Iso rather 
easy to understand, they provide a suitable introduction to the idea of spectrum 
multiplicity editing. The sections that follow utilise the rotating-frame vector 
model to explain pictorially the operation of the experiments and familiarity 
with the introduction in Chapter 2 is assumed. 

4.3.1. The J-modulated spin-echo 

One of the simplest approaches to editing is the J-modulated spin-echo 
sequence [17] (Fig. 4.13a, also referred to as SEFT, Spin-Echo Fourier Trans-
form, [18]) which can be readily appreciated with reference to the vector model. 
The key to understanding this sequence is the realisation that the evolution of 
carbon magnetisation vectors under the influence of the ^JCH coupling only 
occurs when the proton decoupler is gated off whilst at all other times only 
carbon chemical shifts are effective. Further simplification comes from ignor-
ing carbon chemical shifts altogether since shift evolution during the first A 
period is precisely refocused during the second by the 180°(C) refocusing pulse 
(see Section 2.2). Thus, to understand this sequence one only need consider the 
influence of heteronuclear coupling during the first A period. 

a) ''H Decouple 

b) ''H Decouple 

Figure 4.13. J-modulated spin-echo 
sequences, (a) The decoupler-gated 
variant and (b) the pulsed variant. 
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A = 

CH 

Figure 4.14. The evolution of carbon 
magnetisation vectors under the influence 
of proton-carbon couplings. 

Consider events with A = 1/J s, for which the relevant vector evolution 
for different multiplicities is illustrated in Fig. 4.14. Since chemical shifts play 
no part, quaternary carbons remain stationary along -\-y during A (long-range 
C-H coupling that may exist will be far smaller than the one-bond coupling 
and may be considered negligible). Doublet vectors for a methine pair evolve 
at dbJ/2 Hz, so will each rotate through one-half cycle in 1/J s and hence 
meet once more along —y. As these now have a 180° phase difference with 
respect to the quaternary signals, they will ultimately appear inverted in the 
final spectrum. Applying these arguments to the other multiplicities shows that 
methylene vectors evolving at ±J Hz will align with -\-y whilst methyl vectors 
evolving at ±1/2 and ±31/2 Hz will terminate along —y. More generally, by 
defining an angle 0 such that 0 = 180JA degrees, the signal intensities of 
carbon multiplicities, I, vary according to: 

C: 1 = 1 

CH: I a cos 0 

CH2: l a c o s ^ 0 

CH3: l a c o s ^ 0 

as illustrated in Fig. 4.15. The spectrum for A = 1/J s (0 = 180°) will 
therefore display quaternaries and methylenes positive with methines and 
methyls negative if phased as for the one-pulse carbon spectrum (Fig. 4.16b), 
although edited spectra are often presented with methine resonances positive 
and methylene negative, so check local convention. The carbon multiplici-
ties therefore become encoded as signal intensities and at least some of the 
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Intensity 

Figure 4.15. The variation of carbon 
signal intensities in the J-modulated 
spin-echo as a function of the evolution 
time A (0 = 180JA°). 

multiplicity information lost in the single-pulse carbon experiment has been re-
covered, whilst still benefiting from decoupled resonances. The application 
of proton decoupling for all but a short time period A also ensures spectra are 
acquired with enhancement from the NOE. Setting A = 1/2J s corresponds to 
a null for all protonated carbons (Fig. 4.15), so producing a quaternary-only 
spectrum (Fig. 4.16c). The accuracy of editing is clearly critically dependent 
on the correct setting of A, which is in turn dependent upon J, and as there are 
likely to be a wide variety of J values within a sample one is forced to make 
some compromise setting for A. One-bond proton-carbon couplings range 
between 125 and 250 Hz, although they are more commonly between 130 and 
170 Hz (Table 4.2), so a typical value for A would be ^ 7 ms (^JCH ^ 140 
Hz) when aromatics and carbon centres bearing electronegative heteroatoms 
are anticipated. If couplings fall far from the chosen value the corresponding 
resonance can display unexpected and potentially confusing behaviour. Alkyne 
carbons are particularly prone to this, owing to exceptionally large ^ JCH values. 

The spin-echo experiment is particularly simple to set-up as it does not 
require proton pulses or their calibration, a desirable property when the 
experiment was first introduced but of little consequence nowadays. The same 
results can, in fact, be obtained by the use of proton 180° pulses rather than 
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Figure 4.16. Carbon spectrum of 
camphor 4.1 edited with the J-modulated 
spin-echo sequence, (a) Conventional 
carbon spectrum (carbonyl not shown), 
and edited spectra with (b) A = 1/J 
(0 = 180°) and (c) A = 1/2J (0 = 90°) 
with J assumed to be 130 Hz. Some 
breakthrough of protonated carbons is 
observed in (c) due to variations in 
coupling constants within the molecule. 
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Table 4.2. Typically ranges for one-bond proton-carbon coupling 
constants 

Carbon environment 

Aliphatic, CHn-
Aliphatic, CHnX (X = N, 0 , S) 
Alkene 
Alkyne 
Aromatic 

Typical ^JCH range 
(Hz) 

125-135 
135-155 
155-170 
240-250 
155-165 

gating of the decoupler [19] (Fig. 4.13b). In this case the A period is broken 
into two periods of 1/2J separated by the simultaneous application of proton 
and carbon 180° pulses. These serve to refocus carbon chemical shifts but at the 
same time allow couplings to continue to evolve during the second A/2 period 
(Section 2.2). Hence, the total evolution period in which coupling is active 
is 1/J, as in the decoupler-gating experiment above, and identical modulation 
patterns are produced. It is this shorter, pulsed form of the heteronuclear 
spin-echo that is widely used in numerous pulse sequences to refocus shift 
evolution yet leave couplings to evolve. 

4.3.2. APT 

The principal disadvantage of the J-modulated spin-echo described above is 
the use of a 90° carbon excitation pulse which, as discussed in Section 4.1, is 
not optimum for signal averaging and may lead to signal saturation, notably 
of quaternary centres. The preferred approach using an excitation pulse width 
somewhat less than 90° requires a slight modification of the J-modulated 
experiment, giving rise to the APT (Attached Proton Test) sequence [20] 
(Fig. 4.17). Use of a small tip-angle excitation pulse leaves a component of 
magnetisation along the -\-z axis, which is inverted by the 180°(C) pulse that 
follows. In systems with slowly relaxing spins, this inverted component may 
cancel magnetisation arising from the relaxation of the transverse components, 
leaving little or no net signal to observe on subsequent cycles. It is therefore 
necessary to add a further 180°(C) which returns the problematic —z component 
to -\-z prior to acquisition, thereby eliminating possible cancellation. Transverse 
components also experience a 180° rotation prior to detection, but are otherwise 
unaffected beyond this phase inversion. The APT experiment is commonly used 
with excitation angles of 45° or less and is thus better suited to signal averaging 
than the basic echo sequence above, but otherwise gives similar editing results. 

The poor editing accuracy of spin-echoes in the presence of a wide range 
of J values and the inability to fully characterise all carbon multiplicities 
are the major limitations of these techniques. More complex variations on 
the pulsed J-modulated spin-echo are to be found that do allow a complete 
decomposition of the carbon spectra into C, CH, CH2 and CH3 sub-spectra [21] 
and which also show greater tolerances to variations in ^JCH [22]. Likewise, 

Ĥ Decouple 

Figure 4.17. The Attached Proton Test 
(APT) sequence. 
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J-compensated APT sequences have been developed for greater tolerance to a 
spread of J values [23], and for the direct generation of complete sub-spectra 
[24]. Invariably the simplest sequences still find widest use. 

4.4. SENSITIVITY ENHANCEMENT AND SPECTRUM EDITING 

One of the principal concerns for the chemist using NMR spectroscopy 
is the relatively poor sensitivity of the technique when compared to other 
analytical methods, which stems from the small energy differences and hence 
small population differences between spin states. Developments that provide 
increased signal intensity relative to background noise are a constant goal 
of research within the NMR community, be it in the design of the NMR 
instrumentation itself or in novel pulse techniques and data processing methods. 
The continued development of higher field magnets clearly contributes to gains 
in sensitivity, and is paralleled by other instrumental advances. Aside from 
these developments, optimum sensitivity is provided by observing the nuclear 
species giving rise to the strongest signal, as judged by the intrinsic sensitivity 
of the nucleus and its natural abundance. The intrinsic sensitivity depends 
upon the magnetogyric ratio, y, of the spin in three ways, with a greater y 
contributing to: 

• a high resonant frequency, which in turn implies a large transition energy 
difference and hence a greater Boltzmann population difference, 

• a high magnetic moment and therefore a stronger signal, and 
• a high rate of precession which induces a greater signal in the detection coil 

Oust as cycling faster causes a bicycle dynamo lamp to glow brighter). ~ 

T h u s ,  in general, the strength of an NMR signal is proportional to ),3 
for a single nuclide, but as noise itself increases with the square-root of 
the observation frequency [25] the signal-to-noise ratio scales as ), 5/2 . Notice 
also that as two of the above terms depend upon resonant frequency, the 
signal-to-noise ratio for a single nuclide scales with the static field according 
to B~/2 (all other things being equal). When more than one nuclide is involved 
in a sequence, a general expression for the signal-to-noise ratio of a one 
dimensional experiment may be derived: 

S --1 3/2 3/2 * 1/2 
-- (x N A T B 0 ),exc),obsT2 (NS) (4.2) 
N 

where N is the number of molecules in the observed sample volume, A 
is a term that represents the abundance of the NMR active spins involved 
in the experiment, T is temperature, Bo is the static magnetic field, ),exc 
and ),0bs represent the magnetogyric ratios of the initially excited and the 
observed spins respectively, T 2 is the effective transverse relaxation time and 
NS is the total number of accumulated scans. The high magnetogyric ratio 
of the proton, in addition to its 100% abundance (and ubiquity), explains 
why proton observation is favoured in high-resolution NMR. Indeed, many 
of the newly developed multipulse heteronuclear experiments utilise direct 
proton observation to achieve greater sensitivity, whilst the heteronuclear spin 
is observed indirectly, as described in Chapter 6. This section deals with those 
one-dimensional pulse methods in widespread use that assist in the direct 
observation of relatively low-), nuclei, here termed X-nuclei, for example, 13C, 
15N, 29Si and so on. These methods are characterised by initial excitation of a 
high-), spin, typically 1H, 19F or 31p, followed by polarisation transfer onto the 
low-), nucleus to which it is scalar spin-spin coupled. This process introduces 
),high as  the ),exc term in Eq. 4.2 in place of ),low, and so provides sensitivity 
gains by a factor of ),high/),low. 
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Figure 4.18. The schematic energy level 
diagram for a two-spin ^H-^^C system. 
The two transitions for each nucleus 
correspond to the two lines in each 
doublet. 

a a 

It has been alluded to in the previous section, and will be considered in full 
in Chapter 8, that significant enhancements of low-y nuclei may be obtained on 
saturation of, for example, protons, owing to the NOE. This effect, however, 
can be ill-suited to nuclei that posses a negative y, since the NOE then causes 
a reduction in signal intensity and may, in the worst case, lead to a complete 
loss of signal. Polarisation transfer methods do not suffer such disadvantages 
and, in many cases, are able to provide considerably greater enhancements 
than the NOE alone. In addition, these experiments provide another means 
for the multiplicity editing of spectra and enable the differentiation of groups 
that possess differing numbers of attached nuclei. The ability to edit carbon 
spectra and hence to distinguish quaternary, methine, methylene and methyl 
groups offers an alternative to the spin-echo methods of the previous section 
and these polarisation transfer techniques, the DEPT experiment in particular, 
have become routine experiments in the organic chemist's repertoire. Methods 
that relate to the multiplicity editing of proton spectra are principally dealt with 
in Chapter 6. 

4.4.1. Polarisation transfer 

Polarisation transfer methods enhance signal intensity by transferring the 
greater population differences of high-y spins onto their spin-coupled low-y 
partners. Through this they replace one of the three yiow signal intensity 
dependencies described above with yhigh» leading to a signal enhancement 
by a factor of (yhigh/Viow)- The principles behind all polarisation transfer 
methods can be understood by considering a spin-Vi scalar-coupled pair 
which for illustrative purposes is here taken to be a ^H-^^C pair both with 
100% abundance, whose energy level diagram is shown in Fig. 4.18. At 
thermal equilibrium the populations for each of the four spin transitions 
are governed by the Boltzmann law as represented in Fig. 4.19a. From this 
the population differences across the transitions are 2AH and 2AC for the 
proton and carbon spins respectively, and since these scale linearly with y, 
the ratio 2AH/2AC equates to yH/yC or ^ 4 . The resonance intensities for 
proton are thus four times greater than those of carbon when judged by these 
populations (Fig. 4.19b). Now consider the result of selectively inverting one 
line of the H-spin doublet, say H^ (with a weak selective pulse for example) 
which equates to inverting the population difference across the corresponding 
transition (Fig. 4.19c). As H^ remains untouched, the population difference 
across the H^ transition is no different to that before the inversion. The salient 
point is that both the C-spin population differences have now been altered 
by this process. Thus, the Ĉ  population difference becomes —2AH-f2AC 
whilst that of C^ is 2AH+2AC and the population differences previously 
associated with the protons have been transferred onto the carbons. Since 2 AH 
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Figure 4.19. Polarisation transfer in a 
two-spin system, (a) Populations (in 
grey) and population differences (in 
bold) for each transition at equilibrium 
and (b) the corresponding spectra 
obtained following pulse excitation 
illustrating the four-fold population 
difference (see text), (c) The situation 
after selective inversion of one-half of 
the proton doublet and (d) the 
corresponding spectra showing the 
enhanced intensity of the carbon 
resonances. 

is four-times greater than 2 AC, the C-transitions will display relative intensities 
of —3:5 so that sampHng the carbon magnetisation at this point would produce 
a spectrum with one half of the doublet inverted and with signal intensities 
greater than in the single pulse carbon spectrum (Fig. 4.19d). For a ^H-^^N 
pair, signal intensities following polarisation transfer from protons are +11 and 
—9, (VH/VN ^ 10) and the signal enhancement is even more impressive. Since 
one half of the H-spin populations have been inverted but the line intensities 
are otherwise unaffected, there has been no net transfer of magnetisation from 
proton to carbon. The integrated intensity of the whole carbon doublet is the 
same as that in the absence of polarisation transfer, so we say there has been a 
differential transfer of polarisation. 

The experiment described above is termed selective population transfer 
(SPT), or more precisely in this case with proton spin inversion, selective 
population inversion, (SPI). It is important to note, however, that the complete 
inversion of spin populations is not a requirement for the SPT effect to manifest 
itself. Any unequal perturbation of the lines within a multiplet will suffice, 
so, for example, saturation of one proton line would also have altered the 
intensities of the carbon resonance. In heteronuclear polarisation (population) 
transfer experiments, it is the heterospin-coupled satellites of the parent proton 
resonance that must be subject to the perturbation to induce SPT. The effect 
is not restricted to heteronuclear systems and can appear in proton spectra 
when homonuclear-coupled multiplets are subject to unsymmetrical saturation. 
Fig. 4.20 illustrates the effect of selectively but unevenly saturating a double 
doublet and shows the resulting intensity distortions in the multiplet structure 
of its coupled partner, which are most apparent in a difference spectrum. 
Despite these distortions, the integrated intensity of the proton multiplet is 
unaffected by the presence of the SPT because of the equal positive and 
negative contributions (see Fig. 4.19d). Distortions of this sort have particular 
relevance to the NOE difference experiment described in Chapter 8. 

The greatest limitation of the SPI experiment is its lack of generality. 
Although it achieves the desired polarisation transfer, it is only able to produce 
this for one resonance in a spectrum at a time. To accomplish this for all 
one would have to repeatedly step through the spectrum, inverting satellites 
one-by-one and performing a separate experiment at each step. Clearly a 
more efficient approach would be to invert one half of each proton doublet 
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Figure 4.20. Selective population 
transfer (SPT) distorts proton multiplet 
intensities when the resonance of a 
coupled partner is unevenly saturated (b). 
These perturbations are more apparent in 
the difference spectrum (c), when the 
unperturbed spectrum (a) is subtracted. 

J-coupled 

simultaneously for all resonances in a single experiment and this is precisely 
what the E^^PT sequence achieves. 

4.4.2. INEPT 

The INEPT experiment [26] (Insensitive Nuclei Enhanced by Polarisation 
Transfer) was one of the forerunners of many of the pulse NMR experiments 
developed over subsequent years and still constitutes a feature of some of the 
most widely used multidimensional experiments in modem pulse NMR. Its 
purpose is to enable non-selective polarisation transfer between spins, and its 
operation may be readily understood with reference to the vector model. Most 
often it is the proton that is used as the source nucleus and these discussion will 
relate to XH spin systems throughout, although it should be remembered that 
any high-y spin-Vi nucleus constitutes a suitable source. 

The INEPT sequence (Fig. 4.21a) provides a method for inverting one-half 
of each XH doublet in a manner that is independent of its chemical shift 
requiring the use of non-selective pulses only. The sequence begins with 
excitation of all protons which then evolve under the effects of chemical 
shift and heteronuclear coupling to the X-spin. After a period A/2, the proton 
vectors experience a 180° pulse which serves to refocus chemical shift evolution 
(and field inhomogeneity) during the second A/2 period. The simultaneous 
application of a 180°(X) pulse ensures the heteronuclear coupling continues to 
evolve by inverting the proton vector's sense of precession. This is once again 
a spin-echo sequence in which only coupling evolution requires consideration. 
For an XH pair, a total A period of 1/2J (A/2 = 1/4J) leaves the two proton 
vectors opposed or antiphase along zbc, so that the subsequent 90°y(H) pulse 
aligns these along the ±z-axis (Fig. 4.22). This therefore corresponds to the 
desired inversion of one-half of the proton doublet, as for SPI, but for all spin 
pairs simultaneously. The 90°(X) pulse samples the newly created population 
differences to produce the enhanced spectrum. In practice, these last two pulses 
are applied simultaneously, although in this pictorial representation it proves 
convenient to consider the proton pulse to occur first. 

The asynmietrical peak intensities produced by the SPI effect, —3 and +5 
for a CH pair, arise from the contribution of the natural X-spin magnetisation, 
which may be removed by the use of a simple phase cycle. Thus, repeating the 
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Figure 4.21. (a) the INEPT sequence and 
(b) the refocused INEPT sequence. 
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experiment with the phase of the last proton pulse at —y causes the antiphase 
lines to adopt the inverted disposition relative to the -\-y experiment, that 
is, what was —z now becomes +z and vice versa (Fig. 4.23). The resulting 
X-spin doublets are likewise inverted, although the natural X magnetisation, 
being oblivious to the proton pulse, is unchanged. Subtraction of the two 
experiments by inverting the receiver phase causes the polarisation transfer 
contribution to add but cancels the natural magnetisation (Fig. 4.24). This 
two-step phase-cycle is the basic cycle required for INEPT. As only the 
polarisation transfer component is retained by this process, a feature of pure 
polarisation transfer experiments is the lack of responses from nuclei without 
significant proton coupling. 

Refocused INEPT 
One problem with the basic INEPT sequence described above is that it 

precludes the application of proton spin decoupling during the acquisition of 
the X-spin FID. Since this removes the J-splitting it will cause the antiphase 

Figure 4.22. The evolution of proton 
vectors during the INEPT sequence. 
Following initial evolution under JXH the 
180°(H) pulse flips the vectors about the 
X-axis and the 180°(C) pulse inverts their 
sense of precession. After a total 
evolution period of 1/2JHX the vectors 
are antiphase and are subsequently 
aligned along ±z by the 90°y(H) pulse. 
This produces the desired inversion of 
one half of each H-X doublet for all 
resonances. 
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Figure 4.23. Inverting the phase of the 
last proton pulse in INEPT inverts the 
other half of the proton doublet (compare 
Fig. 4.22). 

Figure 4.24. Experimental carbon-13 
INEPT spectra of methanoic acid 
recorded with the phase of the last 
proton pulse set to (a) y and (b) —y. 
Subtracting the two data sets (c) cancels 
natural magnetisation that has not been 
generated by polarisation transfer and 
equaUses the intensity of the two lines. 

a) Ik n r 

lines to become coincident and cancel to leave no observable signal. The 
addition of a further period, A2, after the polarisation transfer allows the X-spin 
magnetisation to refocus under the influence of the XH coupling, giving the 
refocused-INEPT sequence [27] (Fig. 4.21b), the results of which are illustrated 
in Fig. 4.25. Once again, the refocusing period is applied in the form of a 
spin-echo to remove chemical shift dependencies, and for the XH system to 
fully refocus the appropriate period is again 1/2J. Since it is now the X-spin 
magnetisation that refocuses, it is necessary to consider coupUng to all attached 
protons. Choosing A2 = 1/2J is not appropriate for those nuclei coupled to 
more than one proton and does not lead to the correct refocusing of vectors, 
rather they remain antiphase and produce no signal on decoupling (this provides 
a clue as to how one might use INEPT for spectrum editing). It has been shown 
[28] that for optimum sensitivity a refocusing period for an XHn group requires: 

1 
A2 = —I sin 

TtJ ( > / 
(4.3) 

where the angular term must be calculated in radians. For carbon spectroscopy 
this corresponds to 1/2J, 1/4J and '̂ al/SJ for CH, CH2 and CH3 groups re-
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Figure 4.25. Experimental carbon-13 
spectra of methanoic acid acquired 
without and with INEPT illustrating the 
intensity gains arising from polarisation 
transfer. 

spectively. If all multiplicities are to be observed simultaneously, a compromise 
setting of ^1/3.3J is appropriate, which for an assumed 140 Hz coupling gives 
A2 = 2.2 ms. A spectrum recorded under these conditions but without proton 
decoupling will display significant phase errors since the refocusing period 
will not be optimal for any multiplicity; such errors are removed with proton 
decoupling however. 

In cases where the XH coupling fine-structure is of interest and proton 
decoupling is not applied, the relative line intensities within multiplets will 
be distorted relative to the coupled spectrum without polarisation transfer, and 
this is one potential disadvantage of the above INEPT sequences. Even with 
suppression of the contribution from natural X-spin magnetisation, intensity 
anomalies remain for XHn groups with n > 1 (Fig. 4.26). A potentially 
confusing feature is the disappearance of the central line of XH2 multiplets. 
One sequence proposed to generate the usual intensities within multiplets is 
INEPT+, comprising the refocused-INEPT with an additional proton 'purge' 
pulse to remove the magnetisation terms responsible for the intensity anomalies 
[29]. In practice, the DEPT-based sequences described below are preferred as 
these show greater tolerance to experimental mis-settings. 

Finally note that these INEPT discussions assume the evolution of mag-
netisation is dominated by the coupling between the X and H spins, with all 
other couplings being negligibly small. In situations where homonuclear proton 
coupHng becomes significant (JHH > ^Vs JHX). it is necessary to modify the 
Ai period for optimum sensitivity, and analytical expressions for this have 
been derived [30]. Such considerations are most likely to be significant with 
polarisation transfer from protons via long-range couplings, that is, when the 
protons are not directly bound to the heteronucleus. Examples may include 
coupling to tertiary nitrogens, quaternary carbons or to phosphorus. In some 
instances, the situation may be considerably simplified if the homonuclear 
couplings are removed by the application of selective proton decoupling during 
the proton Ai evolution periods [31]. Fig. 4.27 illustrates the acquisition of ^̂ N 

(a) (b) 

CH 1 1 -3 +5 
CH2 1 2 1 -7 2 + 9 
CH3 1 3 3 1 -11 -9 15 13 

(c) 

-1 1 
-1 0 1 

- 1 - 1 1 1 

Figure 4.26. Relative multiplet line 
intensities in coupled INEPT spectra, (a) 
conventional multiplet intensities and 
those from INEPT (b) without and (c) 
with suppression of natural 
magnetisation. 
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Figure 4.27. Natural abundance ^^N 
INEPT spectra of adenosine-5'-mono-
sulphate 4.5. Lower traces show results 
with the INEPT sequence and upper 
traces with the refocused-INEPT 
sequence. Delays were calculated 
assuming (a) J = 90 Hz and (b) J = 10 
Hz. For (a) the lower trace displays the 
1:0:-1 pattern of the NH2 group whilst 
in (b) all resonances display antiphase 
two-bond ^H-^^N couplings. Spectra are 
referenced to nitromethane. 
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spectra of adenosine-5'-sulphate 4.5 by polarisation transfer through one-bond 
and long-range (two-bond) couplings. All nitrogen centres in the purine unit 
are observed in two experiments in which delays were optimised for J = 90 
Hz and 10 Hz, which were assumed values for one- and two-bond couplings, 
respectively. 

Sensitivity gains 
To appreciate the sensitivity gains from the application of the INEPT 

sequence, one should compare the results with those obtained from the usual 
direct observation of the low-y species. This invariably means the spectrum 
obtained in the presence of proton broadband decoupling for which signal 
enhancement will occur by virtue of the ^H-X NOE (Chapter 8). Thus, to make 
a true comparison, we need to consider the signal arising from polarisation 
transfer versus that from observation with the NOE, which for an XH pair is 
given by: 

IiNEPT — IQ 
YH 

Yx 
INOE M-^) (4.4) 

where IINEPT is the signal intensity following polarisation transfer, INGE is that 
in the presence of the NOE and IQ represents the signal intensity in the absence 
of any enhancement. Notice firstly that the NOE makes a contribution that 
adds to the natural magnetisation and secondly, because of this, the resulting 
signal intensity is also dependent upon the sign of the magnetogyric ratios, 
whereas polarisation transfer depends only on their magnitudes. The NOE 
therefore causes a decrease in signal intensity for those nuclei with a negative 
magnetogyric ratio, and may cause the observed signal to be inverted if the 
NOE is greater than the natural magnetisation or to become close to zero if 
comparable to it. Table 4.3 compares the theoretical maximum signal intensities 
that can be expected for polarisation transfer and the NOE from protons to 
heteronuclear spins in XH pairs. The degree of signal enhancement does not 

Table 4.3. Signal intensities for the X-spin in ^H-X pairs arising from polarisation transfer 
(IINEPT) and from direct observation with the maximum NOE (INOE) 

X 

IINEPT 

INOE 

i^C 

3.98 
2.99 

1 5 N 

9.87 
-3.94 

29SI 

5.03 
-1.52 

31p 

2.47 
2.24 

57Fe 

30.95 
16.48 

l«3Rh 

31.77 
-14.89 

109 Ag 

21.50 
-9.75 

ii^Sn 

2.81 
-0.41 

1 8 3 ^ 

24.04 
13.02 

195pt 

4.65 
3.33 

207pb 

4.78 
3.39 

Intensities are given relative to those obtained by direct observation in the absence of the NOE 
(lo). 
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scale linearly with the number of attached source nuclei, n, used for polarisation 
transfer. In other words, the enhancement expected for an XH2 group is not 
twice that for an XH group. Although greater enhancements do arise with more 
attached protons when the optimum refocusing delay is used, the gains over 
that for an XH group are only modest [29]. 

In practice, owing to experimental imperfections or to other relaxation pro-
cesses reducing the magnitude of the NOE (chemical shift anisotropy for the 
metals in particular), the figures in Table 4.3 may not be met, although they 
provide some guidance as to which method would be the most appropriate. The 
results for the higher-y heteronuclei such as ^^P and ^̂ C are clearly comparable, 
whereas polarisation transfer provides far greater gains for the lower-y species. 
A further important benefit of the polarisation transfer approach not reflected in 
the figures of Table 4.3 is that the repetition rate of the experiment depends on 
the longitudinal relaxation times of ih& protons, since the populations of interest 
originate only from these spins. In contrast, the direct observation experiment, 
with or without the NOE, depends on the relaxation times of the X-spins, which 
are typically very much longer. The opportunity for faster signal averaging pro-
vides another significant gain in sensitivity per unit time when employing 
polarisation transfer and in practice this feature can be as important or some-
times more important than the direct sensitivity gains from the transfer itself. 

In short, polarisation transfer methods provide greatest benefits for those 
nuclei that have low magnetogyric ratios and are slow to relax. It is also the 
preferred approach to direct observation for those nuclei with negative ys where 
the NOE may lead to an overall signal reduction. Nitrogen-15 [32] (Fig. 4.28) 
and silicon-29 routinely benefit from PT methods, as does the observation of 
metals, in particular transition metals which often posses very low ys and are 
extremely insensitive, despite their sometimes high natural abundance, some 
examples being ^^Fe, ^^^Rh, ^^^Ag, and ^̂ ^W. 

Despite these impressive sensitivity gains when directly observing the 
X-spin, the more modem approach is to observe the X-spin indirectly through 
the coupled proton when possible, which can be achieved through a number of 
heteronuclear correlation experiments. As these methods additionally employ 
proton observation, they benefit from a further theoretical gain of (yhigh/Viow)̂ ^̂  
over X-observe schemes (see Eq. 4.2). These topics are pursued in Chapter 6, 
and should be considered as potentially faster routes to X-nucleus data. 

a) 

400 200 0 -200 -400 " ^ 

Figure 4.28. Signal enhancement of the 
^^N spectrum of ammonium nitrate with 
INEPT. Direct observation using (a) the 
Ernst angle optimised for the nitrogen Ti 
and (b) INEPT optimised for the proton 
Ti. Both spectra were collected in the 
same total accumulation time. 
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Figure 4.29. Editing with INEPT can be 
achieved with a judicious choice of 
refocusing delay, A2. A total delay of 
l/2JcH retains CH resonances but 
eliminates CH2 (and CH3) resonances. 

vectors add: 
full signal 

Decouple ^H 

Acquire ^^C 

vectors cancel: 
no signal 

Editing with INEPT 
Returning to the selection of the A2 period in the refocused INEPT se-

quence, it is apparent that whilst a period of 1/2J produces complete refocusing 
of doublets, the triplets (and quartets) remain antiphase and will be absent from 
the spectrum recorded with proton decoupling (Fig. 4.29). Choosing A2 = 1/2J 
therefore yields a sub-spectrum containing only methine resonances. This idea 
of editing heteronuclear spectra according to multiplicities is closely related to 
the editing with spin-echoes described in Section 4.3. Extending this idea to 
the selection of other carbon multiplicities it is again convenient to define an 
angle 0 = I8OJA2 degrees from which the signal intensities in the decoupled 
experiment are: 

CH: I a sine 

CH2: I a2s inecose 

CH3: laSsinOcos^G 

as presented graphically in Fig. 4.30. To differentiate all protonated carbons 
it is sufficient to record three spectra with A2 adjusted suitably to give 6 
= 45, 90 and 135 degrees. The 90° experiment corresponds to A2 = 1/2J 
mentioned above and hence displays methine groups only, 0 = 45° produces 
all responses whilst 0 = 135° has all responses again, but with methylene 
groups inverted. This process combines signal enhancement by polarisation 
transfer with multiplicity determination through spectrum editing. The editing 

Figure 4.30. The variation of carbon 
signal intensities in the refocused INEPT 
experiment as a function of the evolution 
time A (0 = 180JA2°). Identical results 
are obtained for the DEPT experiment 
for which the angle 0 represents the tip 
angle of the last proton pulse. 

Intensity 

180 
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attainable here is superior to that provided by the basic spin-echo methods 
of Section 4.3 since comparison of the three INEPT spectra allows one to 
determine the multiplicity of all resonances in the spectrum. However, in 
routine carbon-13 spectroscopy, this information tends not to be derived from 
INEPT but from the related DEPT sequence, which has better tolerance to 
experimental imperfections. Alas, DEPT, cannot be described fully by recourse 
to the vector model, and an understanding of INEPT goes a long way to help 
one appreciate the features of DEPT. 

In sunmiary, the INEPT sequence provides signal enhancement for all 
proton-coupled resonances in a single experiment by virtue of polarisation 
transfer. This also enables more rapid data collection since the repetition rate 
is now dictated by the faster relaxing protons and not the heteronucleus. 
By judicious choice of refocusing delays, refocused INEPT can also provide 
multiplicity editing of, for example, carbon-13 spectra. However, those nuclei 
that do not share a proton coupling cannot experience polarisation transfer and 
are therefore missing from INEPT spectra. The INEPT sequence is also used 
extensively as a building-block in heteronuclear two-dimensional sequences, as 
will become apparent in later chapters. 

4.4.3. DEPT 

The DEPT experiment [33] (Distortionless Enhancement by Polarisation 
Transfer) is the most widely used polarisation transfer editing experiment in 
carbon-13 spectroscopy, although its application is certainly not limited to 
the proton-carbon combination. It enables the complete determination of all 
carbon multiplicities, as does the refocused INEPT discussed above, but has 
a number of distinct advantages. One of these is that it directly produces 
multiplet patterns in proton-coupled carbon spectra that match those obtained 
from direct observation, meaning methylene carbons display the familiar 1:2:1 
and methyl carbons the 1:3:3:1 intensity patterns; this is the origin of the term 
'distortionless'. However, for most applications proton decoupling is applied 
during acquisition and multiplet structure is of no consequence, so the benefits 
of DEPT must lie elsewhere. 

The DEPT sequence 
The DEPT pulse sequence is illustrated in Fig. 4.31. To follow events 

during this, consider once more a ^H-^^C pair and note the action of the two 
180*" pulses is again to refocus chemical shifts where necessary. The sequence 
begins in a similar manner to INEPT with a 90°(H) pulse after which proton 
magnetisation evolves under the influence of proton-carbon coupling such that 
after a period 1/2J the two vectors of the proton satellites are antiphase. The 
application of a 90°(C) pulse at this point produces a new state of affairs 
that has not been previously encountered, in which both transverse proton and 
carbon magnetisation evolve coherently. This new state is termed heteronuclear 
multiple quantum coherence (hmqc) which, in general, cannot be visualised 
with the vector model, and without recourse to mathematical formalisms it is 

X X 9± j 

(Decouple) 

X X 

jHdL 2j" ±x 

Figure 4.31. The DEPT sequence. 
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not possible to rigorously describe its behaviour. However, for these purposes 
we can imagine this multiple quantum coherence to be a pooling of both proton 
and carbon magnetisation, to be separated again at some later point ̂ . 

The hmqc now evolves for a further time period under the influence of 
the proton chemical shift but also, simultaneously, under the influence of the 
carbon chemical shifts until application of the proton 0 pulse. However, it will 
not be influenced by the proton-carbon coupling (this is another interesting 
property of multiple-quantum coherence, which need not concern us further at 
this time, see Chapter 5). To remove the effects of proton chemical shifts, a 
second evolution period is also set to 1/2J and a proton 180° pulse is applied 
between the two delays, coincident with the 90°(C) pulse. The action of the 0 
pulse is to transfer the hmqc into antiphase transverse carbon magnetisation, 
that is, to regenerate observable magnetisation. The details of the outcome of 
this transfer process depend upon the multiplicity of the carbon resonance. In 
other words, methine, methylene and methyl groups respond differently to this 
pulse and this provides the basis of editing with DEPT. In the final 1/2J delay, 
the carbon magnetisation refocuses under the influence of proton coupling but 
also evolves according to carbon chemical shift, as it did in the second 1/2J 
period. Thus, the simultaneous application of a 180°(C) pulse with the proton 
0 pulse leads to an overall refocusing of the carbon shifts during the final 
1/2J period. Carbon magnetisation is therefore detected without chemical shift 
dependent phase errors, with or without proton decoupling. Phase alternation of 
the 0 pulse, combined with data addition/subtraction by the receiver, leads to 
the cancellation of natural carbon magnetisation, as for INEPT. The net result is 
again polarisation transfer from protons to carbon, combined with the potential 
for spectrum editing. 

Editing with DEPT 
As was hinted at above, the key to spectrum editing with DEPT is the 

realisation that the phase and intensity of carbon resonances depends upon the 
proton tip angle, 0. In fact, the editing results for angle 0 are analogous to those 
produced by refocused INEPT with A2 = 0/180J, so the previous discussions 
relating to 0 apply equally to DEPT, as does the graph of Fig. 4.30. However, 
with INEPT the editing delay A2 must be chosen according to the spin coupling 
constant whereas with DEPT the editing is achieved through the variable pulse 
angle 0 which has no J dependence. This means the editing efficiency of DEPT 
tends to be superior to INEPT when a range of J values are encountered, and 
this is the principal advantage of DEPT in routine analysis. Evolution delays in 
DEPT do of course depend on J, although it turns out that the experiment is 
quite tolerant of errors in these settings. 

The starting point for determining resonance multiplicities with DEPT is 
the collection of three spectra with 0 = 45, 90 and 135°, noting that the 90° 
experiment requires twice as many scans to attain the same signal-to-noise ratio 
as the others. The signs of the responses are then as sunmiarised in Table 4.4. 
Knowing these patterns it is a trivial matter to determine multiplicities by direct 
comparison, whilst quaternaries can be distinguished by their appearance only 
in the direct carbon spectrum. Example spectra are shown for the bicyclic 
terpene andrographolide 4.6 (Fig. 4.32). An extended approach is to combine 
these spectra appropriately to produce 'sub-spectra' that display separately CH, 
CH2 and CH3 resonances. Personally, I think it is always better to examine 

^ The transverse magnetisation we observe directly in an NMR experiment is known as single 
quantum coherence. Multiple quantum coherence, however, cannot be directly observed because 
it induces no signal in the detection coil. For multiple quantum coherence to be of use to us, it 
must be transferred back into signal quantum coherence by the action of rf pulses. The concept 
of coherence is developed further in Chapter 5. 
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Table 4.4. Signs of multiplet resonances in 
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Figure 4.32. The conventional carbon 
and DEPT-edited spectra of the terpene 
andrographolide 4.6. 

DEPT-45 

~ i — I I I I 

160 

I I I I I I I I 

140 120 
•"nrr-

100 

I I I I I I I I I I I I I I I 

60 40 20 PP"^ 80 

the original DEPT spectra directly since this is such a simple matter. The 
combining of spectra introduces greater potential for 'artefact' generation, and 
it also becomes more difficult to identify what is going on if editing fails 
owing to the presence of an unusually high coupling constant or to instrument 
miscalibration, for example. In practice, the recording of a single DEPT 
spectrum with 0 = 135° is often sufficient to provide the desired information 
when methyls are absent or are easily recognised on account of their chemical 
shifts. Recently, a modified DEPT sequence, termed DEPTQ [34], has been 
introduced which includes the detection of quaternary resonances and retains 
the advantages and editing capabilities of the original sequence. Its ability to 
observe all multiplicities makes this a strong contender for routine laboratory 

use. 
Errors in DEPT editing may arise from a number of sources. The most 

likely is incorrect setting of the proton pulses, especially the 0 pulse used for 
editing, which may often be traced to poor tuning of the proton channel. Even 
small errors in 6 can lead to the appearance of small unexpected peaks in 
the DEPT-90; if 0 is too small it approaches DEPT-45 whilst too big and it 
approaches DEPT-135. Usually, because of their low intensity, these spurious 
signals are easily recognised and should cause no problems. Even with correct 
pulse calibrations, errors can arise when the setting for the delay period is 
very far from that demanded by ^JCH [35] and in particular CH3 resonances 
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may still appear weakly in the CH sub-spectrum. A typical compromise value 
for ĴcH for detennining 1/2J is ^140 Hz, for which 1/2J = 3.6 ms. Alkyne 
carbons in particular exhibit very high values of ^JCH (usually >200 Hz), and 
may appear as weak signals displaying bizarre sign behaviour. Even more 
unexpected can be the appearance of the quaternary carbon of an alkyne group 
which experiences polarisation transfer from the alkyne proton two bonds away 
because of the exceptionally large ^ JCH value. 

Optimising sensitivity 
It was shown above that for the refocused INEPT experiment optimum 

sensitivity was obtained for a given multiplicity when the refocusing period 
was set according to the number of coupled protons and the associated coupling 
constant. When DEPT is used primarily as a means of enhancing the sensitivity 
of the heteronucleus rather than for spectrum editing, similar considerations 
apply. The difference here is that it is the 0 proton pulse that must be optimised 
according to the number of spins in the XHn group according to: 

e. opt = sm 
- 1 

VVHJ 
(4.5) 

Notice the similarity with Eq. 4.3 except that the dependence on J is again 
not relevant for DEPT. For an XH group, 0opt is 90°, whilst this angle decreases 
with higher multiplicities. 

4.4.4. PENDANT 

The polarisation transfer sequences presented above provide signal enhance-
ment of insensitive nuclei but suffer from a lack of responses from those that do 
not posses directly-bound protons (an exception is the DEPTQ sequence [34]). 
Conversely, the spin-echo based editing sequences do display such responses 
but gain enhancement only from the NOE and require signal averaging that is 
dictated by the typically slower-relaxing insensitive spins. One sequence that 
attempts to combine the best of both approaches is PENDANT [36] (Polarisa-
tion Enhancement Nurtured During Attached Nucleus Testing) (Fig. 4.33). This 
relies on polarisation transfer from protons as for INEPT and indeed the se-
quence bears close similarity with the refocused-INEPT of Fig. 4.21b. From the 
point of view of protonated nuclei, PENDANT can, in essence, be understood 
by reference to this experiment. However, it also contains an additional 90°(X) 
pulse to elicit responses from non-protonated nuclei and lacks the usual phase 
cycling employed which suppresses such signals. Spectrum editing is achieved 
by judicious choice of the refocusing period, with 5/8J suggested as optimum 
for V2A2. This should allow the simultaneous observation of both protonated 
and non-protonated carbons and provide similar editing to the DEPT-135 ex-
periment (Fig. 4.34), although in practice quaternary carbons can still appear 
with rather low intensity and may not be readily apparent, particularly with 
weaker samples. This is undoubtedly because of their slower relaxation coupled 

Figure 4.33. The PENDANT sequence. 
Phase cychng is not used since 
suppression of natural magnetisation is 
not required in this case. 

1H 
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DEPT-135 

PENDANT 

Figure 4.34. The carbon PENDANT and 
DEPT-135 spectra of andrographolide 
4.6. Similar results are obtained for both 
with additional responses appearing from 
quaternary carbons in the PENDANT 
spectrum. 
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with the use of 90*" ̂ ^C excitation pulses, analogous to the problems associated 
with the simpler spin-echo editing experiments of Section 4.3.1, and because 
pulse repetition rates in polarisation transfer sequences would normally be 
optimised according to proton Tis. For the routine editing of carbon spectra, 
the recent DEPTQ experiment appears to be a more robust technique [34]. The 
PENDANT sequence would appear to offer greater benefit in the transfer of 
polarisation through long-range couplings, particularly in X-Hn systems where 
n is large (3 < n < 9), for which the 5/8J delays in the refocusing period 
becomes 1/16J for optimum results [37]. 

Before leaving these sections on the editing of X-nucleus spectra, a final 
comment on the utility of such experiments in the modem NMR laboratory. 
As has already been mentioned, techniques based on proton observation are 
becoming dominant in the world of organic structure elucidation, with the 
chemical shifts of the X-nuclei determined indirectly from 2D heteronuclear 
correlation spectra. Recent developments in this area have evolved techniques 
in which both ID and 2D spectra are edited in such a way as to indi-
cate X-nucleus multiplicities (Chapter 6). The higher sensitivity and faster 
data collection possible with these methods compared with direct X-nucleus 
observation, together with the additional correlation data provided by 2D tech-
niques, will inevitably lead to reduced dependence on the traditional, more 
time-consuming X-nucleus observation and editing experiments. The principal 
driving force behind this change of emphasis is the application of pulsed 
field gradients and as these become increasingly common on routine instru-
ments, the chemist's approach to structure elucidation can be expected evolve 
accordingly. 

4.5. OBSERVING QUADRUPOLAR NUCLEI 

A characteristic feature of many quadrupolar nuclei is the broad lines they 
produce, due to rapid quadrupolar relaxation (Section 2.5.5). The rapid recov-
ery of the spins following excitation means they can often be acquired under 
conditions of very fast pulsing with full excitation by a 90'' pulse, which is 
clearly beneficial for signal averaging purposes. However, the corresponding 
rapid decay of an FID can make the direct observation of nuclei with linewidths 
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Figure 4.35. Sequences for the 
observation of quadrupolar nuclei with 
very broad lines for which acoustic 
ringing is a problem. Sequence (a) 
eliminates ringing associated with the 
90° pulse whilst ACOUSTIC (b) and 
RIDE (c) further eliminate that 
associated with the 180° pulses. 

a) 

b) 

c) 
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of hundreds or thousands of hertz experimentally challenging. Following an 
rf pulse, a delay is required for the probe circuits and receiver electronics 
to recover before the NMR signal can be digitised. One particular concern 
is so-called acoustic ringing in the probehead [38] which is most severe for 
low-abundance, low-frequency nuclei at lower fields and which may take 
many tens of microseconds to decay. In the observation of spin-V2 nuclei a 
pre-acquisition delay of this order can be used without problem but in cases 
of fast relaxing nuclei, such as ^̂ O or ^^S, this can lead to a loss of much 
of the FID before detection begins (resonance linewidths of 1 and 5 kHz 
correspond to relaxation times of only ca. 320 and 60 |xs, respectively). Not 
only does this compromise sensitivity it also introduces substantial phase errors 
to the spectrum. The use of shorter delays is therefore essential but leads 
to a significant contribution to the spectrum in the form of broad baseline 
distortions from spectrometer transient responses. Numerous sequences to 
suppress this ring-down contribution have been proposed, [38] two of which 
are illustrated in Fig. 4.35b and c. In both cases suppression of the acoustic 
response from the 90° excitation pulses is achieved in two scans by inverting 
the NMR signal phase on the second transient with an additional 180° pulse, 
together with simultaneous inversion of the receiver phase [39] (Fig. 4.35a). 
Whilst the NMR signals are added by this process, the acoustic response 
remains unchanged in the two experiments and therefore cancels with receiver 
inversion. The remaining unwanted feature is now the acoustic response from 
the additional 180° pulse, which is suppressed in a slightly different manner in 
the two sequences. With ACOUSTIC [40] (Alternate Compound One-eighties 
USed to Suppress Transients In the Coil, Fig. 4.35b) the whole experiment is 
repeated with inversion of the 180° pulse. This, in effect, inverts the associated 
acoustic response relative to the first experiment so adding the data from the 
two experiments cancels this component. The alternative RIDE sequence [41] 
(Ring-down DElay, Fig. 4.35c) instead repeats the whole process but with 
inversion of the NMR response by inverting the phase of both 90° pulses, and 
subtracts this second experiment from the first. Both sequences suffer from 
potential problems with off-resonance effects because of the use of 180° pulses, 
but otherwise provide significant reductions in baseline distortions. Fig. 4.36 
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Figure 4.36. ^^O spectra of ethyl acetate 
recorded (a) with and (b) without the 
RIDE sequence. The severe basehne 
distortion in (b) arises from acoustic 
ringing in the probehead. Spectrum (c) 
was from the same FID of (b) but this 
had the first 10 data points replaced with 
backward linear predicted points, 
computed from 256 uncorrupted points. 
The spectra are referenced to D2O and 
processed with 100 Hz line-broadening. 

400 300 200 100 ppm 

illustrates the use of RIDE in the collection of '̂̂ O spectrum of ethyl acetate, 
where the suppression of the baseline distortion is clear. 

An alternative approach now available with modem processing software is 
to collect the distorted FID with the simple one-pulse-acquire sequence and 
to replace the early distorted data points with uncorrupted points generated 
through backward linear prediction. Fig. 4.36c was produced from the same 
raw data as 4.36b, but with the first 10 data points of the FID replaced with 
predicted points. The baseline distortion is completely removed and there is 
no signal-to-noise loss through experimental imperfections, as occurs for the 
RIDE data set. 
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Chapter 5 

Correlations through the chemical bond I: 
Homonuclear shift correlation 

Having discussed a number of methods in the previous chapter that are 
considered routine one-dimensional techniques, this chapter leads into the 
world of two-dimensional NMR. Whereas many of the methods in Chapter 
4 used through-bond interactions as a tool toward a specific goal, such as 
sensitivity enhancement through polarisation transfer, the two-dimensional 
methods in this and the following chapter exploit spin coupling to map specific 
through-bond interactions. It is quite likely that you have already made some 
use of two-dimensional methods in your research, most probably in the form 
of the COSY experiment, and it is with this technique that the chapter begins. 
Not only is this one of the most widely used 2D experiments, its simple form 
provides a convenient introduction to multidimensional experiments. Whilst 
the methods in this chapter are aimed at determining correlations between 
like spins (homonuclear correlations), a large part of the discussion is equally 
relevant to all two-dimensional NMR experiments, and many parts of this 
chapter provide the foundations for those that follow. 

The principles underlying the generation of a two-dimensional spectrum 
were first presented in a lecture in 1971 [1], although it was a number of 
years later that the approach found wider application [2]. During the 1980s 
the world of NMR, and consequently the chemist's approach to structure 
determination, was revolutionised by the development of numerous two-dimen-
sional techniques, and nowadays many higher-dimensionality methods (3D and 
4D) also exist. Those methods utilising three or more dimensions have found 
greatest application in the hands of biological NMR spectroscopists studying 
macromolecules (a specialist area in its own right) and, at present, tend to be 
used rather less frequently within what may be considered main-stream organic 
chemistry. These methods therefore fall beyond the realms of this book, but are 
covered in texts dedicated to biomolecular NMR [3,4]. 

This chapter begins by introducing the principles that lie at the heart of 
all two-dimensional methods. The techniques themselves, summarised briefly 
in Table 5.1, begin with basic Correlation Spectroscopy (COSY) which maps 
nuclei sharing a mutual scalar coupling within a molecule, making the proton-
proton COSY one of the workhorse techniques in organic structure elucida-
tion. Later in the chapter some variants of the basic COSY experiment are 
presented that display a number of beneficial characteristics and therefore also 
find widespread application. The last two sections cover somewhat different 
techniques. The first of these. Total Correlation Spectroscopy (TOCSY), pro-
vides an alternative to the COSY approach for establishing correlations within 
a molecule. This provides efficient transfer of information along a network of 
coupled spins, a feature that can be extremely powerful in the analysis of more 
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Table 5.1. The principal applications of the main techniques described in this chapter 

Technique Principal applications 

COSY-90 Correlating coupled homonuclear spins. Typically used for correlating protons coupled over 2- or 3-bonds, but may be 
used for any high-abundance nuclide. The basic COSY experiment. 

DQF-COSY Correlating coupled homonuclear spins. Typically used for correlating protons coupled over 2- or 3-bonds. 
Higher-resolution display than basic COSY. Additional information on magnitudes of coupling constants may be 
extracted from 2D peak fine-structure. Singlets suppressed. 

COSY-p Correlating coupled homonuclear spins. Typically used for correlating protons coupled over 2- or 3-bonds, but may be 
used for any high-abundance nuclide. Reduced 2D peak structure over basic COSY. Vicinal and geminal coupling 
relationships can be differentiated in some cases. 

Delayed-COSY Correlating coupled homonuclear spins through small couplings. Often used to identify proton correlations over many 
bonds (>3) hence also known as long-range COSY. 

TOCSY Correlating coupled homonuclear spins and those that reside within the same spin-system but which may not share 
mutual couplings. Employs the propagation of magnetisation along a continuous chain of spins. Powerful technique for 
analysing complex proton spectra. 

INADEQUATE Correlating coupled homonuclear spins of low natural abundance (<20%). Typically used for correlating adjacent carbon 
centres at natural abundance, but has extremely low sensitivity. 

complex spectra. The final method, INADEQUATE, establishes correlations 
between like spins of low natural abundance. This may be used, for example, 
to directly identify neighbouring carbon centres and in this form is perhaps the 
ultimate experiment for defining a molecular skeleton although, alas, it is also 
about the least sensitive. 

The approach in this chapter is again a pictorial one. Whilst this avoids 
the need for becoming embroiled in formalisms that rigorously describe the 
behaviour of magnetisation during multipulse experiments, it has its limitations 
in that many of the techniques cannot be described completely by such 
a simplified approach. We have already come up against these limitations 
when attempting to understand the DEPT experiment in the previous chapter, 
where it was not possible to describe the behaviour of heteronuclear multiple 
quantum coherence in terms of the classical vector model. An explanation 
of this technique was thus derived largely from the more readily understood 
INEPT sequence. Despite these limitations it is still possible to develop some 
physical insight into how the experiments operate without resorting to esoteric 
mathematical descriptions. Section 5.4 introduces graphical formalisms, known 
as coherence transfer pathways, that provide a simple representation of the 
'flow' of magnetisation during pulse experiments, which proves particularly 
enlightening for two-dimensional sequences and for those experiments that 
utilise pulsed field gradients for signal selection. Before any of this however, 
we must first develop some feel for how two-dimensional spectra are generated. 

5.1. INTRODUCING TWO-DIMENSIONAL METHODS 

The first point to clarify when discussing two-dimensional techniques is 
the fact that the two dimensions refer to two frequency dimensions, where as 
so-called one-dimensional methods have, of course, only one. In either case 
there will also be a dimension representing signal intensity, although this is 
never usually included when describing the dimensionality of an experiment. 
The two frequency dimensions may represent any combination of chemical 
shifts or scalar couplings. More recently, methods have been developed where 
the idea of a two-dimensional representation has been adapted to include 
one frequency and one 'other' dimension. For example, hybrid HPLC-NMR 
methods are capable of producing 2D plots with the usual ID NMR spectrum 
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comprising one dimension and the chromatographic retention time in the 
other. Likewise, it is possible to disperse the spectra of solutes according to 
their diffusion properties, in which case the second dimension represents the 
diffusion coefficients (Chapter 9). 

Conventional two-dimensional spectra find such wide utility in chemical 
research because they map out interactions within, or sometimes between, our 
molecules of interest. The interactions that can be probed may be broken down 
into three distinct categories which relate to quite different physical phenom-
ena; through-bond coupling, through-space coupling and chemical exchange. 
The first of these is considered in this and the following chapter under the 
division of homonuclear (between like nuclei, e.g. ^H-^H) and heteronuclear 
(between unlike nuclei e.g. ^H-^^C) couplings, and the experiments considered 
are principally aimed at the identification and subsequent piecing together 
of structural fragments within a molecule. Through-space coupling provides 
the basis for the nuclear Overhauser effect which is most often employed to 
deduce molecular stereochemistry and conformation, as described in Chapter 
8. Lastly, the mapping of chemical exchange pathways, which may be intra-
or inter-molecular, will also be considered in Chapter 8 since the methods for 
studying both the NOE and exchange are essentially identical. 

5.1.1. Generating a second dimension 

No matter what the nature of the interaction to be mapped, all two dimen-
sional sequences have the same basic format and can be subdivided into four 
well defined units termed the preparation, evolution, mixing and detection pe-
riods (Fig. 5.1). The preparation and mixing periods typically comprise a 

E 

ti 

M 
D 

Figure 5.1. The general scheme for any 
two-dimensional experiment. P: 
Preparation, E: Evolution, M: Mixing 
and D: Detection. 

pulse or a cluster of pulses and/or fixed time periods, the exact details of 
which vary depending on the nature of the experiment. The detection period is 
entirely analogous to the detection period of any one-dimensional experiment 
during which the spectrometer collects the FID of the excited spins. The 
evolution period provides the key to the generation of the second dimension. 
Before proceeding, briefly recall what happens during the acquisition of a 
one-dimensional FID and the processes that generate a single frequency domain 
spectrum. The detection process involves sampling (digitising) the oscillating 
free induction decay at regular time intervals dictated by the Nyquist condition 
for an appropriate acquisition period. The collected data are then subject to 
Fourier transformation to produced the required frequency domain spectrum. 
In other words, the general requirement for creating a frequency dimension is 
the regular sampling of magnetisation as it varies in some way as a function 
of time. Extending this idea one can conclude that to generate a spectrum with 
two frequency domains, fi and f2, it is necessary to sample data as a function of 
two separate time variables, ti and t2. Clearly one time domain and hence one 
frequency domain originates from the usual detection period (t2 in Fig. 5.1), but 
how does the other arise? 

To illustrate the required procedure consider a simple pulse sequence in 
which both the preparation and mixing units of Fig. 5.1 are each single 90x 
pulses (Fig. 5.2) acting on a sample that contains only a single, uncoupled 
proton resonance, say chloroform, with a chemical shift offset of v Hz. 
Viewing events with the vector model (Fig. 5.3) the initial 90̂ ^ pulse places 
the equilibrium magnetisation in the x-y plane along the H-}̂ -axis, after which 

Figure 5.2. An illustrative 
two-dimensional sequence in which P 
and M are 90° pulses. This is also the 
basic COSY sequence. 

M D 
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9 0 ; 

Figure 5.3. The action of the COSY 
sequence of Fig. 5.2 on a single, 
uncoupled proton resonance. 

Figure 5.4. Amplitude modulation of a 
singlet resonance as a function of the 
evolution period ti. At longer values of 
ti the signal intensity is diminished by 
spin relaxation. 

Mosin360vt^ 
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it will precess (or evolve) according to this chemical shift offset. After a 
time period, ti, the vector has moved through an angle of 360vti degrees, 
and is then subject to the second pulse. To appreciate the influence of this 
pulse, it is convenient to consider the vector as comprising two orthogonal 
components, one along the original }̂ -axis (MQ.COS 360vti) and the other along 
the jc-axis (Mo.sin 360vti). The second 90x pulse places the y-component along 
the -z axis whilst the ;c-component is unaffected and remains precessing in the 
transverse plane and produces the detected FID. Fourier transformation of this 
FID will therefore produce a spectrum containing a single resonance whose 
intensity depends upon the factor sin 360vti. 

Performing this experiment with ti set to zero means the two 90;̂  pulses 
will add to produce a net 180;̂  pulse which simply corresponds to inversion 
of the equilibrium vector. As there exists no transverse magnetisation there 
is no signal to detect and the spectrum contains only noise. Now imagine 
repeating the experiment a number of times with the ti interval increased 
by a uniform amount each time, and the resulting FIDs stored separately. 
As ti increases from zero, the resulting signal intensity also increases as 
jc-magnetisation has time to develop during the evolution period, reaching a 
maximum when it has evolved through an angle of 90°. Further increases in ti 
cause the jc-component to diminish, pass through a null, then become negative 
and so on according to the sine modulation. Subjecting each of the acquired 
t2 FIDs to Fourier transformation produces a series of spectra containing a 
single resonance whose intensity (or amplitude) varies as a function of time 
according to sin 360vti (Fig. 5.4). With longer values of ti, relaxation effects 
diminish the intensity of the transverse magnetisation according to T2, so the 
signal intensities show a steady (exponential) decay in addition to the ampli-
tude modulation. The intensity of the resonance as a function of time therefore 
represents another free induction decay for the ti time domain (referred to as 
an interferogram) that has been generated artificially or indirectly (Fig. 5.5). 
The frequency of the amplitude modulation corresponds to the chemical shift 
offset of the resonance in the rotating frame and we say the magnetisation 
has httn frequency labelled as a function of ti. Subjecting this time domain 
data to Fourier transformation, one would again expect this to produce a single 
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Figure 5.5. The variation in peak 
intensity of the ampHtude modulated 
resonance of Fig. 5.4 produces an FID 
(interferogram) for the ti domain. 

resonance with a chemical shift of v Hz in thefi frequency domain, just as for 
the f2 domain. GeneraUsing this process requires monitoring the intensity of 
every data point in the f2 domain as a function of ti, to produce a complete 
two-dimensional data set. Following Fourier transformation with respect to ti 
another complete frequency domain is generated which, in combination with 
the conventional domain, produces a two-dimensional spectrum displaying 
a single resonance at v Hz in both dimensions (Fig. 5.6). Note that the 
labelling of the frequency axes as fi and f2 follows from the ordering of the 
corresponding time domains in the pulse sequence, that is, ti followed by t2. 
The new artificial (ti) time domain has been sampled discretely by recording 
a FID for each ti time point and storing each separately, in analogy with the 
sampling of the t2 data points described earlier. The repeated acquisition of 
FIDs with systematically incremented ti time periods (Fig. 5.7) is fundamental 
to the generation of all two-dimensional data sets. Indeed, this simple idea 
can be extended to produce a three-dimensional spectrum simply by having 

Figure 5.6. The two-dimensional 
spectrum resulting from the sequence of 
Fig. 5.2 for a sample containing a single 
uncoupled spin. One peak results with a 
shift of V Hz in both dimensions. 



152 High-Resolution NMR Techniques in Organic Chemistry 

Figure 5.7. A generalised scheme for the 
collection of a two dimensional data set. 
The experiment is repeated many times 
with the ti-period incremented at each 
stage and the resulting FIDs stored 
separately. Following double Fourier 
transformation with respect to first t2 and 
then ti, the two-dimensional spectrum 
results. 
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three independently incremented time periods, one detected 'directly' and two 
'indirectly' (Fig. 5.8); whilst the technical details may be a little complex, the 
principle is quite straightforward. The philosophy behind the multidimensional 
approach is that one signal modulated as a function of one time variable (say 
ti) is detected at some later point as a function of another (t2 in the case of a 2D 
experiment). These general descriptions apply equally to spectra that contain 
many resonances. Repeating the above experiment for a sample containing just 
two uncoupled spins with offsets of VA and Vx Hz results in a spectrum with 
two 2D singlets whose frequencies in both dimensions correspond simply to 
the respective chemical shift offsets of the resonances (Fig. 5.9). 

Having gone to the trouble of generating a two-dimensional data set, the 
spectra of Figs. 5.6 and 5.9 tell us nothing that we could not derive from 
the corresponding one-dimensional spectra, simply the chemical shifts of the 
participating nuclei. This provides no new information because the 2D peaks 
map (or correlate) exactly the same information in both dimensions (vi = 
V2), in this case the chemical shifts. Two-dimensional spectra become useful 
when the peaks they contain correlate different information on the two axes, 
that is when vi ^ V2. This requires that magnetisation evolving at frequency 
vi during the ti time period then evolves at a different frequency V2 in the 
detection (t2) period. Clearly for this to happen there must be some mechanism 
by which the magnetisation precession frequency changes during the sequence, 
and more specifically within the mixing period. The details of this period 
dictate the information content of the resulting spectrum according to the 

a) 

Figure 5.8. Schematic representations of 
(a) two-dimensional and (b) 
three-dimensional experiments. A 3D 
experiment is collected by independently 
varying the ti and t2 intervals to generate 
the f 1 and fi domains respectively, by 
analogy with a 2D experiment. 
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V X 

interaction that is exploited, i.e. coupling, NOE, or chemical exchange. Just 
how the informative correlation peaks are produced will become apparent as 
various sequences are examined in the sections that follow. 

Before moving on, a comment on the presentation of 2D spectra is required. 
The spectra of Figs. 5.6 and 5.9 have been presented in the 'stacked-plot' mode 
to emphasise the similarity with one-dimensional spectra, and the presence 
of two frequency axes and one intensity axis. Although these may look 
aesthetically impressive, this form of presentation is of little use in practice. The 
usual way to present 2D spectra is via 'contour plots', in which peak intensities 
are represented by contours, as a mountain range would be represented on a 
map. Fig. 5.10 shows the equivalent contour presentation of Figs. 5.6 and 5.9 
and unless stated otherwise, all 2D spectra from now on will make use of this 
contour mode. 

Figure 5.9. The two-dimensional 
spectrum resulting from the sequence of 
Fig. 5.2 for a sample containing two 
uncoupled spins, A and X, of offsets VA 
and vx- Each produces a 2D peak at its 
corresponding chemical shift offset in 
both dimensions. 

5.2. CORRELATION SPECTROSCOPY (COSY) 

It was stated in the opening remarks of this chapter that COSY was the 
first two-dimensional sequence proposed, and it is in fact that given in Fig. 5.2 
above, utilising just two 90° pulses. The sequence, which correlates the chem-
ical shifts of spins that share a mutual J-coupling, is most often applied in 
proton spectroscopy although is equally applicable to any high-abundance 
nuclide. It is without doubt the mostly widely used of all two-dimensional 
methods, and is thus considered first. This section provides an introduction to 
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Figure 5.10. The equivalent contour plot 
representations of Figs. 5.6 and 5.9. 
Alongside the f i and fz axes are the 
conventional ID spectra for reference 
purposes. 

VA 

VA 
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the operation of the experiment and its principal features, after which you 
should be in a position to understand and interpret routine COSY spectra. Later 
sections look at more specific and useful features of the basic experiment and 
those of its cousins. 

5.2.1. Correlating coupled spins 

Moving on from the previous discussions concerning uncoupled spins, we 
now consider the more general case of spins that are scalar coupled. We first 
note that the frequency labelling component of the experiment described above 
is in operation for all excited spins so it is unnecessary to consider this further. 
Of interest now is the mixing part of the sequence, in this case the action of 
the pulse following ti. In short, this pulse transfers 'magnetisation' originally 
associated with one spin onto neighbouring spins to which it is coupled, this 
process being known formally as coherence transfer (Section 5.4), which is 
only possible because of the J-coupling. Coherence transfer has, in fact, already 
been described in Chapter 4 where it was presented in a slightly different 
guise as polarisation transfer from proton to carbon, which is nothing more 
than heteronuclear coherence transfer. In this, the original spin populations 
('magnetisation') associated with the proton were ultimately transferred to 
carbon. In the heteronuclear case events could be readily pictured by reference 
to population diagrams (SPI) and to the vector model (the INEPT sequence) 
because one could consider the action of pulses on the source proton and the 
target carbon quite independently. For the homonuclear case things are rather 
more complicated because all spins experience the same pulses simultaneously 
and the simple picture of events tends to break down. Nevertheless, similar 
transfer processes are operative and with COSY we simply have the analogous 
homonuclear coherence transfer taking place between spins. The similarity can 
be further exemplified if one compares the COSY sequence of Fig. 5.2 with 
the basic INEPT sequence of Fig. 4.21a. Ignoring the refocusing 180° pulses 
in INEPT, the two sequences are largely identical, both with initial excitation 
being followed by a period of evolution, after which both coupled spins 
experience a 90° pulse which elicits the transfer. The concept of coherence 
and coherence transfer is central to most NMR experiments and this is further 
considered in Section 5.4. 

The key point in all this is that magnetisation transfer occurs between 
coupled spins. To appreciate the outcome of this in the final COSY spectrum, 
consider the case of two J-coupled spins, A and X, with a coupling constant 
of JAX and chemical shift offsets VA and Vx- The magnetisation associated 
with spin A will, after the initial 90° pulse, precess during ti according to its 
chemical shift offset, VA. The second 90° pulse then transfers some part of this 
magnetisation to the coupled X spin, whilst some remains associated with the 
original spin A (the reason for this segregation is described in Section 5.2.3). 
That which remains with A will then precess in the detection period at a 
frequency VA, just as it did during ti, so in the final spectrum it will produce 
a peak at VA in both dimensions, denoted (VA, VA). This peak is therefore 
equivalent to that observed for the uncoupled AX system of Fig. 5.9 and 
because it represents the same frequency in both dimensions it sits on the 
diagonal of the 2D spectrum and is therefore referred to as a diagonal peak. In 
contrast, the transferred magnetisation will precess in t2 at the frequency of the 
new 'host' spin X, and will thus produce a peak corresponding to two different 
chemical shifts in the two dimensions (VA, VX). This peak sits away from the 
diagonal and is therefore referred to as an off-diagonal or, more commonly, a 
crosspeak (Fig. 5.11). This is the peak of interest as it provides direct evidence 
of coupling between spins A and X. The whole process also operates in the 
reverse direction, that is the same arguments apply for magnetisation originally 
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Figure 5.11. The COSY spectrum of a 
coupled, two-spin AX system. Diagonal 
peaks are equivalent to those observed in 
the ID spectrum whilst crosspeaks 
provide evidence of a coupling between 
the correlated spins. 
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associated with the X spin, giving rise to a diagonal peak at (vx, Vx) and 
a crosspeak at (vx, VA). Thus, the COSY spectrum is symmetrical about the 
diagonal, with crosspeaks on either side of it mapping the same interaction 
(Fig. 5.11). 

(CH3)2CHO; 

5.1 

5.2.2. Interpreting COSY 

The application of the COSY technique in spectral assignment is best 
illustrated by considering some real examples. The COSY spectrum of the 
azo-sugar 5.1, a monomer for the synthesis of oligomeric carbopeptoids, 
demonstrates both the power of the technique as well as some of its limitations 
or potential pitfalls (Fig. 5.12). The goal is to assign all proton resonances 
in the spectrum of 5.1. In this simple example, this could be accomplished 
through considered analysis of the multiplet fine-structure of each resonance. 
However, this process fails when spectra display significant resonance overlap 
and the greater dispersion available in two-dimensions can often bypass such 
limitations. Furthermore, COSY has the added advantage of speed, by avoiding 
the need to employ time-consuming analysis of the ID spectrum. Naturally, 
one may return to such levels of detail when assignments have been made and 
the gross structure identified to glean additional structural data, from coupling 
constants for example, but COSY can very rapidly provide evidence in support 
of a structure without the need for this. The first step in analysis is the matching 
of diagonal peaks to the equivalent resonances in the ID spectrum, as this 
provides orientation for all subsequent assignments. Coupled spins are then 
correlated by stepwise movements, starting and finishing at a diagonal peak via 
an intermediate crosspeak. Assignments for 5.1 begin with the characteristic 
doublet of H2. Correlation to its vicinal partner in the sugar is made via 
either of the symmetrically related crosspeaks which thus assigns H3, and 
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Figure 5.12. The 400 MHz COSY 
spectrum of the azo-sugar 5.1 in MeOD. 
Shown above is the conventional ID 
spectrum. 

ppm 

so on. This trivial procedure provides the basis on which COSY spectra are 
analysed. The power and simplicity of the experiment is further illustrated 
by a second example, a carbopeptoid dimer 5.2 (Fig. 5.13). In this case, two 
discrete spin systems exist within the molecule on adjacent sugar rings, and the 
differentiation and assignment of these follows readily from the characteristic 
doublets of H2 in each. The two ring systems are traced in Fig. 5.13, above 
and below the diagonal in red (ring A) and black (ring B) for clarity. Further 
correlations from the H6 protons of ring B to the adjacent amide NH are 
not shown in this figure, but their presence readily differentiates rings A and 
B. Indeed, correlations from the lone amide resonance would also provide a 
suitable starting point to map ring B. 

OAc AcO, 

\..--

OAc 

B O 

OCH(CH3)2 

5.2 

The COSY experiment, despite its simplicity, is, however, subject to a num-
ber of limitations and caveats that one should also be aware of. The correlation 



158 High-Resolution NMR Techniques in Organic Chemistry 

Figure 5.13. The 500 MHz COSY 
spectrum of the carbopeptoid dimer 5.2 
in CDCI3 shown with the ID spectrum 
above. Traced in red above the diagonal 
are the assignments for sugar ring A and 
in black below the diagonal are those for 
sugar ring B (this plot excludes 
correlations to the amide proton of 
residue B). Both can be assigned starting 
from the H2 proton of each sugar. The 
rings are labelled from the N-terminus of 
the carbopeptoid and the sugar ring 
numbering follows lUPAC 
recommendations for carbohydrate 
nomenclature. 
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between H4 and H5 in Fig. 5.12 is almost lost due to the near degeneracy of 
these resonances, and when coupled spins overlap in this manner the stepwise 
assignment process can breakdown since it may not be clear from which res-
onance subsequent correlations should be traced. Some caution is required in 
such instances to avoid incorrect assignments, and more sophisticated methods 
may ultimately be required to provide unambiguous results. With complex 
structures, one may be left with various groups of coupled spins identified from 
COSY spectra which cannot be linked through homonuclear correlations. These 
pieces of the molecular 'jigsaw' require additional experimental data if they 
are to be joined together, such as from heteronuclear correlation experiments or 
NOE measurements. Most proton-proton couplings operate over two or three 
bonds so the proton COSY spectrum typically identifies vicinal and geminal 
relationships. A further general limitation of COSY is the inability, a priori, 
to differentiate between these two types of correlation; in Fig. 5.12 the vicinal 
H5-H6 crosspeaks appear similar to the geminal H6-H6' crosspeak. When 
analysing COSY these two possible relationships should be borne in mind, 
particularly when diastereotopic geminal protons may be anticipated, notably 
in cyclic systems or those with stereogenic centres. A variant on the basic 
COSY sequence (COSY-P, Section 5.6.3) can, in favourable circumstances, 
differentiate between vicinal and geminal relationships and this method also 
finds widespread use. Structural features, such as unsaturation or the well 
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Figure 5.14. The 3ip_3ip cOSY 
spectrum of the PyMes cluster 5.3 with 
the ^^P ID spectrum below (reproduced 
with permission from [5]). 

-50 ppm 

known w-geometry, can also enhance long-range coupling constants and COSY 
can be surprisingly effective at revealing these correlations. As such, it is 
not safe to automatically assume all crosspeaks correspond to either vicinal 
or geminal coupling relationships. Geometrical factors can also cause vicinal 
couplings to be close to zero, in which case no COSY crosspeak is produced 
despite the presence of adjacent protons. Thus, the absence of a crosspeak 
between protons does not always exclude them from being adjacent in a 
structure. 

The COSY experiment is not limited to proton spectroscopy, but is suitable 
for establishing homonuclear correlations for any high abundance nuclide, the 
most common examples being ^^F, ̂ ^P or ^^B. Fig. 5.14 illustrates the 3ip_3ip 
COSY spectrum of the PvMes cluster 5.3 for which the assignment procedure is 
exactly as described for the proton spectra above. In this case, single-bond P-P 
couplings are identified directly, along with a lone two-bond coupling between 
P^ and P^ which arises from the sizeable ^ Jpp coupling. 

Me-
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Me 

5.3 

5.2.3. Peak fine structure 

The spectrum of Fig. 5.11 also reveals within each diagonal and crosspeak 
fine structure that is equivalent to the structure seen within the one-dimensional 
multiplets. Whether such fine structure is always resolved depends on the ex-
perimental settings used in the acquisition of the data. Whilst in the illustrative 



160 High-Resolution NMR Techniques in Organic Chemistry 

aa 
Figure 5.15. A schematic energy level 
diagram for the coupled two-spin AX 
system. 

example of Fig. 5.11 the data were recorded so as to reveal these details, the 
fine structure in Figs. 5.12 and 5.13 is not resolved, as is often the case in 
routine analysis. Interpretation of multiplet fine structure can, under the appro-
priate experimental conditions, provide valuable information, a topic addressed 
in Section 5.5.2 where we encounter a version of the COSY experiment better 
suited to this purpose. To realise the origin of this fine structure in the 2D spec-
trum, it is necessary to modify slightly the description of magnetisation transfer 
given above. It was stated that this transfer occurs between coupled spins but 
more precisely one should say it occurs between the transitions associated with 
these spins. Reference to the energy level diagram for a coupled 2 spin system 
(Fig. 5.15) should clarify this. Magnetisation associated with, say, transition 
Ai, which gives rise to one half of the A spin doublet, is redistributed to the 
other three transitions A2, Xi and X2 by the second 90° pulse of the COSY 
sequence. That associated with A2 during the detection period gives rise to the 
fine structure within the diagonal peak, whilst that now present as Xi and X2 
provides the structure of the crosspeak. The result is that, in addition to the 
modulation due to chemical shifts during ti and t2, there is additional modula-
tion arising from J-couplings, and this produces the coupling fine structure in 
both dimensions. 

Recall also that following the second pulse, 'some magnetisation remains 
associated with the original spin'. Thinking back to the discussions of polarisa-
tion transfer in the INEPT experiment, it was shown that the basic requirement 
for the transfer of polarisation was an antiphase disposition of the doublet 
vectors of the source spin, which for INEPT was generated by a spin-echo 
sequence. Magnetisation components that were in-phase just before the second 
90° pulse would not contribute to the transfer, hence the A period was opti-
mised to maximise the antiphase component. The same condition applies for 
magnetisation transfer between two protons as in the COSY experiment. This 
requires that the proton-proton coupling be allowed to evolve to give a degree 
of antiphase magnetisation that may be transferred by the second pulse, whilst 
the in-phase component remains associated with the original spin (Fig. 5.16). 
The coupling evolution period for COSY is the ti period so that the amount of 
transferred magnetisation detected in t2 is also modulated as a function of ti (sin 
ISOJti); this is the modulation mentioned at the end of the last paragraph that 
ultimately characterises the crosspeak coupling fine structure in f 1. Likewise, 
the amplitude of the in-phase, non-transferred component is also modulated in 
ti by the coupling (cos ISOJti) and this produces the coupling fine structure of 
the diagonal peak in f 1. Multiplet structure is further considered in Section 5.5.2 
with the aim of extracting coupling constants from 2D crosspeaks. 

5.3. PRACTICAL ASPECTS OF 2D NMR 

This section introduces the most important experimental aspects relating to 
two-dimensional data sets, and again uses the COSY experiment to illustrate 

Figure 5.16. Coupling evolution during 
ti produces in-phase and antiphase 
magnetisation components. Only the 
antiphase component contributes to 
magnetisation transfer and hence to 
crosspeaks in the 2D spectrum. 
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these. Many of the discussions are simply extensions of what has already been 
discussed in Chapter 3 for the one-dimensional experi Bent and familiarity with 
this is assumed. No new concepts are introduced here, although a modified 
approach to experimental set-up and to data processing is essential if 2D 
experiments are to be successful. 

5.3.1. 2D lineshapes and quadrature detection 

All the two-dimensional spectra presented so far have made use of quadra-
ture detection in both dimensions, enabling the reference frequencies for each 
to be placed at the centre of the spectrum. Quadrature detection for the fi 
data is achieved by either the simultaneous or sequential sampling schemes 
described in Section 3.2.4 and is therefore entirely analogous to that used 
for one-dimensional acquisitions. Quadrature detection in fi is also necessary 
for the same reasons. As with the ID case, this demands some means of 
distinguishing frequencies that are higher than that of the reference from those 
that are lower when evolving during ti. In other words, it is again necessary 
to distinguish positive and negative frequencies in the rotating frame so that 
mirror image signals do not appear either side of f i = 0. There are two general 
approaches to this in widespread use, one providing so-called phase-sensitive 
data displays, whilst the other provides data that it conventionally displayed in 
the absolute-value mode in which all phase information has been discarded. 
The first of these displays lineshapes in which absorption- and dispersion-
modes are separated, meaning the preferred absorption-mode signal is available 
for a high-resolution display. The second approach is inferior in that it produces 
lineshapes in which the absorptive and dispersive parts are inextricably mixed 
making it poorly suited to high-resolution work. However, since absolute value 
spectra are rather easy to process and manipulate, they still find use in some 
routine work and in fully automated processes, so are also considered here. 

Phase-sensitive presentations 
As for ID data, fi quadrature detection requires two data sets to be collected 

which differ in phase by 90°, thus providing the necessary sine and cosine 
amplitude-modulated data. Since the fi dimension is generated artificially, 
there is strictly no reference rf to define signal phases so it is the phase of 
the pulses that bracket ti that dictate the phase of the detected signal. Thus, 
for each tj increment two data sets are collected, one with a 90;̂  preparation 
pulse (ti sine modulation), the other with 90^ (ti cosine modulation), and 
both stored separately (Fig. 5.17). These two sets are then equivalent to the 

Figure 5.17. The States method of fi 
quadrature detection requires two data 
sets to be acquired per increment to 
generate separate sine and cosine 
modulated data sets. 

Datasetl; 90? 

Dataset2: 
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two channel data collected with simultaneous acquisition which produces the 
desired frequency discrimination when subject to a complex Fourier transform 
(also referred to as a hypercomplex transform in relation to 2D data). The rate 
of sampling in ti or, in other words, the size of the ti time increment, is dictated 
by the fi spectral width and is subject to the same rules as for the simultaneous 
sampling of one-dimensional data. This method is derived from the original 
work of States, Haberkom and Ruben [6,7] and is therefore referred to in the 
literature as the 'States' method of fi quad-detection. 

An alternative approach is analogous to the method of sequential sampling 
introduced in Section 3.2.4. As in the ID approach the aim is to avoid both 
positive and negative frequencies arising by shifting the apparent frequency 
range from itViSWi to 0 to -hSWi Hz by making the evolution frequencies 
during ti appear faster than they actually are. As for the States method above, 
there is no reference rf phase to shift for this artificial domain, so the equivalent 
effect is achieved by incrementing the phase of the preparation pulse by 90° 
for each ti increment, and sampling the data twice as fast as for the States 
method (by halving the ti increment). Only one data set is acquired for 
each ti period, but twice as many ti increments are collected, so the total ti 
acquisition time, and hence the digital resolution, is equal for both methods. 
This approach to fi quad-detection [8] is now referred to as Time Proportional 
Phase Incrementation or TPPI. 

The States and TPPI methods produce equivalent data sets [9] (although 
they differ subtly in the appearance of aliased signals and of the artefacts 
known as axial peaks; see below) and the one you choose is likely to 
depend on the scheme favoured by your instrument vendor, although both 
options may be found on modem instruments. The most significant point 
from all this is the two-dimensional lineshapes they produce. Both methods 
involve the detection of a signal that is amplitude modulated as a function 
of the ti evolution period (Fig. 5.4), and this is the fundamental requirement 
for producing spectra that have absorption and dispersion parts separated 
{pure-phase spectra) so allowing a phase-sensitive presentation. Separate real 
and imaginary parts of the data exist for both the fi and f2 dimensions, 
again analogous to the real and imaginary parts of a ID spectrum. This 
gives rise to four data quadrants (Fig. 5.18) with only the (real, real) data 
set being presented to the user as the final 2D spectrum, the others being 
retained for phase correction. It is usual for the displayed spectrum to contain 
absorption-mode lineshapes in both dimensions (Fig. 5.6) wherever possible 
since the double-absorption lineshape affords the highest possible resolution 
(Fig. 5.18, RR quadrant). The phase information contained within crosspeaks 
can also provide additional information in some circumstances and this is 
especially true for the phase-sensitive COSY experiment. 

Signal phases in phase-sensitive COSY 
When discussing two-dimensional spectra it is important to consider the 

relative phases and lineshapes for all resonances in the 2D plot. For the COSY 
spectrum, as explained above, the diagonal peaks arise from the in-phase 
component of magnetisation produced by evolution under spin-spin coupling. 
This is not transferred to the coupled spin by the mixing pulse, and diagonal 
peaks therefore have in-phase multiplet fine-structure in both dimensions. The 
crosspeaks, in contrast, arise from the transferred antiphase component so 
have antiphase multiplet structure in both dimensions. The initial phase of 
these two sets of signals also differs by 90° since the diagonals arise from 
magnetisation that was cosine modulated whilst the crosspeaks arise from that 
which was sine modulated. Thus, in the final spectrum, the phases of the 
diagonal and crosspeaks will also differ by 90° and since the crosspeaks are 
of most interest these are phased so as to have (antiphase) absorption-mode 
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Figure 5.18. The four quadrants of a 
phase-sensitive data set. Only the RR 
quadrant is presented as the 2D spectrum 
and this is phased to contain 
absorption-mode hneshapes in both 
dimensions to provide the highest 
resolution (R = real, I = imaginary). 
Positive contours are in black and 
negative in red. 

lineshapes in both dimensions, meaning the diagonal peaks posses (in-phase) 
double-dispersion lineshapes (Fig. 5.19). The unfortunate presence of the 
dispersion mode lineshapes is an unavoidable consequence of the COSY 
sequence with the wide tails of the diagonals potentially masking peaks that 
sit close by. One popular variant of the experiment (DQF-COS Y) removes the 
dispersive contribution so is favoured for high-resolution work. The antiphase 
character of COSY crosspeaks can also be troublesome when couplings are 
small relative to resonance linewidths since cancellation of the lines occurs and 
the crosspeak disappears. This is an important factor in determining whether 
correlations due to small couplings can be detected with this experiment, a 
topic addressed in Section 5.6.2. 

Aliasing in two dimensions 
Resonances that fall outside the chosen spectral width will be characterised 

with incorrect frequencies and so will appear aliased in the 2D spectrum. 
For symmetrical data sets such as COSY, the two spectral widths are chosen 
to be the same, so aliasing will occur in both dimensions, and the position 
of the aliased signal can usually be predicted from the quadrature detection 
scheme used for each dimension. Thus, in analogy with one-dimensional 
spectra, simultaneous or States sampling causes signals to be wrapped around, 
appearing at the far end of the spectrum, whilst those from sequential or TPPI 
sampling appear as folded signals at the near end. Some confusion can be 
introduced if different sampling schemes are used for the two dimensions, for 
example, simultaneous sampling in f2 but TPPI in fi [10]. Deliberately aliasing 
signals can be a useful trick in acquiring 2D data since reduced spectral widths 
imply reduced acquisition times and smaller data sets, or alternatively, greater 
resolution. For example, it is often feasible to eliminate lone phenyl groups 
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Figure 5.19. The phase-sensitive COSY 
for a coupled two-spin AX system. 
Diagonal peaks have broad, in-phase 
diO\xh\t-dispersion lineshapes (D) 
whereas crosspeaks have narrow, 
antiphase do\M&-absorption lineshapes 
(A), as further illustrated in the row 
extracted from the spectrum. 

D 

row 

V, 

V 

V. V. 

from COSY spectra and concentrate on the aliphatic region only as this is 
where the interesting correlations most often lie. With modem digital filters 
aliased signals in f2 can be eliminated, although those aliased in f i remain since 
there is no equivalent filtration in the indirect dimension. 

Absolute-value presentations 
Prior to the advent of the above methods that allowed the presentation of 

phase-sensitive displays, 2D data sets were collected that were phase-modu-
lated as a function of ti rather than amplitude-modulated. Phase-modulation 
arises when the sine and cosine modulated data sets collected for each ti 
increment are combined (added or subtracted) by the steps of the phase cycle, 
meaning each FED per ti increment contains a mixture of both parts. Here it 
is the sense of phase precession that allows the differentiation of positive and 
negative frequencies. This method is inferior to the phase-sensitive approach 
because of the unavoidable mixing of absorptive and dispersive lineshapes, so 
is generally only suitable for routine, low-resolution work. 

The selection of only one of the two possible mirror image data sets in 
fi is now achieved by suitable combination of the sine and cosine data sets. 
Addition of the two data sets within the phase-cycle (Table 5.2) selects those 
signals that have the same sense of precession in ti as they have during ta (say, 
both positive) and these are referred to as P-type signals. Subtraction within 
the phase cycle selects those signals that have the opposite sense of precession 
during ti and t2 (say, negative in ti, positive in i^) and are referred to as N-type 
signals. To clarify this point, remember the two senses of precession we speak 
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Table 5.2. COSY phase cycles to select the N-type (echo) or P-type (anti-echo) signals in fi 

N-type 

Pulse 1 

Cycle 1 X 
Cycle 2 y 

Pulse 2 Acquire 

X X 

X —X 

P-type 

Pulse 1 

X 

y 

Pulse 2 Acquire 

X X 

X X 

of here simply represent the two possible signals that would be detected either 
side of fi = 0 if one were not using quadrature detection. By employing this 
it becomes possible to select only one of these to appear ip the final spectrum 
whilst cancelling the mirror image. The information content of the P-type 
or N-type spectra are equivalent, only their appearance differs by virtue of 
reflection about fi = 0. One significant difference arises from the fact that with 
N-type selection signals are chosen that have opposite senses of precession in 
the two time periods. This may be thought of as being analogous to a spin-echo 
where vectors move in opposite senses either side of the refocusing pulse. 
A similar effect arises during t2 with N-type selection whereby echoes also 
occur, known as coherence transfer echoes, (Fig. 5.20). For this reason, N-type 
selection is also referred to as echo selection and P-type signals as anti-echo 
selection, since the refocusing effect does not arise for signals that precess in 
the same sense. Refocusing of field inhomogeneity with echo selection together 
with the fact that P-type signals are subject to more severe distortions, means 
that N-type selection is preferred when this method of quad-detection is used. 
Conventionally, these spectra are then presented with the diagonal running from 
bottom left to top right, as in earlier figures. 

CT echo 
Figure 5.20. The coherence transfer echo 
is apparent in an FE) taken from an 
N-type COSY data set. 

The greatest drawback with data collected with phase-modulation is the 
inextricable mixing of absorption and dispersion-mode lineshapes. The reso-
nances are said to posses a phase-twisted lineshape (Fig. 5.21a), which has 
two principal disadvantages. Firstly the undesirable and complex mix of both 
positive and negative intensities and secondly, the presence of dispersive con-
tributions and the associated broad tails that are unsuitable for high-resolution 
spectroscopy. To remove confusion from the mixed positive and negative inten-
sities, spectra are routinely presented in absolute-value mode, usually after a 
magnitude calculation (Fig. 5.22): 

M = (reap + imaginary^ )̂ ^̂  

where M represents the resulting spectrum. To improve resolution, severe 
window functions are also employed to eliminate the dispersive tail from 
the lineshape. Although a number of shaping functions are suitable [11], the 
most frequently used are the sine-bell, or the squared-sine bell (Section 3.2.7), 
which are simple to use as they have only one variable, the position of the 
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Figure 5.21. A stacked plot illustration 
of (a) the phase-twisted Une shape and 
(b) the double-absorption Hneshape. 
Clearly the resolution in (b) is far 
superior and for this reason 
phase-sensitive methods are preferred. 

Figure 5.22. Contour plots of (a) the 
phase-twist hneshape, (b) the same 
following magnitude calculation, and (c) 
the same following resolution 
enhancement with an unshifted sine-bell 
window and magnitude calculation. 

maximum. When used unshifted i.e. when the half sine-wave has a maximum 
at the centre of the acquisition time, the resulting peaks possess no dispersive 
component, thus reproducing the desired absorption Hneshape (Fig. 5.22c). 
The sine-bell shape is also beneficial in enhancing the crosspeak intensities 
relative to the diagonal. Since the crosspeaks arise from sine modulations, 
as described above, they initially have zero intensity which builds within the 
acquisition time. Diagonal peaks are cosine modulated so begin with maximum 
intensity and are therefore attenuated by the window function. However, the 
attenuation presents a problem for signals with differing relaxation times (or, in 
other words, linewidths) as these will be attenuated to different extents and, in 
particular, broader lines will be notably reduced in intensity by the early part 
of the sine-bell. The moral when interpreting absolute value data processed 
in this way is to be wary of differing crosspeak intensities and not simply to 
associate these with smaller coupling constants. The final problem with the use 
of these extreme resolution enhancing window functions is that much of the 
early signal is attenuated and the later noise enhanced, leading to a potential 
loss of sensitivity. It is possible to shift the function maximum to earlier in the 
FID to help improve this, with the inevitable re-introduction of some dispersive 
component, although a better approach is acquire phase-sensitive data which 
does not demand the application of such severe window functions. Despite this, 
when sensitivity is not a limiting factor, the magnitude experiment does have 
the advantage of not requiring phase corrections to be made, so is well suited to 
routine acquisitions and to automated methods, especially when implemented 
as the COSY-p variant described in Section 5.6.3. 
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5.3.2. Axial peaks 

Axial peaks are experimental artefacts that arise from magnetisation that was 
longitudinal (aligned along the z-axis) during the ti evolution period which is 
subsequently returned to the transverse plane by the mixing pulse and detected 
in t2. Since this magnetisation does not evolve during ti it is not frequency 
labelled and therefore has zero fi frequency. The peaks can be associated with 
all resonances in the spectrum and therefore appear as a band of signals across 
the spectrum at fi = 0 Hz. For the States or absolute-value methods, this 
occurs at the centre of the fi dimension (Fig. 5.23) and, unless eliminated, may 
interfere with genuine crosspeaks. If TPPI is used for quadrature detection in 
fi, the peaks are shifted toward one edge of the spectrum which, as described 
above, is where fi = 0 appears to be, and although aesthetically undesirable, 
are less of an interference. 

Axial 
Peaks 

CM 

«0^ Og!) 

0 

00(3 

ppm 

h2.0 

•2.5 

' I ' ' ' • I ' ' ' ' I ' ' ' ' I ' ' ' ' I ' 

4.0 3.5 3.0 2.5 2.0 

3.5 

h4.0 

-4.5 
ppm 

States 

TPPI 

Figure 5.23. Axial peaks in a COSY 
spectrum form a band of signals along f2 
at (a) the midpoint of f i (States or 
absolute-value data sets) or (b) at the 
high-frequency edge of the spectrum 
(TPPI data sets). 

The longitudinal magnetisation responsible for axial peaks arises from 
both experimental imperfection and from relaxation during ti. Thus, if the 
preparation sequence does not place all magnetisation in the transverse plane, 
which for COSY means the initial pulse is not exactly 90°, some residual 
z-component remains. Elimination of these unwanted peaks is achieved simply 
by repeating the experiment with the receiver phase inverted. The phase of 
the axial peaks will be unchanged, so will cancel when the two data sets are 
subtracted by the phase cycle. This procedure also has the benefit of cancelling 
any offset of the FIDs that arises from receiver imperfections. To avoid 
simultaneous cancellation of the desired signals the phase of the preparation 
pulse is also inverted to ensure that it matches the receiver phase, leading to the 
two-step phase cycle of Table 5.3. 

Table 5.3. The basic two-step phase cycle for the elimination 
of axial peaks 

Pulse 1 Pulse 2 Acquire 

Scan 1 
Scan 2 
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5.3.3. Instrumental artefacts 

Whilst there exist a whole host of artefacts that can arise in 2D spectra 
according to the details of the experiment, the two most likely to be encountered 
are briefly considered here. Both arise from instrumental imperfections, and 
how significant they are to you will be somewhat dependent on your instrument 
and its performance, but in any case it is useful to be able to recognise these 
artefacts if and when they appear. 

f2 quadrature artefacts 
Artefacts appearing along f2 rows are in many instances the exact parallel of 

those that may be observed in ID acquisitions, and, not surprisingly, the same 
solutions apply. Mirror-image quadrature artefacts arising from imbalance of 
the receiver quadrature channels may again be suppressed by integration of the 
4-step CYCLOPS routine (Section 3.2.5) into the existing phase cycle. This 
involves incrementing the phase of all pulses in the sequence together with the 
receiver phase in steps of 90°, and leads to a four-fold increase in the duration 
of the phase cycle. On modem instruments, the intensity of quadrature artefacts 
are so small (or even non-existent with digital, frequency-shifted detection 
schemes) that the addition of CYCLOPS can often be avoided and time savings 
made when sensitivity is not limiting. 

tj-noise 
Digitisation of data during a 2D experiment is subject to the same thermal 

noise arising from the probe head and preamplifier as in a ID experiment, and 
this contributes to the noise baseplane observed in the 2D spectrum. There 
also exists a particularly objectionable artefact associated with 2D experiments, 
referred to as ti-noise (note the ti here refers to the evolution period and 
should not be confused with the Ti relaxation time constant). This appears 
as bands of noise parallel to the fi axis where an NMR resonance exists 
and it is sometimes this that limits the observation of peaks in the spectrum 
rather than the true thermal noise. Indeed, it appears that the very earliest 
work on 2D NMR was unpublished due to excessive ti-noise present in the 
spectra. Generally speaking, this is caused by instrument instabilities which 
lead to random fluctuations in signal intensities and phase from one FID to 
the next over the course of the 2D experiment. Since these fluctuations relate 
to perturbations of the NMR resonance, the bands of ti-noise characteristically 
appear only at the f2 shifts of resonances and have intensities proportional to 
the corresponding resonance amplitude (Fig. 5.24). Thus, stronger bands of 
noise are associated with intense, sharp peaks, most notably singlets. 

The instrumental instabilities that contribute to ti-noise are numerous [12, 
13], including irreproducible rf pulse phase and amplitude, instability in the 
field-frequency lock and field homogeneity, and so on. These factors are in 
the hands of the instrument manufacturers, who have made steady progress in 
reducing various sources of instrumental instabilities over the years, although 
the problems are by no means completely eliminated. In preparing a 2D 
acquisition, there are a number of steps that will also help minimise these 
artefacts. The same arguments apply to any experiment that uses difference 
spectroscopy to retain selected signals and cancel others (for example the NOE 
difference experiment in Chapter 8), so are not exclusive to the world of 2D 
NMR. Use of a strong, sharp lock signal will provide optimum field-frequency 
regulation, and the use of auto-shim routines on the lower-order shims for 
long-term acquisitions should also help maintain lineshape reproducibility. 
Stability of the sample environment is also important. Magnetic field stability 
is, of course, essential, so movement of any magnetic materials anywhere in the 
vicinity of the instrument is highly undesirable; this could even include motion 
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Figure 5.24. Bands of noise parallel to 
the fi axis (ti-noise) often appear in 2D 
spectra. 

I " " I " " I " " I ' ^ " I " " I " " I 
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(human or otherwise) above or below the magnet or in the lab. next door. 
Temperature stability should also be maintained with a suitable temperature 
control unit, and equilibration of the sample prior to running the experiment 
is essential, especially for exchanging solutes or solvents, notably aqueous 
solutions. Finally, it is recommended practice not to spin samples during 2D 
acquisitions. This typically causes additional modulation of the detected signal 
as the sample rotates, notably from an imperfect tube or a 'wobbling' sample 
spinner, further contributing to ti noise. 

Symmetrisation 
Unwanted ti-noise in spectra can also be reduced by a number of post-

processing strategies. One of the most conmion procedures for absolute-value 
COSY experiments is symmetrisation [14]. This involves replacing symmetri-
cally related data points either side of the diagonal with the lesser of the two 
values so retaining crosspeaks but suppressing unsymmetrical artefacts. This 
must be applied with caution however, as it may enhance artefacts that have co-
incident symmetry, such as regions of ti-noise associated with intense singlets, 
giving them the appearance of genuine correlation peaks; confusion can usually 
be avoided by comparison with the non-symmetrised spectrum. This method is 
not generally suitable for phase-sensitive data as it may introduce distortion of 
crosspeak structure and can lead to reduced sensitivity, so this symmetrisation 
finds rather limited use in modem NMR. 

Significant reductions in the level of ti-noise can also be obtained in certain 
experiments where signal selection is achieved by pulsed field gradients, 
although homonuclear experiments such as COSY show little benefit in this 
respect, more notable gains being apparent for proton-detected heteronuclear 
correlation experiments. More recent post-processing methodologies such as 
reference deconvolution [15,16] have also provided impressive reductions in 
ti-noise [17,18], and the algorithms required for this are gradually finding their 
way into commercial processing software. 
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5.3.4. 2D data acquisition 

The success of any NMR experiment is, of course, crucially dependent on 
the correct setting of the acquisition parameters. In the case of 2D experiments 
one has to consider the parameters for each dimension separately, and we shall 
see that the most appropriate parameter settings for f2 are rarely optimum for 
f 1. Likewise, one has to give rather more thought to the setting up of a 2D 
experiment than is usually required for ID acquisitions to make optimum use 
of the instrument time available and data storage space. Once again, the general 
considerations below will be applicable to all 2D experiments, although we 
restrict our discussion at this stage to COSY. 

At the most basic level one has to address three fundamental questions when 
setting up an experiment; 1) will the defined parameters enable (or limit) the 
detection of the desired information and exclude the unwanted? 2) how long 
will it take and do I have enough time? and 3) how much storage space is 
required for the data and is this available? Ideally we would wish to acquire 
data sets rapidly and we would like these to be as small as possible for speed 
of processing and ease of handling yet still able to provide the information we 
require, so we set up our experiment with these goals in mind. 

Firstly, spectral widths, which should be the same in both dimensions of 
the COSY experiment, should be kept to minimum values with transmitter 
offsets adjusted so as to retain only the regions of the spectrum that will 
provide useful correlations. It is usually possible to reduced spectral widths 
to well below the 10 or so ppm proton window observed in ID experiments. 
The use of excessively large windows leads to poorer digital resolution in the 
final spectrum, or requires greater data sizes, neither of which is desirable. 
The spectral widths in turn define the sampling rates for data in t2, in exact 
analogy with ID acquisitions, and the size of the ti increment, again according 
to the Nyquist criteria. The acquisition time (AQt), and hence the digital 
resolution (1/AQt), for each dimension is then dictated by the number of data 
points collected in each. For ti, this is the number of data points digitised 
in each FID, whilst for ti this is the number of FIDs collected over the 
course of the experiment. The appropriate setting of these parameters is a 
most important aspect to setting up a 2D experiment, and the way in which 
one thinks about acquisition times and digital resolution in a 2D data set is, 
necessarily, quite different from that in a ID experiment. As an illustration, 
imagine transferring the typical parameters used in a ID proton acquisition into 
the two dimensions of COSY. The acquisition time might be 4 s, corresponding 
to a digital resolution of 0.25 Hz/pt, with no relaxation delay between scans. 
On, for example, a 400 MHz instrument, with a 10 ppm spectral width, this 
digital resolution would require 32K words to be collected per FID. The 2D 
equivalent, with States quad-detection in fi and with axial peak suppression, 
requires 4 scans to be collected for each ti increment. The mean acquisition 
time for each would be 6 s (t2 plus the mean ti value), corresponding to 24 
s of data collection per FID. If 16K ti-increments were to be made for the fi 
dimension (two data sets are collected for each ti increment remember) this 
would correspond to a total experiment time of about 4V2 days. Furthermore, 
the size of the resulting data matrix would be a little over 1000 million words 
and, with a typical 32 bit-per-word computer system this requires some 4 
gigabytes of disk space! I trust you will agree that four days for a basic COSY 
acquisition is quite unacceptable, let alone the need for a separate hard disk 
per experiment so acquiring data with such high levels of digitisation in both 
dimensions is clearly not possible. 

The key lies in deciding on what level of digitisation is required for the 
experiment in hand. The first point to notice is that adding data points to extend 
the t2 dimension leads to a relatively small increase in the overall length of 
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the experiment, so we may be quite profligate with these (although they will 
lead to a corresponding increase in the size of the data matrix). Adding ti data 
points on the other hand requires that a complete FID of potentially many scans 
is required per increment, which makes a far greater increase to the total data 
collection time. Thus, one generally aims to keep the number of ti increments 
to a minimum that is consistent with resolving the correlations of interest, and 
increasing t2 as required when higher resolution is necessary. For this reason, 
the digital resolution in f2 is often better than that in fi, particularly in the case 
of phase-sensitive data sets. The use of smaller ti acquisition times (AQu) is, in 
general, also preferred for reasons of sensitivity since FIDs recorded for longer 
values of ti will be attenuated by relaxation and so will contribute less to the 
overall signal intensity. The use of small AQti is likely to lead to truncation 
of the ti data, and it is then necessary to apply suitable window functions 
that force the end of the data to zero to reduce the appearance of truncation 
artefacts. 

For COSY in particular, one of the factors that limits the level of digitisation 
that can be used is the presence of intrinsically antiphase crosspeaks, since too 
low a digitisation will cause these to cancel and the correlation to disappear 
(see Section 5.6.2 for further discussions). The level of digitisation will 
also depend on the type of experiment and the data one expects to extract 
from it. For absolute-value COSY one is usually interested in establishing 
where correlations exist, with little interest in the fine-structure within these 
crosspeaks. In this case it is possible to use a low level of digitisation consistent 
with identifying correlations. As a rule of thumb, a digital resolution of J to 2J 
Hz/pt (AQ of 1/J to 1/2J s) should enable the detection of most correlations 
arising from couplings of J Hz or greater. Thus for a lower limit of, say, 3 Hz 
a digital resolution of 3-6 Hz/pt (AQ of ca. 300-150 ms) will suffice. The 
acquisition time for ti is typically half that for t2 in this experiment, with one 
level of zero-filling applied in ti so that the final digital resolution is the same 
in both dimensions of the spectrum (as required for symmetrisation). 

For phase-sensitive data acquisitions one is likely to be interested in using 
the information contained within the crosspeak multiplet structures, and a 
higher degree of digitisation is required to adequately reflect this, a more 
appropriate target being around J/2 Hz/pt or better (AQ of 2/J s or greater). 
Again, digitisation in t2 is usually 2 or even 4 or 8 times greater than that in ti. 
In either dimension, but most often in ti, this may be improved by zero filling, 
although one must always remember that it is the length of the time domain 
acquisition that places a fundamental limit on peak resolution and the effective 
linewidths after digitisation, regardless of zero-filling. The alternative approach 
for extending the time-domain data is to use forward linear prediction when 
processing the data (Section 3.2.3). The rule as ever is that high resolution 
requires long data sampling periods. 

Having decided on suitable digitisation levels and data sizes, one is left 
to choose the number of scans or transients to be collected per FID and 
the repetition rates and hence relaxation delays to employ. The minimum 
number of transients is dictated by the minimum number of steps in the phase 
cycle used to select the desired signals. Further scans may include additional 
steps in the cycle to suppress artefacts arising from imperfections. Beyond 
this, further transients should only be required for signal averaging when 
sensitivity becomes a limiting factor. Since most experiments are acquired 
under 'steady-state' conditions, it is also necessary to include 'dummy' scans 
prior to data acquisition to allow the steady-state to establish. On modem 
instruments that utilise double-buffering of the acquisition memory, dummy 
scans are required only at the very beginning of each experiment so make a 
negligible increase to the total time required. On older instruments which lack 
this feature it is necessary to add dummy scans for each ti increment, and these 
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Experiment 

a) Phase-Sensitive 
b) Phase-Sensitive 
c) Absolute-Value 

Table 5.4. Illustrative data tables for COSY experiments 

Spectral width 
(ppm) 

10 X 10 
6 x 6 
6 x 6 

N(t2) N(ti) Hz/pt Hz/pt 
(t2) (tl) 

32K 32K 0.25 0.25 
2K IK 2.3 2.3 
IK 256 4.6 4.6 

Experiment 
time 

4.5 days 
55 mins 
22 mins 

Raw data-set 
size 

1000 Mwords 
2 Mwords 
0.25 Mwords 

Scenario (a) transplants acquisition parameters from a typical ID proton spectrum into the second 
dimension leading to unacceptable time requirements, whereas (b) and (c) use parameters more 
appropriate to 2D acquisitions. All calculations use phase cycles for f i quad-detection and axial 
peak suppression only and, for (b) and (c), a recovery delay of Is between scans. A single 
zero-filling in fi was also employed for (b) and (c). 

may then make a significant contribution to the total duration of the experiment. 
The repetition rate will depend upon the proton Tis in the molecule and since 
the sequence uses 90** pulses, the optimum sensitivity is achieved by repeating 
every 1.3 Ti s. 

Returning to the example 400 MHz acquisition discussed above, we can 
apply more appropriate criteria to the selection of parameters. Table 5.4 
compares the result from above with more realistic data, and it is clear that 
under these conditions COSY becomes a viable experiment, requiring only 
hours or even minutes to collect, rather than many days. The introduction 
of pulse field gradients to high-resolution spectroscopy (Section 5.6) allows 
experiments to be acquired with only 1 transient per FID where sensitivity 
is not limiting so further reducing the total time required for data collection. 
The data storage requirements in these realistic examples are also well within 
the capabilities of modem computing hardware, and are likely to become 
increasingly less significant as this develops further. Although illustrated for 
COSY spectra, the general line of reasoning presented here is applicable to the 
set-up of any 2D experiment. These issues are briefly considered with reference 
to different classes of techniques in the following chapters describing other 2D 
methods. 

5.3.5. 2D data processing 

The general procedure for processing any 2D data set is the same and 
essentially follows that outlined in the flow chart of Fig. 5.25. The details of 
the parameters selected for each stage will depend upon the technique used, 
the acquisition conditions and the nature of the sample being studied, so only 
the general principles that are to be considered during data processing are 
considered here. All of these are extensions of the ideas already introduced 
in Chapter 3 for the handling of ID data and this section assumes familiarity 
with these (Sections 3.2.3 and 3.2.8). Processing techniques have even greater 
importance for two-dimensional work where the operator is able to tailor 
the appearance of the final spectrum to a large degree according to the 
chosen parameters. The choice of window functions has a major impact on 
the final spectrum and this selection differs markedly for phase-sensitive and 
absolute-value data sets, so initially we restrict discussion to the phase-sensitive 
case. These functions are applied typically with three goals in mind: 

• To ensure truncation of the time-domain data and thus attenuate truncation 
artefacts, 

• To enhance resolution in the spectrum, and 
• To provide optimum signal-to-noise. 

Owing to the short acquisition times used, data truncation typically occurs in 
both dimensions. Particularly when zero-filling is applied, as is nearly always 
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Raw 2D data matrix 

i 
Apply window function to t2 FIDs 

I 
Fourier transform with respect to tg 

I 
f2 spectra, t̂  interferograms 

i 
Apply window function to ti interferograms 

I 
Zero-fill ti interferograms 

I 
Fourier transform with respect to t̂  

i 
2D spectrum 

I 
Phase correction of fg rows 

i 
Phase correction of f i columns 

i 
Phased 2D spectrum 

Zero-fill tg FIDS 

Linear prediction 
oft-i interferograms 

Magnitude calculation 

Further post-processing 
eg symmetrization, tilting etc 

Figure 5.25. The typical scheme 
followed in the processing of a 
two-dimensional data set. The items 
shown to the right are additional or 
alternative procedures that may be 
executed. 

the case in ti, the window function must force the FID to zero if truncation 
wiggles are to be avoided. The longer t2 acquisition times often means 
zero-filling is not required in this dimension and similar considerations apply 
to those for handing a ID FID. Generally some enhancement of resolution 
without degradation of signal-to-noise is of primary concern for which any of 
the resolution enhancements functions of Section 3.2.8 can be used, the most 
popular being the Lorentz-Gauss transformation, or the shifted sine-bell or 
squared-sine-bell. The later two guarantee forcing the decay to zero, so are also 
suitable for the shaping of ti data prior to zero-filling, which is typically applied 
at least once. In either dimension, excessively strong enhancement leads to the 
appearance of negative-going excursions about resonances and trial and error is 
generally the best approach to achieving optimum results. Often the first FID 
of a 2D data matrix can be used as a convenient test ID spectrum to visualise 
the effects different window functions will have on the final f2 data. Modem 
software now allows interactive changes of shaping parameters along with a 
display of the final spectrum making such experimenting rather straightforward. 
An alternative to the zero-filling of ti data for high signal-to-noise data sets 
is the extension of ti interferograms by linear prediction to typically two or 
four times their original size. Not only does this extend the decay, it reduces 
the need for apodisation of highly truncated data, both of which contribute to 
improved resolution in fi. Further zero-filling beyond this may also be applied 
to improve the digitisation of the final spectrum if desired. 

Absolute-value data sets (typically presented following a magnitude calcu-
lation) demand stronger resolution enhancement functions in both dimensions 
to suppress the undesirable dispersion-mode contributions to the phase-twisted 
lineshapes. This is most often achieved with the sine-bell or squared-sine-bell 
functions. These are well suited to the anti-phase peaks that give rise to COSY 
correlations since these start with zero intensity (being initially antiphase they 
have no net magnetisation) and grow in during the course of the FID. However, 
most 2D experiments produce in-phase resonances which provide full intensity 
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at the start the FID and if used non-shifted these functions lead to attenuation 
of much of the signal and can severely degrade sensitivity (try processing a ID 
proton spectrum with a non-shifted sine-bell!). 

Phase correction 
Phase correction of a 2D spectrum is undertaken independently for the 

two frequency domains. Where the first FID of a 2D matrix contains signals, 
this can be processed and phased as for a ID spectrum and the resulting 
zero- and first-order phase constants applied to the f2 data. The frequency 
independent phase correction for fi will depend on the details of the phase 
cycling used in the pulse sequence, but should be close to 0*" or 90°. In 
theory, a frequency-dependent (1st order) phase correction in fi should not 
be necessary since the time delays prior to data sampling that produce these 
errors do not arise for the artificially generated time domain. In practice some 
small correction is often required to both domains for optimum results and this 
is undertaken interactively as for a ID spectrum. Thus, one aims to observe 
signals at either end of the spectrum on which to make the corrections. This 
involves independently selecting f2 rows (or fi columns) from the 2D spectrum. 
To provide the necessary frequency distribution of resonances, 2 or more from 
each dimension are usually required, and the resulting phase constants applied 
to all other rows (or columns). 

Presentation 
It has already been stated that the most informative and convenient way 

to present 2D data is as a contour plot, in which the horizontal and vertical 
axes represent the frequency dimensions and the peak intensity is indicated 
with appropriate contours. The lower contour setting defines the cut-off below 
which no signals are presented. Typically this will be set some way above 
the baseplane noise level but if set too high may eliminate potentially useful 
information such as weak correlations arising from small couplings. In some 
instances a cut-off level suitable for revealing weak signals will be too low for 
more intense ones and may cause the appearance of artefacts such as ti-noise, 
which does not make for an aesthetically appealing plot. In such situations it 
may be worthwhile producing multiple plots with differing settings. Producing 
expansions of different regions can also be beneficial, especially in crowded 
situations or where the details of crosspeak structures are to be analysed. Such 
analysis is best performed interactively on screen if possible, where the use 
of cursors and cross-hairs is more accurate than that of pencil and ruler. In 
situations where both positive and negative contours must be displayed and 
differentiated, different colours can be employed or different line styles if 
monochrome output is demanded. 

5.4. COHERENCE AND COHERENCE TRANSFER 

The notion of coherence has already been touched upon in the introduction 
to COSY in this chapter and has been briefly mentioned in Chapter 4. This 
lies at the foundation of every NMR experiment, and to appreciate many of the 
topics that follow in this book it is useful to develop some feel for this and 
the notion of coherence transfer. Coherence is a generalisation of the notion of 
transverse magnetisation yet it is important to appreciate some specific features 
of coherence, which may be illustrated with reference to the energy level 
diagram of a coupled 2-spin AX system (Fig. 5.26a). Following the application 
of a 90*" pulse on this system at equilibrium, transverse magnetisation exists 
which, according to the vector model, may be represented as four vectors in 
the rotating frame, one for each of the transitions in Fig. 5.26a. These give 
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rise to the four lines of the two doublets in the resulting spectrum. These 
transitions are termed single-quantum transitions because they are associated 
with a change in magnetic quantum number, M, of one (AM = 1). The 
magnetisation associated with each is therefore referred to as a single-quantum 
coherence which is said to possess a coherence order, p, of 1. Single-quantum 
coherence is the conventional transverse magnetisation detected in any NMR 
experiment as this is able to induce a voltage in the NMR detector. In this 
respect it is useful to consider the difference between a transition excited by 
a 90° pulse, as above, and one that is saturated by weak rf irradiation. Both 
situations correspond to equal a and P populations and hence to zero population 
differences across the transitions yet only the first produces a detectable signal. 
The saturated transition has no net magnetisation to detect because the spins 
are distributed about the x-y plane with random phase. The spins excited by 
the pulse, however, are bunched together along one axis in the transverse plane 
and so produce a net component that is detectable; they have phase coherence 
imposed on them by the pulse (Fig. 5.27). In general we may distinguish a 
single-quantum coherence as a phase coherence between two states that have 
AM = dil. 

Now imagine the application of a selective 90° pulse to the 2-spin system 
at equilibrium but to just one of the transitions, say Ai. This then creates a 
single-quantum coherence for this transition alone (Fig. 5.26b). Next imagine 
applying a selective 90° pulse to the transition X2 and hence equalising 
the populations across this transition. This process transfers some of the spins 
associated with the Pa state to the pp state and some part of the phase coherence 
originally associated with Ai is now associated with the 1-4 transition (aa-pP) 
(Fig. 5.26c). This is a new form of coherence not previously considered in 
any detail. It corresponds to a change in magnetic quantum number of 2 (AM 
= 2) so is therefore termed two-quantum or more usually, double-quantum 
coherence (p = 2) which cannot readily be represented with the vector model 
notation used thus far. In the COSY experiment a similar state of affairs 
arises through the use of non-selective 90° pulses applied simultaneously 
to all transitions. Thus, during ti the single-quantum coherences (transverse 
magnetisation) generated by the first 90° pulse evolve under the influence of 
spin-spin coupling to give the antiphase magnetisation components required for 
coherence transfer, as described in Section 5.2.3. On application of the second 
90° pulse, the coherence originally associated with the Ai single-quantum 
transition is distributed amongst the other transitions within the spin system 
(Xi, X2, A2, 1-4 and 2-3) whilst some part remains with Ai (Fig. 5.26d). 
The first two again correspond to single-quantum coherence but now of the X 
spin, so this coherence transfer from A to X (Fig. 5.28) gives rise to the COSY 
crosspeak. Coherence remaining with Ai or that transferred to A2 ultimately 
produces the diagonal peak multiplet that we have already seen. The 1-4 
coherence is the double-quantum coherence described above whilst the 2-3 
coherence corresponds to a change in magnetic quantum number of zero, so is 
termed zero-quantum coherence (p = 0). Longitudinal magnetisation, although 
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Figure 5.26. Schematic energy level 
diagrams for a coupled two-spin AX 
system (see text). SQC = 
single-quantum coherence, DQC = 
double-quantum coherence and ZQC 
zero-quantum coherence. 

Figure 5.27. Net transverse 
magnetisation is produced from the 
bunching of individual magnetic 
moments which gives rise to an 
observable NMR signal. These spins are 
said to posses phase coherence, and 
because only single-quantum spin 
transitions (a ^ P) are involved in 
generating this state, it is termed 
single-quantum coherence. 
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Figure 5.28. The coherence transfer 
process responsible for generating 
crosspeaks in correlation spectroscopy, 
illustrated for the Ai transition. 
Coherence of spin-A during ti of a 2D 
sequence becomes coherence of spin-X 
during t2, thus correlating the two spins 
in the resulting spectrum. 

Xo X i 

a a 

Figure 5.29. A simplified picture of 
multiple-quantum coherence in an AX 
system views this as being composed of 
groups of evolving antiphase vectors 
which have zero net magnetisation, and 
hence can never be directly observed. 

not a state of coherence, also has p = 0 since it does not correspond to 
transverse magnetisation. All coherences for which p 7̂  ±1 are referred to as 
multiple-quantum coherences. Quantum mechanical selection rules dictate that 
only those coherences corresponding to AM = ±1 are able to induce a signal 
in the detection coil or, in other words, only single-quantum coherences may 
be observed directly since all others have no net magnetisation associated with 
them. Unfortunately, simply stating this fact leaves a slightly uncomfortable air 
of mystery surrounding the 'invisible' multiple-quantum coherences. A simple 
physical picture of these states views them as combinations of pairs of evolving 
vectors that are always antiphase and hence never produce observable net 
magnetisation (Fig. 5.29). The evolution frequency of these states is dictated 
by the chemical shifts of the participating nuclei and the coherence order. 
Whereas single-quantum coherences evolve in the rotating frame according 
to the chemical shift offset of the spin from the transmitter, double-quantum 
coherence evolves according to the sums of the chemical shift offsets of 
the two-spins (VA + Vx) and zero-quantum coherences according to their 
offset differences (VA — Vx). In a system containing more than two coupled 
spins, higher orders of multiple-quantum coherence may also be excited, so, 
for example, at least three coupled spins are required for the generation of 
triple-quantum coherence, and so on. Although again these higher orders 
cannot be observed directly their presence may be detected indirectly if they 
are reconverted to single-quantum coherences prior to detection. For example, 
adding a third pulse to COSY would regenerate single-quantum coherence 
from the otherwise invisible multiple-quantum coherences that were generated; 
an example of this is found in the double-quantum filtered COSY described 
shortly. Just as spin-spin relaxation produces a loss of observable signals by 
destroying the phase coherence of transverse (single-quantum) magnetisation, 
multiple-quantum coherences are also dephased by such relaxation processes 
and similarly have a finite lifetime in which they can be manipulated. 

It should also be noted that a coherence order has sign associated with 
it, so single-quantum coherence may have an order ofp = - | - l o r p = —1, 
whereas double-quantum coherences will have p = ±2 and so on. The positive 
and negative signs represent hypothetical vectors that precess at the same rate 
but in opposite senses in the rotating frame. For single-quantum coherence, 
these simply correspond to the two sets of mirror-image signals that would be 
observed either side of the reference frequency in the absence of quadrature 
detection, so have a realistic physical manifestation. By using quadrature 
detection when collecting data we choose to keep one of these sets of signals 
and eliminate the other, to avoid possible confusion. 
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5.4.1. Coherence-transfer pathways 

The existence of the different levels of coherence present during any pulse 
sequence may be illustrated by means of coherence level diagrams. These were 
originally introduced to NMR for the purpose of designing pulse sequence 
phases cycles [19-21] but can also provide an extremely effective yet simple 
graphical means of following the flow of magnetisation through a pulse 
sequence. This formalism proves to be especially powerful when considering 
the pathway taken by magnetisation from the start of a 2D pulse sequence to its 
arrival at the detector. It also provides a means of following multiple-quantum 
coherences which cannot be represented by the vector model, so overcoming 
some of the limitations of this without resorting to mathematical formalisms. 
The coherence level diagram for a single-pulse ID acquisition is presented in 
Fig. 5.30. A single pulse generates only coherences with p = ± 1 , and these 
are represented in this figure as solid and dashed lines. As stated above, one 
of these pathways is selected by the hardware quadrature detection whilst the 
other is rejected, and purely by convention the p = — 1 pathway is retained (note 
that in the original paper [19] the opposite convention was chosen). Coherence 
level diagrams are used to indicate the pathway followed by the desired 
magnetisation that is selected by the phase cycle or pulsed field gradients in 
use. All other possible pathways (of which there could be very many) are not 
shown and are assumed to be eliminated, thus the dashed pathway of Fig. 5.30 
would not usually be presented. 

To introduce the idea of coherence-transfer pathways for 2D experiments 
the COSY sequence is again considered and for simplicity the absolute-value 
P- and N- type COSY experiments described in Section 5.3.1 are described. 
The desired pathways for both these experiments are shown in Fig. 5.31 with 
the only difference between these two being the relative sense of precession of 
(single-quantum) coherence in the ti and t2 time periods, this being the same for 
the P-type and opposite for the N-type signals. This difference is then clearly 
illustrated by the coherence transfer pathways followed, both of which begin 
with equilibrium longitudinal magnetisation which has coherence order zero. 
Since coherence order p = — 1 is selected in t2, the corresponding coherence in 
ti is therefore p = — 1 for the P-type signal but p = +1 for the N-type. These 
pathways are selected by the phase cycle described previously and illustrated 
in Table 5.2. During the ti period, and in general any period of free precession 
under the influence of chemical shifts and/or couplings, the coherence orders 
remain unchanged; only rf pulses are able to alter coherence levels (although 
relaxation will ultimately regenerate longitudinal magnetisation and hence 
coherence level zero). 

For the phase-sensitive COSY experiment both p = ±1 pathways must 
be preserved during ti. Recall that for a pure-phase 2D spectrum the signal 
detected in t2 must be amplitude-modulated as a function of ti. Such a signal 
can only be obtained if both of the counter-rotating coherences are retained 
since the retention of only one of these unavoidably leads to a phase-modulated 

Figure 5.30. The coherence level 
diagram for a single-pulse ID 
experiment. The solid line represents the 
coherence transfer pathway of the 
detected magnetisation. The dotted Une 
represents the mirror image pathway that 
is rejected by the quadrature detection 
scheme. 
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Figure 5.31. The coherence level 
diagrams and coherence transfer 
pathways for (a) P-type, (b) N-type and 
(c) phase-sensitive COSY. 
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signal (Fig. 5.32) and hence the phase-twist lineshape, as for the P- or N-type 
COSY. However, the presence of both pathways implies the detection of the 
NMR resonance plus its mirror (quadrature) image in fi, so the use of a suitable 
quadrature detection scheme (States or TPPI) to eliminate one set of these 
responses at the data processing stage is essential. The need to retain both 
pathways during ti for the acquisition of pure phase spectra is fundamental 
to all 2D experiments. This has prime importance when utilising pulsed field 
gradients for coherence pathway selection. 

5.5. GRADffiNT-SELECTED SPECTROSCOPY 

It may be argued that the most significant fundamental development in 
experimental methodology in high-resolution NMR during the 1990s has been 
the introduction of pulsed field gradients, which extend the scope of numerous 
NMR techniques [22-24]. The concept of applying magnetic field gradients 
across a specimen or sample has long been used in (nuclear) magnetic reso-
nance imaging [25] and although the potential for their use in high-resolution 
NMR was realised some time ago [26,27], technical limitations precluded their 
widespread use for some years [28]. Nowadays, pulsed field gradients find ap-

Figure 5.32. (a) Amplitude modulation 
requires both counter-rotating vectors (p 
= ±1 coherences) be retained during ti. 
The resultant signal (greyed) is 
modulated in amplitude along the j—axis 
as the vectors precess. (b) Phase 
modulation results if only one vector (p 
= l o r p = —l)is retained as the phase 
angle G varies as the vector precesses. 

p=+i 
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plication in numerous one and multidimensional NMR techniques as a means 
of selecting those signals deemed interesting and suppressing those which are 
not, and have proved hugely beneficial to many of the routine methods used 
within structural organic chemistry. This section introduces the general princi-
ples behind the use of pulsed field gradients (PFGs), and although nestled in 
this introduction to two-dimensional NMR techniques, the discussions are quite 
general and applicable to all gradient-selected experiments. Gradient-based 
methods have not been collected together within a separate chapter, but are pre-
sented alongside the more conventional equivalents throughout the book. This 
more properly reflects the way in which the gradient methods have steadily 
permeated the NMR world and may now be considered standard techniques 
as more instruments are supplied with the appropriate hardware incorporated. 
Furthermore, the majority of methods that use PFGs are often simple varia-
tions on the original non-gradient equivalent (hence the use of terms such as 
gradient-enhanced or gradient-accelerated experiments in the literature) and 
thus require no greater understanding to enable one to apply the experiment 
and interpret the data. In fact the advantages endowed by PFGs over traditional 
methods largely relate to the practicalities of data collection, often allowing the 
collection of superior quality data in shorter times. 

The term 'traditional' in this context, refers to those experiments that make 
use of phase-cycling to select the desired signals and suppress all others. The 
notion of phase-cycling has already been encountered in previous sections; the 
point to recall at this stage is that this procedure involves the repetition of a 
pulse sequence with the phases of the rf pulse(s) adjusted on each transient and 
the data from each combined such that the desired signals add constructively 
whilst those that are unwanted cancel. Phase-cycling procedures are thus all 
based on difference spectroscopy and as a result are subject to problems of 
imperfect subtraction of the undesired signals which leads to artefacts in the 
final spectrum. The dependence on a difference procedure also means that on 
each transient data is collected which is ultimately discarded which clearly does 
not make optimum use of the receiver's dynamic range. These methods also 
require that a full phase-cycle be completed to achieve the required selection 
regardless of signal strength, so place a fundamental limit on how quickly 
an experiment can be collected. Experiments which make use of PFGs for 
signal selection do not suffer from these limitations because only the desired 
signal is collected on each transient, so leading to cleaner spectra that are 
free from difference artefacts and, when sensitivity is not limiting, to faster 
data collection because one is not limited by the number of steps in a phase-
cycle. 

5.5.1. Signal selection with pulsed field gradients 

Defocusing and refocusing with PFGs 
Before subjecting any sample to NMR analysis, one of the operations 

that must be performed is that of shimming the magnetic field to remove 
inhomogeneities. This ensures that all spins in the same chemical environment 
experience the same applied field and hence possess the same Larmor frequency 
regardless of their location within the sample, ff, however, one were to 
deliberately impose a linear magnetic field gradient (known as a BQ gradient) 
across the sample, say along the z-axis, chemically equivalent spins would now 
experience a different applied field according to their position in the sample, 
in this case, along its length. This may be understood by considering the 
sample to be composed of microscopically thin disks in the x-y plane with 
each experiencing a different local magnetic field according to their physical 
location (Fig. 5.33). ff the field gradient were imposed for a discrete period of 
time as a gradient pulse (Fig. 5.34a), then during this the spins, having been 
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Figure 5.33. The action of field gradient 
pulses, (a) In a homogeneous magnetic 
field all chemically similar spins possess 
the same Larmor frequency within every 
microscopically thin disk throughout the 
sample causing their individual magnetic 
moments to add and to produce a sharp 
resonance, (b) After the action of a linear 
field gradient of strength Bg for a 
duration Xg, the spins have evolved 
through different angles according to 
their local magnetic fields, adding to give 
zero net magnetisation, (c) Apphcation 
of a second, identical gradient but in the 
opposite direction refocuses the 
individual vectors once more and 
recovers the resonance. The 
magnetisation is said to have been first 
defocused and then refocused by the 
action of the gradients. 
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previously excited with an rf pulse, precess with differing frequencies and will 
thus rotate through differing angles (Fig. 5.33b). Provided the gradient pulse is 
of sufficient strength and duration, the net magnetisation remaining, which is 
the sum of the transverse magnetisation from all disks in the sample, will be 
zero and there would be no detectable NMR signal. The gradient pulse is said 
to have defocused (or dephased) the magnetisation. The effect of applying such 
a sequence with increasing gradient strengths is shown in Fig. 5.35. 

a) 

RF 

k 

Figure 5.34. The pulse sequence 
representation of (a) a single z-axis field 
gradient pulse and (b) two z-axis gradient 
pulses applied in opposite directions. 
Gradient pulses typically have a shaped 
rather than square profile, such as the 
sine profile illustrated here (see 
Section 5.5.4). RF identifies the 
radiofrequency pulse channel. 

b) 

RF 

-A 
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Figure 5.35. The destruction of an NMR 
resonance with a pulsed field gradient. 
The sequence of Fig. 5.34a was 
employed with a progressively stronger 
gradient for each experiment. 

Although there is now no detectable signal, magnetisation has not been lost 
from the transverse plane and may be recovered. Applying a second gradient 
pulse immediately after the first, of equal intensity and duration but in the 
opposite sense (now along the -z-axis, Fig. 5.34b), causes the dephasing of the 
first gradient to be exactly 'unwound' by the action of the second (Fig. 5.33c) 
and the magnetisation vectors from each disk would refocus (or rephase) to 
produce a gradient echo and an observable net signal (Fig. 5.36). The concept 
of defocusing all unwanted signals and selectively refocusing only those that 
one desires lies at the heart of every gradient selected experiment but to 
understand how this refocusing can be made selective, we must consider the 
action of the gradient pulse on transverse magnetisation in a slightly more 
formal context. 

Selective refocusing 
In the absence of a field gradient pulse, the Larmor frequency, oo, of a spin 

depends upon the applied static field, BQ, such that oo = yBo. When the gradient 
pulse is applied there is an additional spatially dependent field, Bg(z) associated 
with the gradient giving rise to a spatially dependent Larmor frequency, oo(z): 

oo(z) = y(Bo + Bg(z)) rad s" (5.1) 

If the gradient is applied for a duration Xg seconds, the magnetisation vector 
rotates through a spatially dependent phase angle, <[>(z) of 

cl)(z) = y(Bo + Bg(z))Xg = yBoTg + yBg(z)Tg rad (5.2) 

The first term in the final expression simply represents the Larmor precession 
in the absence of the field gradient which is constant across the whole sample 
and as such shall not be considered further at this point, except to note that 
this precession has bearings on the practical implementation of field gradients, 
as described later. The second term represents the spatially dependent phase 
caused by the gradient pulse itself, and it is this quantity that is of interest. 
Generalising the above expression which is only applicable to transverse 
single-quantum magnetisation, it is necessary to include a term that represents 
the coherence order, p, of the magnetisation, so that: 

^(z) = pyBg(z)tg (5.3) 

This modification reflects the fact that a p-quantum coherence dephases at 
a rate proportional to p. Thus, double-quantum coherences dephase twice as 
fast as single-quantum coherences yet zero-quantum coherences are insensitive 
to field gradients. When the coherence involves different nuclear species, 
allowance must be made for the magnetogyric ratio and coherence order for 
each, such that: 

cl>(.) = B g(z)^g EPIYI 

u u 

Figure 5.36. The recovery of an NMR 
resonance in a gradient echo. The 
sequence of Fig. 5.34b was employed 
with the strength of the first gradient 
fixed and that of the second varied from 
90 to 110% of the first. 

(5.4) 
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Figure 5.37. An illustration of signal 
selection by pulsed field gradients. Using 
two gradients with ratio Gi 162 of 1:2 
selects only the coherence transfer 
pathway shown, leaving all others 
defocused and unobservable. 

It is therefore apparent that the degree of defocusing caused by a gradient 
is dependent upon the coherence order and the magnetogyric ratio of the 
spins involved, and these two features provide the key to signal selection with 
field gradients. The purpose of gradients in the majority of experiments is the 
selective refocusing of magnetisation that has followed the desired coherence 
transfer pathway during the experiment whilst leaving all other pathways 
defocused and hence unobservable. Whilst PFGs themselves are unable to alter 
coherence orders, rf pulses can, and it is a combination of rf pulses to generate 
the appropriate coherence orders together with the pulsed field gradients to 
select these that ultimately provides the desired result. 

This general process is illustrated for a homonuclear spin system in the 
scheme of Fig. 5.37 in which only double-quantum coherence existing prior to 
the pulse is to be retained. Thus, prior to the rf pulse p = 2 coherence exists 
which experiences a gradient of strength Bgi and duration ti and thus obtains a 
spatially dependent phase: 

(Di=2YBgiTi (5.5) 

Following the rf pulse, the coherence is transformed into observable single-
quantum magnetisation of order p = — 1 which experiences a second pulsed 
gradient of strength Bg2 and duration T2 which encodes a phase: 

O2 = -yBg2T2 (5.6) 

For coherence following a defined transfer pathway to be refocused and 
hence observable, its total spatially dependent phase from all gradient pulses 
must be zero: 

;^cDi = ^YBgiTi = 0 (5.7) 

or, in other words, the refocusing induced by the last gradient must exactly undo 
the defocusing caused by all earlier gradients in the coherence transfer pathway. 
Thus, in this illustration ^2 must equal -4>i for this condition to be satisfied. 
This may be achieved by either altering the duration of the second gradient 
relative to the first, whilst keeping the amplitude the same, or by altering the 
amplitude and retaining the duration. Nowadays it is uniform practice to use 
gradient pulses of the same duration throughout a pulse sequence and to alter 
their amplitudes. Hence, setting Bg2 = 2Bgi in this example (remembering the 
coherence order has sign as well as magnitude) selects the desired pathway 
(Fig. 5.37). In contrast, single-quantum magnetisation originating from, for 
example, any triple-quantum coherence (p = 3) that may have originally 
existed, acquires a net phase of: 

cl> = (3yBgiTi) + (-lY2BgiTi) = yBgiti (5.8) 

and hence remains dephased and does not contribute to the detected signal. The 
gradient pair has therefore selected only the desired pathway. For homonuclear 
systems with gradients of equal duration, it is sufficient to consider only the 
coherence orders and ratios of gradient amplitudes involved in the selection of 
the coherence transfer pathway, as illustrated in the COSY examples below. 
For heteronuclear systems, magnetogyric ratios of the participating spins must 
also be included, as will be illustrated in Chapter 6. Since in all following 
discussions gradients within a sequence are assumed to have the same shape 
and duration, a gradient pulse will simply be denoted as Gi in shorthand form 
from now on, which is taken to represent a pulse of strength Bgi and duration ti. 

Gradient selected COSY 
To illustrate the incorporation of PFGs into conventional experiments, the 

basic COSY sequence is again used as an example. It has already been shown 
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Figure 5.38. The necessary gradient 
combinations to select P- and N-type 
COSY data, shown with the 
corresponding selected coherence 
transfer pathway. 

that for the absolute-value COSY experiment those signals to be retained in 
the final COSY spectrum follow the coherence transfer pathway illustrated in 
Fig. 5.38, with N-type selection being the favoured option. For signal selection 
it is sufficient to phase-encode coherences before the second 90° pulse and 
decode these after the pulse, immediately prior to detection. For N-type signals, 
the desired coherence orders are -hi and —1 at these points and thus the 
phase-encoding induced by each gradient may be represented using shorthand 
notation as: 

Oi = + l G i 

O2 = - I G 2 
(5.9) 

Since in COSY one is dealing with a homonuclear spin system the mag-
netogyric ratios need not be included as these are constant throughout, so the 
only variables are the gradient strengths. Hopefully it is quite apparent that 
for these two expressions to cancel one another, one simply selects G2 = 
Gi, that is, both gradients should have the same strength applied in the same 
direction. Conversely, for P-type selection (coherence orders —1 either side 
of the pulse) one must select G2 = —Gi, that is, similar gradients applied in 
opposite directions. In either case, the desired pathway is selected in a single 
scan without the need for phase-cycling because gradients that refocus N-type 
signals cannot simultaneously refocus P-type; hence quadrature detection in fi 
is inherent with this scheme. Axial peaks are also suppressed by this gradient 
selection because, by definition, these arise from magnetisation that was along 
the z-axis during ti and was therefore unaffected by the first gradient. When 
this magnetisation is made transverse by the second 90*" pulse, the final gradient 
dephases it and it is simply not observed. Thus, the original four steps of the 
phase-cycled absolute-value COSY (two for fi quad detection and two for axial 
peak suppression) can be replaced by a single step with PFGs, allowing the 
2D data set to be collected with only one transient per ti increment, leading 
to a four-fold reduction in time. This assumes that sensitivity is sufficient to 
allow the collection of only one scan per increment, which in many routine 
applications is the case. As an educational exercise, try running a gradient 
COSY sequence with first N-type and then P-type selection as described above 
and compare the results. One should simply be the mirror image of the other 
about the midpoint of f 1. 

5.5.2. Phase-sensitive experiments 

One problem with the gradient approach described above for COSY is that 
it necessarily precludes the acquisition of high-resolution phase-sensitive data 
sets by selecting only one pathway in ti. Since this leads to phase-modulated 
data it provides only phase-twisted lineshapes. Recall that phase-sensitive ac-
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Figure 5.39. Gradient pulses are often 
applied within spin-echoes to refocus 
chemical shift evolution occurring during 
the pulse and thus remove phase errors 
from spectra. 

RF 
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5 I 5 

quisitions require both p = ±1 pathways to be retained during ti, but this is 
impossible when a gradient is placed within the evolution period since only 
one of these pathways may be refocused prior to detection. The most general 
solution to collecting phase-sensitive data is to avoid placing gradients within 
ti altogether, as this then allows conventional States or TPPI fi quadrature de-
tection to be employed. The details of how this is done depend on the sequence 
in use, and examples of this approach will be illustrated for various techniques 
in this and the following chapters. There also exists an ingenious approach to 
fi quadrature detection [29] which provides absorption-mode phase-sensitive 
data and allows gradients to be placed conveniently within the evolution time. 
The procedure involves collecting both P- and N-type data sets alternately 
and storing them separately for each ti value. The two pathways are selected 
typically by inverting the sign of the final refocusing gradient, as for the P vs N 
selection above. These data sets contain mirror-image signals in the fi dimen-
sion when processed conventionally, so mirroring one data set about f i = 0 and 
adding it to the second will retain only one set of signals and hence provide the 
required fi frequency discrimination. This procedure also exactly cancels the 
dispersive contributions otherwise apparent within the phase-twist lineshapes 
of each data set and so produces the favoured absorption-mode lineshapes. The 
data handling required for this procedure is now found within conventional 
processing software, and is often referred to as the echo-antiecho approach. 

However, this is not all that is required to produce pure-phase spectra. 
Following Eq. 5.2 above, the evolution of chemical shifts under the influence 
of the static BQ field during the application of a gradient pulse was ignored 
for convenience as this played no part in determining signal selection. Such 
shift evolution during the gradient pulse (which is typically of the order of 
milliseconds) leads to appreciable frequency-dependent phase errors in spectra 
if not eliminated. These errors are of no consequence for absolute value presen-
tations and hence were not considered for the COSY examples above, but prove 
disastrous for phase-sensitive data sets. To avoid these failings, gradient pulses 
are either applied within existing J-evolution (A) periods or must be placed 
within a spin-echo to refocus the chemical shift evolution (Fig. 5.39). Examples 
of both these approaches are to be found in the techniques that follow. 

5.5.3. PFGs in high-resolution NMR 

This section summarises some of the key features of pulsed field gradients 
when applied to high-resolution NMR spectroscopy, highlighting some of 
the benefits they provide and also warning of potential limitations. Many of 
these features will be made apparent when describing the gradient selected 
techniques in the remainder of the book, so this merely provides an overview 
of these topics. Broadly speaking, the role of PFGs in high-resolution NMR 
experiments may be grouped into three classes: 

• Selection of a coherence transfer pathway: The examples discussed above 
have already provided an illustration of how gradients may be used in 
this manner, the aim being to select magnetisation that has followed one 
desired pathway and suppress that which has followed any other. This 
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application represents the most widespread use of gradients in organic 
NMR spectroscopy, the resulting experiments providing alternatives to the 
conventional phase-cycled equivalent. 

• Suppression of a solvent resonance: The ability of PFGs to completely 
destroy an NMR resonance makes them ideally suited for methods of 
solvent suppression, where the aim is to selectively remove the solvent 
resonance but retain all others. The most widespread use of these methods 
are in the studies of molecules in protonated water where gradient based 
suppression methods prove most effective (Chapter 9). 

• Purging of unwanted magnetisation: Purging in this context means the 
elimination of responses that arise from experimental imperfections and the 
like, such as inaccurate pulse widths. For example, the use of an imperfect 
ISC' inversion pulse on +z magnetisation will leave an unwanted residual 
component in the transverse plane. This may be destroyed by the application 
of a single purging z-gradient (sometimes referred to as a 'homospoil' 
pulse), ensuring that it will not contribute to the final spectrum. The use of 
purging z-gradients requires all wanted magnetisation to sit along the z-axis 
and so be invariant to the gradient pulse. One of the earliest applications of 
a gradient pulse within a high-resolution experiment was as a purge pulse in 
a 2D exchange sequence [30]. 

Advantages of field gradients 
The principal benefits arising from the use of field gradients for coher-

ence pathway selection as opposed to conventional phase-cycling may be 
summarised thus: 

• Quality: On each transient only the desired signal is detected, avoiding the 
need for signal addition/subtraction in the steps of a phase cycle. Difference 
artefacts are thus not encountered, and the ti-noise often associated with 
these in 2D spectra is reduced, providing cleaner spectra. 

• Speed: As there is no requirement to complete a phase-cycle, experiment 
times are dictated by sensitivity and resolution considerations only. When 
sensitivity is not limiting, 2D experiments can be acquired with a single 
transient per ti increment, leading to significant time savings. 

• Dynamic range: As only the desired signal is ever detected, all others being 
destroyed in the probehead, optimum use can be made of the receiver's dy-
namic range and greater receiver gains can be employed. This compensates 
to some degree for the sensitivity losses sometimes associated with gradient 
selection (see below). 

• Signal suppression: Very high signal suppression ratios can be achieved. 
The elimination of protons bound to carbon-12 in proton-detected ^H-^^C 
correlations becomes trivial (suppression ratio of ^1:100) and even the 
selection of natural abundance ^H-^^C-^^C fragments becomes feasible 
[31] requiring suppression ratios of 1:10,000 (see Section 5.8.4). Likewise 
the suppression of large solvent resonances becomes very much easier with 
gradient methods [32,33] (Chapter 9). 

• Ease of use: In contrast to the use of rf pulses, the accurate calibration of 
gradient strengths is not required and the absolute strengths used are not crit-
ical for the success of the experiment, provided they are sufficient to dephase 
unwanted magnetisation. More important is the fact that gradient ratios must 
be precise and the gradients reproducible. These demands can be quite 
readily met with appropriate instrument design, making gradient-selected 
techniques easy to implement and experimentally robust. 

Limitations of field gradients 
Despite their undoubted advantages, PFGs have a number of fundamental 

limitations that should also be appreciated. These have important consequences 
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for the design of gradient experiments and although one may not be concerned 
with experiment design, these points help explain some of the features that are 
common to many of the gradient-selected sequences. 

• Sensitivity: When used for coherence selection, gradients are able to refocus 
only one of two ±p coherence orders. In some applications this means that 
only one-half of the available signal is detected in contrast to phase-cycled 
experiments in which both pathways may be retained. Experiments which 
use PFGs for coherence selection may therefore exhibit lower sensitivity 
than the phase-cycled equivalent by a factor of typically 2 or V2 depending 
on the precise experimental details [24,34]. Purging gradients, however, do 
not cause such a sensitivity loss. 

• Quadrature detection: As described above, some care is required when 
employing gradients in phase-sensitive experiments. This either requires that 
gradients are not placed within time domain evolution periods or that the 
echo-antiecho approach be used. 

• Phase errors: Chemical shifts also evolve during the application of a gradient 
pulse due to the static BQ field. Therefore, gradient pulses are generally 
applied within a spin-echo to refocus this evolution and thus remove phase 
errors when phase-sensitive displays are required. 

• Diffusion losses: The detected signal can be attenuated by losses due to 
diffusion. The refocusing condition requires that the refocusing gradient 
undoes the spatially dependent phase caused by all previous gradients. If a 
molecule were to move along the direction of the gradient (along the length 
of the NMR tube for a z-gradient) between the dephasing and rephasing 
pulses the gradient strengths would not be perfectly matched and incomplete 
refocusing will result, leading to a loss of signal intensity (it is exactly this 
phenomenon that is used to study diffusion in solution by NMR [35,36]; 
see Chapter 9). This will be more of a problem for small, fast moving 
molecules in low-viscosity solvents which can be best avoided by keeping 
the defocusing and refocusing gradient pulses close together in the sequence. 
The degree of signal attenuation also depends on the square of the gradient 
strengths so the use of weaker gradients, which must still be sufficient to 
dephase magnetisation, will also help minimise such losses. 

5.5.4. Practical implementation of PFGs 

As any user of an NMR spectrometer will know, the simplest way to 
generate a field gradient through a sample is to offset one of the shim currents 
from its optimum. In principle it is possible to generate the gradient needed by 
momentarily driving the Z-shim at maximum current, and some spectrometers 
are provided with a so-called 'homospoil' capability to allow this. However, 
such a set-up is only suitable for providing a basic purge gradient since 
it produces only relatively weak fields, offers no control over amplitude 
and would be plagued by the dreaded eddy currents described below. For 
performing the full range of gradient-selected experiments a probe equipped 
with a dedicated gradient coil surrounding the usual rf coils is required, together 
with an appropriate gradient amplifier. The field gradient across the sample is 
then generated by applying a current to the gradient coils. Inverting the sign 
of a gradient corresponds to reversing the applied current. Typical maximum 
gradient strengths are around 0.5 T m~^ (50 G cm~^) for routine work, although 
in practice the actual gradient strengths used will often be somewhat less than 
this. A method for calibrating gradient strengths is described in Section 3.5.2. 

As simple as this scheme may sound, it is plagued by a number of technical 
problems that would make the collection of high-resolution data impossible if 
left unchecked, and it is these problems that slowed the introduction of field 
gradients in high-resolution NMR for so long. The worst of these are the eddy 
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currents that are generated on application of the gradient pulse. These are 
currents in the conducting components that surround the sample, such as the 
probe case, magnet bore and even the shim coils themselves, which in turn 
generate further spurious magnetic fields within the sample. Since these can last 
for hundreds of milliseconds, they prevent the acquisition of a high-resolution 
spectrum. The most effective way to suppress the generation of eddy currents 
is the use of so-called actively-shielded gradient coils, which are now used 
in all commercial gradient probes. These consist of a second gradient coil 
surrounding the first and driven by the same current. The outer coil is designed 
in such a way that the field it generates outside of the active sample region 
cancels that produced by the inner coil. The net result is a field gradient within 
the sample, but not outside of it and hence no eddy currents are stimulated 
in surrounding structures. Since eddy currents are caused by the rapid change 
in the local magnetic field on application of the gradient, they can also be 
attenuated by using a shaped gradient profile with a gentle rise and fall, rather 
than a simple rectangular pulse that has very steep leading and trailing edges. 
Commonly used gradient profiles are a half sine-wave or a truncated Gaussian. 
With these steps it is possible to acquire an unperturbed spectrum within tens 
of m/cr6>seconds of the gradient pulse; a method for gauging gradient recovery 
periods is also given in Section 3.5.2. 

One final point regarding field gradients is worthy of note. Since a gradient 
pulse induces a spatially dependent phase for all magnetisation in the sample, 
this also leads to the destruction of the deuterium lock signal itself, a rather 
alarming sight when first encountered. How then does the spectrometer retain 
the field-frequency stability over extended experiments? The key point stems 
from the fact that the regulation system integrates the lock error signal over a 
period of typically many seconds so is little effected by the brief disturbances 
caused by the gradient pulse. The signal presented to the operator is not exactly 
that used for the field-frequency regulation and is integrated over much shorter 
time periods so presents a more dramatic picture of events to the operator 
(which itself can be a useful indicator of whether the gradient system is 
operating!). 

This then finishes this part of the chapter that has essentially laid the 
foundations for understanding 2D (or more generally nD) NMR. Throughout 
this the basic COSY sequence, either in its absolute-value or phase-sensitive 
forms, has been used as an illustrative 2D sequence. Not only is COSY a simple 
sequence, but the spectra are rather easy to interpret and require relatively little 
explanation. Beyond this basic sequence there are a variety of other COSY 
experiments which provide the chemist with new or modified information. 
These are, in fact, more widely used in the laboratory than the experiment 
described thus far, and it is these that are now addressed before progressing to 
consider other homonuclear correlation techniques. 

5.6. ALTERNATIVE COSY SEQUENCES 

There are an enormous range of experiments that are, in essence, variations 
on the simple COSY sequence described above. In this section we take a look at 
a selection of these and examine the benefits these modified sequences provide 
the practising chemist. Many of the COSY variants proposed in the literature 
offer little gain over the simpler sequences whilst being rather more complex to 
execute or process, or are beneficial for a rather limited class of compounds and 
lack wide applicability. Whilst the experiments presented below represent only 
a fraction of the proposed sequences, they have established themselves over the 
years as the most widely used and informative methods. 
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5.6.1. Which COSY approach? 

Before moving on we briefly examine the key characteristics of the different 
experiments and consider why these might be of interest to the research 
chemist. Table 5.5 summarises the most significant attributes, some of which 
have already been introduced whilst others are expanded in the sections that 
follow. Whilst the TOCSY experiment is not strictly a member of the COSY 
family, its information content is so closely related to that of COSY it has also 
been included in the table. 

Pre-empting what is to follow, some general recommendations can be made 
at this stage. The COSY experiments with the greatest information content are 
the phase-sensitive versions. For solving spectra of any complexity the most 
useful, by virtue of its high-resolution and informative crosspeak structure, is 
the phase-sensitive DQF-COSY. As described below, the theoretical loss in 
sensitivity is not as detrimental as it may at first sound, and this method is 
widely used in structure elucidation. To genuinely benefit from the information 
contained within crosspeak structures, it requires high digital resolution which 
invariably corresponds to longer experiments, and phasing of the resulting two-
dimensional spectrum can be something of a black art to the uninitiated. For 
these reasons it is not so well suited to the rapid sample throughput demanded 
in busy organic laboratories. For establishing correlations in relatively well 
dispersed spectra, the absolute-value COSY offers faster turnover and sim-
plicity of data handling so may be favoured when fully automated generation 
of spectra is required. The absolute-value COSY-P variant, where the mixing 
pulse P is typically 45 or 60°, provides the most compact peak structure for 
both diagonal and crosspeaks and is best suited for routine use. In the study of 

Table 5.5. A summary of the characteristic features of the principal COSY experiments and of the related TOCSY experiment 

Sequence Advantages Potential drawbacks 

Absolute-value (magnitude-
mode) COSY-90 

Phase-sensitive COSY-90 

Phase-sensitive 
DQF-COSY 

COSY-p 

Delayed-COSY 

Relayed-COSY 

TOCSY 

Simple and robust, magnitude processing well suited 
to automated operation. 

High-resolution display due to absorptive lineshapes. 
Crosspeak fine structure apparent; J measurement 
possible. 

High-resolution display due to absorptive lineshapes. 
Crosspeak fine structure apparent; J measurement 
possible. Diagonals also have absorptive lineshapes. 
Singlets suppressed. 

Simple and robust. Magnitude processing well suited 
to automated operation. Simplification of crosspeak 
structures reduces peak overlap. Vicinal and geminal 
couplings can be distinguished in some cases from 
tilt of peaks. 

Enhances detection of small and long-range 
couplings (<2 Hz) such as between protons in ally lie 
systems or those in w-relationships. 

Provides two (or more) step transfers and can reduce 
ambiguities arising from crosspeak overlap. 

Provides multistep (relayed) transfers to overcome 
ambiguities arising from crosspeak overlap. High 
sensitivity. In-phase lineshapes can provide 
correlations even in the presence of broad resonances. 

Phase-twisted lineshapes produce poor resolution 
which require strong resolution enhancement 
functions. Crosspeak fine structure not usually 
apparent. 

Diagonal peaks have dispersive lineshapes which 
may interfere with neighbouring crosspeaks. 
Requires high digital resolution to reveal multiplet 
structures. 

Theoretical sensitivity loss by a factor of 2 relative 
to the COSY-90 variant. Requires high digital 
resolution to reveal multiplet structures. 

Usually requires magnitude-mode presentation as 
phase-sensitive variant has mixed-phase lineshapes. 

Requires magnitude-mode presentation, Crosspeaks 
due to larger couplings can be significantly 
attenuated. 

Typically has low sensitivity and responses show 
mixture of lineshapes so magnitude-mode 
presentations may be required. TOCSY preferred. 

Number of transfer steps associated with each 
crosspeak not known, a priori. In-phase lineshapes 
tend to mask crosspeak fine-structure and may 
preclude J-measurement. 
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complex spectra where considerable peak overlap occurs, the total correlation 
or TOCSY experiment can be extremely informative. It provides additional 
correlation information by relaying magnetisation along networks of coupled 
spins. This is particularly favoured in the analysis of peptides and oligosaccha-
rides, for example, in which the molecules are comprised of discrete monomer 
units which themselves represent isolated spin networks. This method has 
all but replaced the older and inferior relayed-COSY experiment that elicits 
stepwise transfers between coupled spins. The delayed (or long-range) COSY 
experiment tends to be reserved for addressing specific questions regarding the 
presence of small couplings and is typically less used. 

5.6.2. Double-quantum filtered COSY (DQF-COSY) 

Previous sections have already made the case for acquiring COSY data 
such that it may be presented in the phase-sensitive mode. The pure-absorption 
lineshapes associated with this provide the highest possible resolution and allow 
one to extract information from the fine-structure within crosspeak multiplets. 
However, it was also pointed out that the basic COSY-90 sequence suffers 
from one serious drawback in that diagonal peaks possess dispersion-mode 
lineshapes when crosspeaks are phased into pure absorption-mode. The broad 
tails associated with these can mask crosspeaks that fall close to the diagonal, 
so there is potential for useful information to be lost. The presence of dispersive 
contributions to the diagonal may be (largely) overcome by the use of the 
double-quantum filtered variant of COSY [37], and for this reason DQF-COSY 
is the experiment of choice for recording phase-sensitive COSY data. 

The DQF sequence 
The DQF-COSY sequence (Fig. 5.40) differs from the basic COSY experi-

ment by the addition of a third pulse and the use of a modified phase-cycle or 
gradient sequence to provide the desired selection. Thus, following ti frequency 
labelling, the second 90° pulse generates multiple-quantum coherence which 
is not observed in the COSY-90 sequence since it remains invisible to the 
detector. This may, however, be reconverted into single-quantum coherence 
by the application of the third pulse, and hence subsequently detected. The 
required phase-cycle or gradient combination selects only signals that existed 
as double-quantum coherence between the last two pulses, whilst all other 
routes are cancelled, hence the term double-quantum filtered COSY 

The rules for filtering multiple-quantum coherences of order p are simple; 
all pulses prior to the p-quantum coherences must be cycled in steps of 180/p 
degrees with associated alternation of the receiver phase on each step, [38] so 
a suitable phase-cycle (although not the only one) for a double-quantum filter 

Ĥ 

1= 0 

Figure 5.40. The DQF-COSY 
experiment and coherence transfer 
pathway. The pulses are phase-cycled as 
described in the text to select the 
pathway shown with quadrature detection 
observing the p = — 1 magnetisation. The 
period 8 allows for rf phase changes and 
is typically of only a few microseconds. 
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Table 5.6. A suitable phase-cycle for double-quantum 
filtration 

Phase (j) is used for all pulses prior to the double-
quantum coherence and ^^ for the receiver. The phase 
of the final pulse remains unchanged. 

would be that presented in Table 5.6. More effective filtration can be obtained 
through gradient selection [39]. Coherence order +2 within the filter may be 
selected by using gradient amplitude ratios of + l : + 2 either side of the last 90*" 
pulse, as in the example of Fig. 5.37 above, whilst order —2 is retained with 
ratios of +1:—2. Thus, it is possible to select either the +2 or —2 pathway, but 
not both at once. This is in contrast to the phase-cycled experiment in which 
both pathways are retained, so the gradient experiment detects only one-half 
of the available signal and thus has a two-fold poorer sensitivity relative to its 
phase-cycled cousin. This fundamental limitation of being able to refocus only 
one of the two possible ±/7 coherence order pathways on each transient is one of 
the disadvantages of using PFGs for coherence selection, but must be balanced 
against the cleaner suppression of unwanted signals. Since these gradients 
are not required within ti in this sequence, conventional quadrature detection 
(States or TPPI) can be employed. However, simply inserting the appropriate 
gradients before and after the final pulse would introduce large phase errors to 
the spectrum because of chemical shift evolution during the gradient pulses. 
This must therefore be refocused if phase-sensitive data are required so both 
gradients are applied within spin-echoes, producing the sequence of Fig. 5.41 
for the gradient-selected, phase-sensitive DQF-COSY experiment. 

The result from the filtration step, and the principal reason for its use, is 
that the diagonal peaks now possess antiphase absorption-mode lineshapes, as 
do the crosspeaks which are unaffected by the filtration. Strictly speaking, for 
spin systems of more than two spins the diagonal peaks still possess some 
dispersive contributions, but these are now antiphase so cancel and tend to 
be weak and rarely problematic. The severe tailing previously associated with 
diagonal peaks therefore is removed, providing a dramatic improvement in the 
quality of spectra (Fig. 5.42). 

Figure 5.41. The gradient-selected 
DQF-COSY experiment and coherence 
transfer pathway. No phase-cycling is 
needed as the required pathway is 
selected with gradient ratios of 1:2. Both 
gradient pulses are applied within 
spin-echoes for phase-sensitive 
presentations. Note only one pathway is 
retained from the double-quantum filter. 
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An additional benefit from the filtration is that singlet resonances do not 
appear in the resulting spectrum because they are unable to create double-
quantum coherence so cannot pass through the filter. Since sharp singlets 
produce the most intense ti-noise bands their suppression alone can be bene-
ficial. This filtration could also be used to suppress large solvent resonances 
that would otherwise dominate the spectrum. Whilst some success may be 
achieved through phase-cycling, with suppression ratios of the order of a few 
hundred, far greater suppression can be provided by gradient selection, where 
suppression ratios can reach 10,000:1. Editing through filtration is exemplified 
in the ID double-quantum filtered spectrum of the peptide Leu-enkephalin 
5.4 in CD3OD (Fig. 5.43), produced with the ID sequence of Fig. 5.44. The 
singlet solvent resonances are removed whereas those from all coupled spins 
are retained, and appear with the characteristic antiphase structure. 

The potential disadvantage of using double-quantum filtration is the theoret-

4.2 
—r" 
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•4.2 
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h4.8 

3.8 ppm 
Figure 5.4X The double-quantum 
filter^ GOSY spectrum (right) provides 
greater clarity close to the diagonal peaks 
than tte basic phase-sensitive COSY 
(left) as it does not suffer from broad, 
dispersive diagonal peaks. 

Tyr-Gly-Gly-Phe-Leu 

5.4 

a) y u\ m UUIL 
"T T" T T 
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Figure 5.43. ID double-quantum 
filtration of the spectrum of the peptide 
Leu-enkephalin 5.4 in CD3OD. The 
singlet resonances of the solvent, 
truncated in the conventional ID 
spectrum (a), have been filtered out in 
(b). The remaining peaks in (b) display 
the characteristic antiphase multiplet 
structure (which may be masked by 
magnitude calculation if desired). 
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Figure 5.44. The ID double-quantum 
filter. The sequence is derived from the 
2D experiment by replacing the variable 
ti period with a fixed spin-echo 
optimised to produce antiphase vectors 
(A = 1/2J) as required for the 
generation of double-quantum coherence. 
Signal selection is then as for the 2D 
experiment, and gradient selection may 
be implemented as in Fig. 5.41. 

H lilihJ 
ical reduction in signal-to-noise by a factor of 2 due to losses associated with 
the generation of double-quantum coherence. However, the benefits arising 
from the removal of the dispersive contributions to the diagonal usually more 
than compensates the reduction in sensitivity, hence the DQF-COSY is widely 
employed. 

Interpreting multiplet structure 
A major part of ID spectrum analysis consists of measuring coupling 

constants within multiplets to gain as much information as possible on relation-
ships between spins within the molecule. Whilst this is at least plausible for 
well resolved multiplets the task becomes rapidly more difficult and the data 
obtained less reliable for resonances that overlap. In such cases it would be 
desirable to use the greater dispersion available in the 2D spectrum to reveal 
coupling patterns from otherwise intractable regions and it has already been 
shown that COSY crosspeak structure reflects that of the corresponding ID 
multiplets. This section examines how one interprets the data within crosspeaks 
\Vith the ultimate aim of extracting coupling constants. 

To do this it is first is necessary to differentiate between active and passive 
couplings within a crosspeak. The active coupling is that which gives rise to 
the crosspeak that correlates the coupled spins. As described previously, the 
coupling responsible for the crosspeak appears as an antiphase splitting in both 
dimensions and so produces the basic antiphase square array from which all 
COSY crosspeaks are ultimately derived (Fig. 5.45). Passive couplings are 
those to all other spins, and appear in the spectrum as in-phase splittings. These 

Figure 5.45. The antiphase square 
coupling pattern reflects the active 
coupling, JAX, between two correlated 
spins, A and X. This pattern provides the 
basis for all COSY crosspeak structures. 

AX 
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replicate the antiphase array of the active coupling without introducing further 
changes of sign. These features and the basic principles behind analysing 
multiplet structures may be illustrated by reference to the crosspeaks of a 
three-spin AMX system in which JAM > JAX > JMX (Fig. 5.46). Consider first 
the MX crosspeak, in which the antiphase square pattern of the active JMX 
coupling is clearly apparent in the upper left comer. This whole pattern is then 
reproduced with the same phase by the larger passive couplings JAX in h and 
JAM in fi to produce the final 4 x 4 structure. This stepwise splitting is the 
precise equivalent to that used in the analysis of ID multiplets via coupling 
'trees'. The f2 structure of the AX multiplet arises from the large antiphase 
JAX coupling being further split by the smaller passive JMX coupling to yield 
the +H structure. In fi the active coupling is now the smaller of the two 
so is simply repeated to yield the +^H— pattern. Finally, the AM multiplet 
is dominated by the very large active JAM coupling in both dimensions which 
initially yields a large square array, with each part then split by the smaller 
passive couplings to spin X. The rules for interpreting these structures therefore 
exactly parallel those for interpreting ID multiplets, aside from the distinction 
between active and passive couplings. When coupling occurs between one 
spin and n equivalent spins, the resulting peak structure may be derived by 
imagining only one of the n spins to be active and all others passive. One 
can then construct the antiphase analogue of the familiar Pascal's triangle 
for coupling with equivalent spins (Fig. 5.47). Thus, for an A3X system the 
crosspeak displays a doublet for A and a + 1 + 1 - 1 - 1 quartet for X (Fig. 5.48). 

In realistic systems multiplet structures may derive from very many cou-
plings and resolution of all of these may not be possible. This leads to overlap 
within the multiplet with associated line cancellation and/or superposition. In 
general, crosspeak structures tend toward the simplest pattern as neighbouring 
lines with like-sign merge. Often in such cases smaller couplings may not be 
resolved, as is nearly the case for the passive MX and AX couplings within 

AX AM 

M 

Figure 5.46. The crosspeak structures 
from the phase-sensitive COSY spectrum 
of a three-spin AMX system. The arrows 
indicate splittings due to the labelled 
couplings. The spectrum was simulated 
with JAM = 18, JAX = 12 and JMX = 6 
Hz and the final digital resolution was 
2.3 Hz/pt in each dimension. 
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Figure 5.47. (a) The conventional 
Pascal's triangle for ID multiplets and 
(b) the antiphase equivalent for 
predicting COSY multiplet structures 
from coupling to n equivalent spins. 
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Figure 5.48. The COSY crosspeak for an 
A3X group illustrating the structure 
predicted from Pascal's triangle. 

the AM crosspeak of Fig. 5.46. When analysing fine-structure in detail it is 
often advantages to examine both sets of equivalent crosspeaks on either side 
of the diagonal since these may have differing appearances according to the 
different digitisation levels used, meaning a coupling may be unresolved in one 
dimension but quite apparent along the other. 

Measuring coupling constants 
Provided multiplets structures are sufficiently resolved and free from overlap 

with other peaks it is, in principle, possible to measure coupling constants 
directly from these [40]. Some caution is required however since one needs to 
consider whether cancellation within the multiplet could lead to an erroneous 
measurement. For example, if the central lines of a double-doublet were to 
interfere destructively and cancel, the measured splitting would then be greater 
than the true coupling constant. Digital resolution must also be adequate to 
properly characterise the coupling constant, with the highest resolution being 
found in the f2 dimension. To improve the accuracy of the measurement, it is 
advantageous to extract ID traces from the 2D spectrum and to subject these 
to inverse Fourier transformation, zero-filling (or better still, linear prediction) 
and then Fourier transformation to reproduce the ID row with increased digital 
resolution. This process is illustrated in Fig. 5.49 for the aP coupling constants 
in the tyrosine residue of the peptide Leu-enkephalin 5.4. Above the 2D 
crosspeaks is the ID trace through these which has been treated as described 
above and zero-filled to produce the same digital resolution as the conventional 
ID spectrum shown on top (0.4 Hz/pt). From the antiphase and in-phase 
splittings the two active aP couplings and the passive PP coupling are readily 
measured as 6.1, 8.3 and 14.0 Hz. 

The measurement of coupling constants in this manner is, however, limited 
by finite linewidths, which in 2D spectra of small to mid-sized molecules are 
usually dictated by the digital resolution of the spectrum rather than natural 
linewidths. Under such conditions, lines that are in-phase tend to merge to-
gether to produce a single maxima which may mask the coupling whereas 
antiphase lines remain separated but may produce apparent splittings that are 
greater than the true couplings. As coupling constants become smaller the 
splitting of antiphase lines in fact tends to a minimum of ^0.6 times the 
linewidth [41] (Fig. 5.50), after which further reductions in the true separation 
act only to reduce peak intensities until complete cancellation occurs and the 
crosspeak is lost. One may conclude therefore that it is not possible to mea-
sure reliably coupling constants that are significantly smaller than the observed 
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Figure 5.49. Sections from the 
DQF-COS Y spectrum of the 
pentapeptide Leu-enkephaUn 5.4. The 2D 
crosspeaks and the fi ID trace taken 
through these correspond to correlations 
within the tyrosine (Y) residue. The 
upper trace is taken from the 
conventional ID spectrum in which the 
P-proton resonances partially overlap 
with those of phenylalanine (F). The 
original 2D data had an ii resolution of 
1.8 Hz/pt but the ID trace was treated as 
described in the text to yield a final 
resolution of 0.4 Hz/pt. 

3.0 ppm 

linewidths after digitisation. A rule-of-thumb is that couplings should be greater 
than 1.5 times the digitised linewidth for measurements to be made and spectra 
recorded for the measurement of coupling constants are typically acquired with 
higher digital resolution in f2 where one can afford to be profligate with data 
points. These considerations also indicate that crosspeaks will disappear from 
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Figure 5.50. Peak separations of 
antiphase lines as a function of coupling 
constant and linewidth. As coupling 
constants become relatively smaller, the 
measured spUtting (soHd line) deviates 
from the true value (dashed line), 
producing measurements that are too 
large. 
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COSY spectra if linewidths are large or if digital resolution is low relative 
to the active coupling constant. Thus, crosspeaks due to small couplings or 
to broad lines are more likely to be missing. This can be a serious problem 
for very large molecules that have naturally broad resonances, and in such 
cases, the TOCSY experiment provides superior results since crosspeaks have 
only in-phase structure. More sophisticated methods also exist which enable 
the measurement of coupling constants in complex multiplets. For example, 
the DISCO method [42-44] of post-processing relies on the addition and 
subtraction of rows from COSY spectra to produce simplified traces containing 
fewer signals, thus making measurements more reliable. Details of the various 
methods available shall not be addressed here, but are discussed in a recent 
review [40]. 

Even when the data at hand precludes the measurement of coupling con-
stants, analysis of the relative magnitudes of active and passive couplings within 
multiplets can prove enlightening when interpreting spectra. For example, it is 
possible in favourable cases to determine the relative configuration of protons 
within substituted cyclohexanes from consideration of the crosspeak structures. 
Since axial-axial couplings in chair conformers are typically far greater than 
axial-equatorial or equatorial-equatorial couplings {ax~ax ^ 10-12 Hz, ax-
eq/eq-eq ^ 2-5 Hz), they appear as large antiphase splittings within crosspeak 
multiplets, indicative of the diaxial relationship between the correlated spins. 
This is illustrated in Fig. 5.51 which shows a region of the DQF-COSY spec-
trum of Andrographolide 5.5, an hepato-protective agent found in traditional 
Indian herbal remedies. Three of the crosspeaks of proton He display large 
active couplings consistent with either geminal (Hd) or diaxial (Ha,He) rela-
tionships, whilst the much smaller active coupling to Hb limits these to being 
ax-eq or eq-eq. Such detail can be extracted from the 2D map even when 
multiplets are buried or are too complex for direct analysis in the ID spectrum. 
For example, the correlations of Hj identify its geminal partner and indicate 
three vicinal ax-eq or eq-eq relationships with He, Ha and Hb. This type 
of information, which can only be determined reliably from phase-sensitive 
presentations, can often be used to good effect in stereochemical assignments, 
particularly when used in conjunction with the nuclear Overhauser effect. 

5.5 

Higher order multiple-quantum filters 
Using the same sequences as for DQF-COSY, but with modified phase-

cycles or gradient combinations, it is possible to filter for higher orders of 
multiple-quantum coherence between the last two pulses, so, for example, a 
gradient ratio of 1:3 in the sequence of Fig. 5.41 selects triple-quantum co-
herence only. The triple-quantum filtered (TQF) COSY experiment eliminates 
responses from all singlets and two-spin systems leading to potential simplifi-
cation. More generally, a p-quantum filter can be used to remove peaks arising 
from spin-systems with fewer than p coupled spins [38,45]. Such experiments 
have potential utility in the study of molecules containing well defined spin-
systems that are isolated from each other in the molecule, notably amino-acids 
in peptides and proteins [46]. However, the great disadvantage of higher-order 
filtering is the reduction in sensitivity by a factor of 2P~^ for a p-quantum filter. 
Whilst a loss of a factor of 2 for the DQF-COSY relative to its unfiltered cousin 
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Figure 5.51. A region of the DQF-COSY 
spectrum of Andrographolide 5.5. The 
data were collected under conditions of 
high f2 resolution (1.7 Hz/pt) to reveal 
the coupling fine structure within the 
crosspeaks. 

2.5 2.4 2.3 2.2 2.1 2.0 1.9 1.8 1.7 1.6 1.5 1.4 1.3 1.2 

might be tolerable, a factor of 4 for the TQF-COSY may make it untenable. 
Largely for this reason the TQF-COSY is rarely used and higher-order filtering 
is essentially unheard of in routine work. The rules for interpreting multiplet 
fine-structure in COSY recorded with high-order filtration also require some 
modification [46,47]. 

5.6.3. COSY-P 

A conmion modification of the basic COSY sequence is one in which the 
90° mixing pulse is replaced with one of shorter tip angle, p, usually of 45 or 
60 degrees (Fig. 5.52). These experiments are typically acquired and presented 
as absolute-value experiments since, strictly speaking, the use of a pulse angle 
less than 90° does not produce purely amplitude-modulated data. 

The use of a reduced mixing pulse largely restricts coherence transfer 
between transitions that are directly connected, or in other words, those 

H î ^ 
Figure 5.52. The COS Y-p experiment. 
The p mixing pulse is usually set to 45 
or 60°. 
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a a 
Figure 5.53. The schematic energy level 
diagram for a two-spin AX system. 

Figure 5.54. The absolute-value 
COSY-45 spectrum of 5.1 compared with 
the equivalent COSY-90 spectrum. The 
tilting apparent on some COSY-45 
crosspeaks can indicate whether the 
active coupling arises from protons 
sharing geminal or vicinal relationships 
which produce peaks with positive and 
negative slopes respectively (see text). 

1 

that share an energy level, for example Ai and X2 in Fig. 5.53. Coherence 
transfer between remotely connected transitions, for example Ai and A2, is 
attenuated. This results in a reduction in intensity of certain lines within the 
multiplet structures of both diagonal and crosspeaks, which is particularly 
noticeable when spins experience more than one coupling. Diagonal peaks have 
a somewhat smaller 'footprint', increasing the chances of resolving crosspeaks 
that sit close to this, whilst crosspeaks themselves also have a simplified 
structure which can take on a distinctive 'tilted' appearance (Fig. 5.54). In 
favourable cases, this tilting effect can be used to differentiate between peaks 
arising from active couplings of opposite sign, such as geminal or vicinal 
couplings. Consider the situation for a three-spin AMX system in which all 
spins couple to each other. The AM crosspeak, for example, will have a 
positive slope and its tilt will be approximately parallel to the diagonal if 
the two passive couplings, JAX and JMX have the same sign. In contrast, the 
peak will display a negative slope and lie anti-parallel to the diagonal if the 
signs of the passive couplings differ. In proton spectroscopy, vicinal couplings 
are typically positive and geminal couplings negative, meaning a crosspeak 
between a proton and its geminal partner will possess a positive slope whereas 
that with the vicinal partner will display a negative slope. This effect is apparent 
in the COSY-45 spectrum of 5.1 in Fig. 5.54. Couplings to additional spins 
further split the crosspeak structure and in such cases the tilting may not be 
distinguished. Nevertheless, when this effect is observed it provides valuable 
additional evidence by identifying geminal pairs. 

The choice between P = 45'' and 60° is something of personal taste. 
Setting p = 45° causes the greatest intensity ratio between direct and remote 
transitions (a factor of about 6 for 45° versus 3 for 60°) and thus gives the 
greatest reduction in peak complexity, whilst setting P = 60° provides slightly 
higher sensitivity. Since the primary goal of this variant is the reduction of 
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*H 
Figure 5.55. The delayed (or long-range) 
COSY sequence. Additional fixed delays 
are inserted into the basic COSY 
sequence to enhance the appearance of 
correlations from small couplings (see 
text). 

the diagonal and crosspeak footprint the COSY-45 experiment is probably the 
one to choose. Due to the more compact peak structures and simplicity of 
processing, the absolute-value COSY-45 experiment still finds widespread use 
in routine analyses and automated procedures in the chemistry laboratory. 

5.6.4. Delayed-COSY: detecting small couplings 

The COSY sequences encountered thus far are surprisingly effective at 
revealing small couplings between protons. However, such crosspeaks are 
typically rather weak, and their identification as genuine correlations may be 
difficult. The delayed-COSY experiment (Fig. 5.55) enhances the intensity 
of correlations due to couplings that are smaller than natural linewidths and, 
since these are often encountered for coupling pathways over many bonds, 
the experiment is also referred to as long-range-COSY. Correlations over 4 
or 5 bonds in rigid or unsaturated systems, such as those from w-, allylic 
or homoallylic couplings, can be observed readily with this experiment even 
though the coupHng may not be resolved in the ID spectrum (Fig. 5.56). 

Previous discussions have stressed the need for an antiphase disposition 
between multiplet vectors for coherence transfer to occur. In COSY, this arises 

a) b) c d 

WLJ 

5.6 

Figure 5.56. (a) The conventional 
COSY-90 spectrum and (b) the 
delayed-COSY spectrum of 5.6. 
Additional A delays of 200 ms were 
used in (b) whilst all other parameters 
were as for (a). The small (1 Hz) 
long-range coupHngs are not apparent in 
the conventional COSY experiment but 
the correlations in (b) unambiguously 
provide proton assignments. 
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from the evolution of spin-spin couplings during ti and develops at a slower 
rate the smaller the coupling. For the case of very small coupling constants 
there is insufficient time for this to occur under the typical conditions employed 
for COSY acquisitions and hence the crosspeaks from these couplings are 
weak or undetectable. It is possible to enhance the intensity of these peaks by 
adjusting the ti and t2 domains such that they are optimised for detection of 
the coherence transfer signal from these smaller couplings. Whilst this could 
in principle be achieved by extending both time periods and hence increasing 
the digital resolution in both dimensions, this generates enormous data sets 
and calls for protracted experiments. The approach used in the delayed-COSY 
sequence is to insert a fixed delay after each pulse to increase the apparent 
evolution times yet retain the same level of digitisation as in a standard 
COSY experiment. The use of the additional delays precludes the use of 
phase-sensitive presentations because of the large phase distortions that arise so 
absolute-value processing is necessary. 

For optimum detection of small couplings, the maximum of the coherence 
transfer signals should occur at the midpoint of each time domain. It may be 
shown that this maximum arises at a time t, where: 

tan-H7TJT2) 
(5.10) 

When J is small such that JT2 <^ 1 the approximation t = T2 holds and to 
ensure that the midpoint of each time domain coincides with this maximum, 
the additional delay A is therefore: 

A = T 9 V2AQ (5.11) 

where AQ is the total ti or t2 acquisition time. For typical COSY acquisition 
parameters and typical proton T2 values, A falls in the range 50 to 500 ms. 
Since the actual values of T2 are not usually known in advance, and there will 
in any case exist a spread within the molecule, a compromise setting of around 
200 ms should suffice in most cases. The crosspeaks arising from couplings 
of greater magnitude can be severely attenuated in this experiment, so it is 
invariably also necessary to record the standard COSY to establish the usual 
coupling relationships. 

5.6.5. Relayed-COSY 

The relayed-COSY experiment shall be considered only very briefly because 
it has essentially been superseded by the far superior TOCSY experiment 
described below, although one may still encounter references to this experiment 
in older literature however. The relayed-COSY experiment (Fig. 5.57) attempts 
to overcome problems caused by coincidental overlap of crosspeaks in COSY 
that can lead to a breakdown in the stepwise tracing of coupling networks 
within a molecule. It incorporates an additional coherence transfer step in 
which that transferred from a spin. A, to its partner, M, as in the standard 
COSY, is subsequently relayed onto the next coupled spin X in the sequence. 
This produces a crosspeak in the spectrum between spins A and X even 
though there exists no direct coupling between them, by virtue of them sharing 

Figure 5.57. The relayed-COSY 
sequence in which an additional transfer 
step has been appended to the basic 
COSY experiment. 
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the common coupling partner M. Ambiguities from coincidental overlap of 
crosspeaks associated with spin M are therefore removed by providing direct 
evidence for A and X existing within the same spin system. 

The relayed coherence transfer [48] is achieved by inserting a fixed time 
period, A, after the second pulse, again in the form of a spin-echo to remove 
chemical shift effects. During this, the M-X coupling evolves to produce 
antiphase multiplet vectors (the MX coupling was passive in the initial A-M 
transfer so these vectors are in-phase after the second 90° pulse). The third 
90° pulse then elicits the M-X coherence transfer prior to detection. The 
fixed delay A should be set optimally to 1/2J to maximise this transfer, so 
a compromise setting of J = 7 Hz gives A = 70 ms. The direct responses 
observed in the usual COSY experiment may also be present, but with varying 
intensities. 

5.7. TOTAL CORRELATION SPECTROSCOPY (TOCSY) 

The principal feature of all the COSY experiments described above is the 
direct correlation of homonuclear spins that share a scalar coupling. In proton 
spectroscopy this typically provides the chemist with evidence for geminal 
and vicinal relationships between protons within a molecule. Total Correlation 
Spectroscopy [49] or TOCSY, also yields homonuclear proton correlation 
spectra based on scalar couplings, but is also able to establish correlations 
between protons that sit within the same spin-system, regardless of whether 
they are themselves coupled to one another. In other words, provided there 
is a continuous chain of spin-spin coupled protons, A - B - C - D - etc., the 
TOCSY sequence transfers magnetisation of spin A onto spins B, C, D etc, by 
relaying coherence from one proton to the next along the chain. In principle, 
this can correlate all protons within a spin-system and this feature earns the 
title total correlation spectroscopy. The ability to relay magnetisation in this 
manner provides an enormously powerful means of mapping correlations by 
making even greater use of the additional dispersion found in two dimensions. 
This is particularly advantageous in cases of severe resonance overlap, for 
which COSY spectra can often leave ambiguities. The TOCSY spectrum for 
5.1 is shown in Fig. 5.58, and has been recorded so as to provide multistep 
transfers around the carbohydrate ring. This should be compared with the 
COSY spectrum of the same material in Fig. 5.12. The additional relayed 
crosspeaks seen in TOCSY provide correlations between all spins within 
the ring system and this ability to fully map spin-systems is particularly 
advantageous when discrete units exist within a molecule, as illustrated shortly. 
A second significant feature of TOCSY that contrasts with COSY is that it 
utilises the net transfer of in-phase magnetisation so does not suffer from 
cancellation of antiphase peaks under conditions of low digital resolution 
or large linewidths. In these instances, this feature makes TOCSY the more 
sensitive of these two methods. 

An essentially identical experiment has also been referred to as Homonuclear 
Hartmann-Hahn spectroscopy [50,51] or HOHAHA (the two differ only in 
some technical details in the originally published sequences). This name arises 
from its similarity with methods used in solid-state NMR spectroscopy for 
the transfer of polarisation from proton to carbon nuclei (so-called cross-
polarisation), which are based on the Hartmann-Hahn match described below. 
For the same reason, the transfer of magnetisation during the TOCSY sequence 
is sometimes referred to as homonuclear cross-polarisation. Throughout this 
text the original TOCSY terminology is used, although TOCSY and HOHAHA 
are now used synonymously in the chemical literature. 
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Figure 5.58. The TOCSY spectrum of 
5.1. Relayed crosspeaks are apparent 
between spins that lack direct scalar 
couplings but which exist within the 
same spin-system and arise from the 
propagation of magnetisation along the 
chain of coupled spins. Compare this 
with the COSY spectrum in Fig. 5.12. 
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5.7.1. The TOCSY sequence 

The TOCSY sequence, represented in its most general form in Fig. 5.59, 
is rather similar to the COSY sequence already described, the only difference 
being the use of a mixing sequence in place of a single mixing pulse. This 
is known as a spin-lock or isotropic mixing sequence (this terminology is 
explained below) and its purpose is to execute the relayed magnetisation 
transfer mentioned above. Details such as quadrature detection and axial peak 
suppression parallel those for COSY, so to understand the operation of the 
TOCSY experiment it only becomes necessary to appreciate the influence of 
the spin-lock. 

Figure 5.59. The TOCSY sequence. The 
spin-lock mixing time, Xm, replaces the 
single mixing pulse of the basic COSY 
experiment. 
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Continuous 
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i^^^r^^H 
Figure 5.60. The spin-lock in its simplest 
form is a single, long, low-power pulse. 
This can be viewed as a continuous 
sequence of closely spaced 180° pulses 
bracketed by infinitely small periods, 5. 

The spin-lock and coherence transfer 
To understand the action of the spin-lock period in the TOCS Y experiment, 

consider the sequence of events during the first transient of the 2D experiment 
(i.e. that with ti = 0). The experiment begins by exciting the spins with a 90°;̂  
pulse such that they all lie along the -\-y axis in the rotating frame. At this point 
the spin-lock rf field is applied, this time along the -\-y axis, parallel to the 
nuclear vectors. In its simplest form the spin-lock is a continuous low-power 
pulse of constant phase applied for a period of typically tens of milliseconds. 
It is convenient to imagine this to be composed of a continuous sequence of 
closely-spaced 180°^ pulses bracketed by infinitely small periods, 8 (Fig. 5.60). 
Each 5-180-8 period constitutes nothing more than the homonuclear spin-echo 
described in Chapter 2, and to picture the evolution of chemical shifts and 
homonuclear spin-spin couplings during the spin-lock it is sufficient to con-
sider events within a discrete 5-180-8 period. It has already been shown in 
Section 2.2.4 that a 180° pulse refocuses the evolution of chemical shifts, so 
after each 5-180-8 period no shift evolution has accrued and all spin vectors 
remain along the -\-y axis. Extending this argument for the whole of the mixing 
period, it is apparent that no net chemical shift evolution occurs during tm, 
and hence the nuclear vectors are said to have been spin-locked in the rotating 
frame along, in this case, the j-axis (Fig. 5.61). During the spin-lock mixing all 
protons have experienced the same effective field and hence the same chemical 
shift offset (i.e. zero) in the rotating frame. Section 2.2.4 has also shown that, in 
contrast, homonuclear spin-spin couplings continue to evolve following a 180° 
pulse, so that throughout the spin-lock J-couplings behave as they would for a 
period of free precession. In summary, during the spin-lock mixing all chemical 
shift differences in the rotating frame are removed yet spin-spin couplings 
remain active (Fig. 5.62). 

Recall from your early encounters with NMR that nuclei which share a 
coupling and have very similar (or coincident) chemical shifts relative to their 
coupling constant are said to be strongly coupled and that under such conditions 
they loose their unique identity and ultimately become indistinguishable. Thus, 
for a system containing a coupled AB pair, it is not possible to consider 
the interactions of spin A independently from those of its strongly coupled 
neighbour B and vice versa. Such a strong coupling condition is forced upon all 

vectors "locked" 

along B. -axis 

spin-lock 

Figure 5.61. Vectors are held along the 
Bi axis by the long rf pulse and are said 
to be spin-locked in the rotating frame. 
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Figure 5.62. A schematic illustration of 
events during spin-lock mixing. All 
chemical shift differences between spins 
are eliminated yet all spin-spin 
couplings between them remain. This 
forces the strong-coupling condition on 
all spins (see text). 

in presence 
of spin-lock 

_JU_AJLJU hj^hhJ\jUlK_K 

Figure 5.63. The oscillatory transfer of 
magnetisation between a coupled proton 
pair under the influence of a spin-lock. 
The transfer was simulated using an 
MLEV-17 spin-lock (see text) of 
increasing duration in each experiment. 
In each case this was applied 
immediately after the selective excitation 
of the high frequency doublet with a 
pure-phase EBURP-2 selective 90° pulse 
(Chapter 9). 

spin systems by the application of the spin-lock field since the protons remain 
coupled yet all posses the same effective chemical shift. The protons therefore 
loose their 'unique' identity during the mixing period and this provides the 
mechanism by which coherence may be shared over all spins within the same 
spin-system. Under these conditions there exists an oscillatory exchange of 
coherence between protons during the spin-lock which, for an AX system, 
results in complete transfer from A to X after a period of 1/2JAX seconds 
[49], and a return to A after 1/J seconds (Fig. 5.63). Although events become 
more complex for larger systems, the general idea of an oscillatory exchange of 
coherence between spins still holds, leading to a propagation of magnetisation 
along the chain of coupled spins [52] (Fig. 5.64). For short mixing times in 
proton experiments of around 20 ms, only single-step transfers have significant 
intensity and the correlations seen are equivalent to those seen in COSY. Longer 
mixing periods enable magnetisation to propagate further along the coupled 
chain and relay peaks arising from multi-step transfers appear, as seen in 
Fig. 5.58 above. Small couplings lead to poor transfer efficiencies and can lead 
to a breakdown in the transfer and to loss of relay peaks. Since magnetisation 
may travel in either direction along a spin-chain, 2D TOCSY spectra are again 
symmetrical about the diagonal. 

The requirement for nuclei to experience identical local fields during the 
mixing time for transfer to occur between them is also referred to as the 
Hartmann-Hahn match. More formally and more generally, this may be 
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Figure 5.64. Schematic illustration of the 
propagation of magnetisation along a 
chain of coupled spins as a function of 
the spin-lock mixing time. The arrows 
indicate the cycUc exchange of 
coherence between nuclei. 

A ^ = ^ B F̂==̂  C ^ = ^ D 
^DE 

expressed as: 

YA^IA = Yx^ix (5.12) 

where BIA and Bix are the Bi fields experienced by spins A and X and YA 
and Yx are their magnetogyric ratios respectively. The inclusion of the ys in 
this means the nuclides involved in the exchange need not be the same, so, for 
example, transfer can be initiated between proton and carbon if simultaneous 
rf fields that satisfy Eq. 5.12 can be applied to each nuclide. This, by analogy, 
leads to hetero-TOCSY or, more amusingly, heteronuclear Hartmann-Hahn 
spectroscopy (HEHAHA) as a means of establishing heteronuclear correlations 
[53,54]. 

5.7.2. Using TOCSY 

The ability of TOCSY to propagate magnetisation along a spin system has 
meant it has become a popular tool for studying molecules that are comprised 
of discrete and often well defined units. Obvious examples of this are proteins, 
peptides and oligosaccharides, for which it is often possible to trace the 
whole amino-acid or sugar ring system from a single resolved proton. This is 
illustrated in the TOCSY spectrum of Gramicidin-S, 5.7, a cyclic decapeptide 
(Fig. 5.65). The aliphatic region only is shown, in which all sidechain protons 
of each residue can be traced from the associated a-proton (with the exception 
of the phenylalanine aromatic ring), as illustrated for the proline and ornithine 
residues. The relaying of magnetisation along a coupled chain of spins can 
often overcome problems due to close or coincident crosspeaks in COSY by 
effectively moving related correlations into regions of the spectrum that would 
otherwise be devoid of crosspeaks, therefore utilising redundant 'space' in the 
2D spectrum. This approach was used in the sidechain assignment of 5.8, an 
intermediate in the biomimetic synthesis of members of the manzamine and 
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Figure 5.65. The aliphatic region of the 
TOCS Y spectrum of the cycHc 
decapeptide Gramicidin-S, 5.7. An 80 ms 
MLEV-17 spin-lock was used, providing 
complete transfer along the aliphatic 
sidechains of each residue. Correlations 
from the a-protons of proline and 
ornithine are labelled, with those out to 
the 5-protons corresponding to three-step 
transfers. 
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keramaphidine alkaloids [55,56], found naturally in marine sponges. Due to 
extensive crowding in some areas of the aliphatic region, sidechain assignments 
were more readily derived from relayed correlations involving the resolved 
alkene protons such as H23 (Fig. 5.66). Similarly, the numerous correlations 
from H4 provided confirmation of assignments derived from a DQF-COSY 
spectrum. 

The somewhat indiscriminate propagation of magnetisation found with 
TOCSY can also be disadvantageous however, since it is generally not possible 
to state explicitly the number of relay steps involved in the production of any 
given correlation. A time dependence of crosspeak build-up from a number 
of TOCSY spectra recorded with increasing Xm (in, for example, 20 ms 
steps (Fig. 5.67)) can provide an approximate indication of whether the peak 
arises from 1, 2 or more steps, although it is often not possible to be more 
precise than this. When using TOCSY on molecules that are not composed of 
well-characterised monomer units it is often beneficial to use this in addition 
to COSY spectra from which more immediate coupling neighbours can be 
identified. The use of very long spin-lock periods for promoting multistep 
transfer also leads to sensitivity losses due to relaxation (in the rotating frame) 
of the spin-locked magnetisation. 

It has also been mentioned that TOCSY results in the net transfer of in-
phase magnetisation, meaning the cancellation effects from antiphase multiplet 
fine-structure associated with COSY are not a feature of TOCSY. Such can-
cellation can be problematic for molecules that posses large natural linewidths, 
for example (bio)-polymers, but may also prevent the observation of COSY 
peaks in the spectra of small molecules that have complex multiplet structures 
which may cancel under conditions of poor digital resolution. In these cases the 
TOCSY experiment may be viewed as the more sensitive option because of the 
greater crosspeak intensities. The lack of antiphase structure also means spectra 
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ppm 

Figure 5.66. A section of the TOCS Y 
spectrum Xm = 80 ms) of the biomimetic 
intermediate 5.8 alongside the 
conventional ID spectrum. Correlations 
from protons H4 and H23 are labelled. 
Despite extensive overlap in some 
regions of the ID spectrum, the 
numerous relayed correlations in TOCSY 
occur in an otherwise clear region of the 
2D spectrum and provide ready 
identification of proton shifts. 

5.8 

ppm 

may be recorded very rapidly under conditions of rather low digital resolution 
without a loss of peak intensity. Finally, since both diagonal and crosspeaks 
possess the same phase, both produce double-absorption lineshapes meaning 
high-resolution phase-sensitive spectra can be obtained. 

One side-effect of the spin-lock is that it also enables incoherent magneti-
sation transfer in the rotating frame. In other words, through-space effects 
known as rotating-frame nuclear Overhauser effects (ROEs) may, in principle, 
also be observed between spins. These tend to be far weaker than the TOCSY 
peaks particularly for small molecules and short mixing times, so are rarely 
problematic. They may be more of a problem for very large molecules in 
which they are stronger and faster to build-up. For such molecules so-called 
clean-TOCSY sequences have been developed [57-59] which eliminate ROE 
peaks by cancelling them with equal but opposite NOE peaks (Chapter 8); such 
methods are only applicable to very large molecules where this difference in 
sign exists. A far greater problem is the appearance of unwelcome TOCSY 
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Figure 5.67. The time-dependent 
propagation of magnetisation along a 
proton spin system as illustrated for the 
ornithine residue of Gramicidin-S. Traces 
are extracted from 2D MLEV-17 TOCSY 
spectra at the amide NH proton shift and 
show progressive transfer along the 
sidechain as the mixing time increases. 
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peaks in rotating-frame NOE (ROESY) spectra, a topic also addressed in 
Chapter 8. 

5.7.3. Implementing TOCSY 

Although in principle the simple scheme presented in Fig. 5.59 should pro-
vide TOCSY spectra, its suitability for practical use is limited by the effective 
bandwidth of the continuous-wave spin-lock. Spins which are off-resonance 
from the applied low-power pulse experience a reduced rf field causing the 
Hartmann-Hahn match to breakdown and transfer to cease. This is analogous 
to the poor performance of an off-resonance 180° pulse (Section 3.2.1). The 
solution to these problems is to replace the continuous-wave spin-lock with an 
extended sequence of 'composite' 180° pulses which extend the effective band-
width without excessive power requirements. Composite pulses themselves are 
described in Chapter 9 alongside the common mixing schemes employed in 
TOCSY, so shall not be discussed here. Suffice it to say at this point that these 
composite pulses act as more efficient broadband 180° pulses within the general 
scheme of Fig. 5.60. 

There are essentially two approaches based on composite-pulse methods in 
widespread use for the practical implementation of the TOCSY experiment 
(Fig. 5.68). The first of these [51] (Fig. 5.68a) is based on the so-called 
MLEV-17 spin-lock, in which an even number of cycles through the MLEV-17 
sequence are used to produce the desired total mixing period. To ensure the 
collection of absorption-mode data, only magnetisation along a single axis 
should be retained, so it is necessary to eliminate magnetisation not parallel 
to this before or after the transfer sequence. In this implementation, this is 
achieved by the use of 'trim-pulses' applied for 2-3 ms along the chosen axis. 
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Ĥ 

b) 

'H 

SL, (MLEV-17J„ SL y'n Ji^yi 

LAJ - • 5 

^ (DIPSI-2)j, ^ 

Figure 5.68. Two practical schemes for 
implementing TOCSY based on (a) the 
MLEV-17 mixing scheme and (b) the 
DIPSI-2 isotropic mixing scheme. The 
MLEV sequence is bracketed by short, 
continuous-wave, spin-lock trim pulses 
(SL) to provide pure-phase data. In 
scheme (b) this can be achieved by 
phase-cycling the 90° z-filter pulses that 
surround the mixing scheme. This 
demands the independent inversion of 
each bracketing 90° pulse with 
coincident receiver inversion, thus (p = x, 
—X, X, —x\ ^ = X, X, —X, —X a n d ^^ = x, 

-X, —X, X. The 8 periods allow for the 
necessary power switching. 

These are periods in which a single, low-level pulse is applied, during which 
magnetisation not parallel to this axis will dephase due to inhomogeneity of the 
rf field (just as transverse magnetisation rapidly dephases in an inhomogeneous 
static field). This process eliminates dispersive contributions to the spectrum. 

The alternative approach is to regenerate longitudinal magnetisation fol-
lowing the evolution period and use a suitable isotropic mixing scheme to 
transfer this z-magnetisation between spins [60,61] (isotropic here means that 
magnetisation transfer is equally effective along the x, y, or z-axes so the overall 
sequence has a similar effect to that described above). The z-magnetisation is 
then reconverted to pure-phase transverse magnetisation following the mixing, 
enabling the collection of absorption-mode data. The idea of generating and 
subsequently selecting z-magnetisation with the view to collecting pure-phase 
spectra has been termed 'z-filtration' [62]. This also has the advantage for 
older instruments that the proton 'decoupler' may be used for generating the 
low-power mixing scheme [60] if the main proton transmitter is incapable of 
suitable power level control; this restriction does not arise on modem instru-
ments. A number of isotropic mixing schemes may be used in this approach, 
including MLEV-16, WALTZ-16 [63,64] and DIPSI-2 [65,66], the last of these 
being particularly well suited for transfer in ^H-^H TOCSY. 

In either of these two general schemes, a greater effective bandwidth is 
achieved with the composite-pulse mixing and significantly lower powers are 
required for this than for the 90° preparation pulse. For MLEV, the rf field 
strength need be about twice the desired bandwidth, whilst for the more 
efficient DIPSI-2 it may be about equal to it. Thus, a 10 ppm window at 400 
MHz requires yBi ^ 8 kHz (90° ^ 30 |xs) or 4 kHz (90° ^ 60 |xs) respectively, 
either of which can be achieved comfortably. 

Gradient-selected TOCSY 
For samples of sufficient strength to require only a single scan per incre-

ment, gradient versions of TOCSY may be attractive alternatives for the rapid 
recording of spectra. By analogy with the previous COSY discussions the 
absolute-value TOCSY sequence simply requires equal gradients to be placed 
either side of the spin-lock sequence (Fig. 5.69a) to selectively refocus the 
N-type pathway to provide fi frequency discrimination. Trim-pulses are not 
required since pure-phase spectra are not produced by this method. As for 
absolute-value COSY, this experiment may be well suited to automated ac-
quisition schemes because of the simplicity of processing, although in general 
the phase-sensitive version is preferred for reasons of resolution. This may be 
performed by placing the gradients within spin-echoes to refocus shift evolu-
tion. Quadrature detection is then afforded by collecting P and N-type data 
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Figure 5.69. Gradient-selected TOCSY. 
Sequence (a) is suitable for 
absolute-value presentations with a 1:1 
gradient combination selecting the 
N-type spectrum. Sequence (b) provides 
phase-sensitive data sets via the 
echo-antiecho method for which 
separate P- and N-type data are collected 
through inversion of the first gradient. 
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separately for each ti increment via gradient inversion, and processing these 
according to the echo-antiecho procedure of Section 5.5.2 (Fig. 5.69b). 

One-dimensional TOCSY 
As an alternative to the collection of a full 2D data set, the ID analogue 

can prove advantageous in some circumstances. In general most 2D sequences 
can be adapted to produce the ID equivalent [67,68], meaning the experiments 
can be quicker to acquire, require less storage space and can be recorded 
under conditions of higher digital resolution. These may prove particularly 
attractive when only specific information is required, as is often the case for 
small to medium-sized molecules, or when small sample quantities demand 
many scans for adequate signal-to-noise and so preclude the collection of 
2D data sets. All ID analogues of multidimensional experiments begin by 
selectively exciting one resonance in the spectrum and using this as the source 
for all subsequent magnetisation transfer. The resulting spectra may therefore 
be viewed as being equivalent to a high-resolution row through the related 
2D spectrum at the shift of the excited spin. Selective excitation methods 
are described in Chapter 9 so are not addressed here. Numerous methods 
for generating ID TOCSY spectra without [69-72] or with [73-76] gradient 
assistance have been presented, a generalised scheme using the MLEV-17 
sequence being shown in Fig. 5.70. Following the excitation of the chosen 
spins, magnetisation transfer is initiated inmiediately with the mixing scheme 
since there is now no need for the evolution period. The only resonances 
appearing in the resulting spectra are those that have 'received' magnetisation 
from the source spin. The experiment produces ID subspectra for discrete 
spin-systems within the molecule, potentially revealing multiplet structures that 
were otherwise overlapped or buried. Furthermore, the higher digital resolution 
afforded by the ID analogue may resolve ambiguities arising from crosspeak 
overlap in 2D spectra and may also provide a more rapid method for following 
magnetisation transfer along a chain of spins as a function of mixing time. 

Figure 5.70. The general sequence for 
ID selective TOCSY. Any suitable 
selective 90° pulse scheme (see Chapter 
9) can be used to selectively excite the 
target resonance from which transfer is 
initiated. 
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Figure 5.71. One-dimensional TOCS Y 
spectra of the tetrameric carbopeptoid 
5.9 in CDCI3. Each amide proton was 
selectively excited and used as the 
starting point for coherence transfer. 
Selective excitation was achieved with 
the excitation sculpting method and 
mixing used a 97 ms MLEV-17 
spin-lock. 

Fig. 5.71 shows ID TOCSY spectra for the carbopeptide 5.9 in which transfer 
is from the selected amide protons with the individual ring systems resolved in 
each case. This approach is often applicable to the study of oligosaccharides 
where the anomeric protons can provide a convenient starting point from which 
to establish intraresidue assignments. 

o" "o 

V,A„ OCH(CH3)2 

5.9 

5.8. CORRELATING DILUTE SPINS: INADEQUATE 

One of the major goals in determining the structure of an organic molecule 
is the unambiguous identification of the carbon skeleton of the compound. 
Carbon-carbon connectivities are, however, rarely determined directly, rather 
we imply their presence from the correlations observed between protons, such 
as in COSY-type experiments, or between proton and carbon nuclei, such as 
from the long-range heteronuclear correlation experiments described in the 
following chapter. The need for one to take this indirect approach lies in the 
relatively poor sensitivity and low natural abundance (1.1%) of the carbon-13 
isotope. The abundance of molecules containing two adjacent ^̂ C spins is only 
0.01%, so in attempting to directly identify ^^C-^^C linkages, we are forced 
to observe only 1 in every 10,000 molecules in our sample (in the absence 
of isotopic enrichment). In other words, one must look for ^̂ C satellites in 
the ^̂ C spectrum itself, and clearly larger sample quantities and extended 
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acquisition periods are required for this. Despite these limitations, and because 
the ability to directly trace the carbon skeleton of a molecule is perhaps the 
ultimate approach to organic structure elucidation, considerable effort has gone 
into developing methods to identify C-C connectivities directly, all generally 
based on the INADEQUATE sequence (Incredible Natural Abundance DoublE 
QUAntum Transfer Experiment) [77]. These techniques are also suitable for 
correlating nuclides other than carbon that exist at relatively low natural 
abundance levels of around 1 to 20%, for example ^^Si, ^̂ ^Sn and ^̂ ^W (4.7, 
8.6 and 14.4% respectively). 

These techniques are certainly not the first to turn to when considering a 
structural problem because of the large sample quantities typically required, but 
in favourable cases may prove effective, and with molecules that posses very 
few or even no protons, one may have few other options. More recent tech-
niques based on proton detection and gradient selection show some potential 
for reducing sample requirements, and are also presented briefly. 

5.8.1. 2D INADEQUATE 

The principal complication when attempting to correlate low abundance 
spins (referred to here as dilute or rare spins) is the interference caused by 
the dominant parent resonances which lack homonuclear couplings and cannot 
therefore provide connectivity data. The more popular correlation techniques 
such as COSY, whilst suitable in principle, are not well suited in these 
cases and the INADEQUATE sequence is more appropriate. The basis of 
INADEQUATE is double-quantum filtration to suppress the uninformative 
parent resonances [78], this filtration being analogous to that which we have 
already encountered in the DQF-COSY experiment (Section 5.6.2). Natural 
abundance carbon-13 spins are very well suited to such filtration because 
they are restricted to AX or AB two-spin systems only (because a molecule 
containing more than two ^̂ C centres will exist at such low abundance 
as to be non-existent) and because ^Jcc couplings cover a limited range, 
meaning the sequence can be reasonably well optimised for the generation 
of double-quantum coherence. The two-dimensional correlation spectrum [79] 
is generated by allowing the double-quantum coherences associated with 
coupled spins to evolve during a variable ti period, following which they 
must be reconverted to single-quantum (transverse) carbon magnetisation for 
observation. The complete INADEQUATE sequence is given in Fig. 5.72. 

The generation of double-quantum coherence requires an antiphase disposi-
tion of coupling vectors, which here develop during a period A = l/2Jcc- This 
is provided in the form of a homonuclear spin-echo to make the excitation inde-
pendent of chemical shifts. The ti period represents a genuine double-quantum 
evolution period in which these coherences evolve at the sums of the rotating-
frame frequencies of the two coupled spins, that is, at the sums of their offsets 

Figure 5.72. The INADEQUATE 
sequence and the corresponding 
coherence transfer pathway. The 
experiment selects double-quantum 
coherence during the evolution period 
with a suitable phase cycle (analogous to 
the selection in the DQF-COSY 
experiment, Section 5.6.2). In doing so it 
rejects all contributions from all 
uncoupled spins. 
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Figure 5.73. The 2D INADEQUATE 
(magnitude mode) and conventional 
carbon spectrum of n-butanol 5.10. 
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from the transmitter frequency. Thus, for two coupled spins A and X that have 
offsets of VA and vx, the fi crosspeak frequency will be (VA + Vx). Following 
the reconversion of double-quantum into single-quantum coherence, crosspeaks 
in f2 will be observed with the conventional chemical shift frequencies of A 
and X. Throughout the sequence, broadband proton decoupling can be applied 
to prevent evolution of heteronuclear couplings and to generate the ^H to ^̂ C 
nuclear Overhauser enhancement to aid sensitivity. 

The resulting spectrum, here illustrated for 72-butanol 5.10 (Fig. 5.73), differs 
considerably in appearance from the other correlation spectra encountered in 
this chapter, although again the f2 dimension represents the chemical shifts of 
each participating spin. Since two coupled spins share the same DQ frequency 
in fi, correlations are made by following horizontal traces parallel to f2. 
Carbon connectivity is therefore established by a sequence of vertical and 
horizontal steps. If the DQ excitation sequence is optimised for one-bond C-C 
couplings, then each step identifies adjacent carbon centres in the molecule. 
The spectra display no diagonal peaks, although the midpoints of correlated 
spin pairs appear along a 'pseudo' diagonal (the double-quantum diagonal) of 
slope 2, that is where fi = 2f2. This characteristic symmetry can be useful in 
differentiating genuine responses from artefacts. Each crosspeak is composed 
of a doublet with a splitting of Jcc arising from the AX (or AB) fine structure. 

An example of the power of this method in structure elucidation is shown 
for the sesquiterpene lactone acetylisomontanolide (Fig. 5.74). The complete 
carbon skeleton of the molecule can be traced directly in the spectrum, with 
breakdown occurring only when heteroatom linkages arise. Unfortunately, 
it is rare indeed to have sufficient sample quantities at hand to consider 
employing this technique, and still it remains a little used method in its original 
form. However, greater potential exits for directly tracing carbon-carbon 
connectivities with recently developed methods based on proton excitation and 
observation combined with gradient selection; see Section 5.8.4 below. 

5.10 

5.8.2. ID INADEQUATE 

The one-dimensional INADEQUATE experiment was in fact the original 
version, and was proposed as a means of measuring carbon-carbon coupling 
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Figure 5.74. The 2D ^^c INADEQUATE 
and conventional carbon spectrum of the 
sesquiterpene lactone 
Acetylisomontanolide in CDCI3 
(reproduced with permission from [80]). 
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constants [78]. The use of double-quantum filtration removes the parent reso-
nances which dominate the spectrum and mask the desired splittings, especially 
when smaller 2 and 3-bond couplings are to be measured. This can also 
suppress resonances from low-level impurities that may otherwise interfere. 
Replacing the ti evolution period by a short, fixed delay (sufficient only to 
allow spectrometer phase changes) results in a ID double-quantum filtered 
experiment in which carbon-carbon couplings appear as antiphase doublets 
(Fig. 5.75). From these patterns the values of Jcc can be determined directly, if 
sufficiently resolved. An alternative application that has been used extensively 
is in the tracking of doubly ^^C-labelled precursors in the study of metabolic or 
biosynthetic pathways [81]. The DQ filtration is used to suppress background 
signals of those species that do not contain the original ^^C-^^C fragment (to 
the limit of natural abundance), whilst retaining only those that have survived 
the pathway intact. 
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Figure 5.75. The ID INADEQUATE 
experiment (b) selects for the carbon-13 
satellites in the conventional carbon-13 
spectra (a) and provides a means of 
measuring carbon-carbon coupling 
constants. Some residual parent 
resonances from lone ^^C centres remain 
in (b). 

a) 
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5.8.3. Implementing INADEQUATE 

The basic components of the INADEQUATE phase cycle comprise double-
quantum filtration and fi quadrature detection. The filtration may be achieved 
as for the DQF-COSY experiment described previously, that is, all pulses 
involved in the DQ excitation (those prior to ti in this case) are stepped x, y, 
—X, —y with receiver inversion on each step (an equivalent scheme found in 
spectrometer pulse sequences is to step the final 9(T pulse x, y, —x, —y as the 
receiver steps in the opposite sense x, —y, —x, y\ other possibilities also exist). 
This simple scheme may not be sufficient to fully suppress singlet contribu-
tions, which appear along fi = 0 as axial peaks and are distinct from genuine 
C-C correlations. Extension with the EXORCYCLE sequence (Section 7.2.2) 
on the 180° pulse together with CYCLOPS (Section 3.2.5) may improve this. 
Cleaner suppression could also be achieved by the use of pulsed field gradi-
ents, which for sensitivity reasons requires a gradient probe optimised for ^̂ C 
observation. 

Quadrature detection requires the observed signals to exhibit 90° phase 
increments on each ti step. Since the desired signals pass through double-quan-
tum coherence, they are twice as sensitive to rf phase shifts, meaning the exci-
tation pulses prior to ti must themselves be incremented in 45° steps only. Such 
phase increments are readily achieved on modem spectrometers, so the usual 
States or TPPI approaches to phase-sensitive data collection can be applied. 
However, during the development of these sequences the available hardware 
was incapable of producing small phase shifts and a number of alternative 
schemes were developed that avoided 45° rf phase shifts altogether. One pop-
ular approach used to generate absolute-value spectra was to use pulse width 
dependence to enhance the intensity of the N-type signals relative to the P-type 
[82]. Increasing the final pulse angle to 135° produces a 6:1 intensity ratio of 
N:P so the P-type signal essentially disappears and frequency discrimination re-
sults, albeit with mixed-mode lineshapes which demand magnitude calculation. 

The success of INADEQUATE may be compromised by deleterious off-res-
onance effects vAxich are particularly troublesome for nuclei such as carbon-13 
which have a relatively large spectral window. Variations employing composite-
pulses to counteract offset effects have therefore been developed to minimise 
losses [83,84]. 

Experimental set-up 
There is no doubt that the deciding factor when considering the use of ^̂ C 

INADEQUATE is sensitivity, and far greater sample quantities are required for 
this experiment than for other 2D sequences. As a rule-of-thumb, one should be 
able to obtain a conventional ID ^̂ C spectrum in a single scan following a 90° 



216 High-Resolution NMR Techniques in Organic Chemistry 

Table 5.7. Typical ranges for one-bond C-C coupling 
constants 

C-C group 

C-C 
C-C(O) 
C=C (alkene) 
C=C (aromatic) 
C=C 

Typical ^Jcc values 
(Hz) 

3 5 ^ 0 
40-60 
70-80 
55-70 

170-220 

The principal factor in determining the magnitudes of these is 
carbon hybridisation. 

excitation pulse, and this should display a signal-to-noise ratio of at least 20:1. 
For realistic sample quantities encountered in the chemical laboratory this is 
rarely achievable, and even in favourable cases, overnight acquisitions at least 
are typically required. The recent post-processing algorithm CCBond [85,86] 
(now commercially available as the FRED^^ routine in Varian software) has 
proved extremely successful at automatically analysing INADEQUATE spectra 
even when the signal-to-noise was too poor for the human eye to recognise 
connectivity patterns. Using such an approach, spectra with an order of mag-
nitude poorer signal-to-noise than is conventionally required may be subject to 
reliable analysis [87,88], clearly enhancing the utility of this method (for other 
experimental approaches to improving sensitivity, see the following section). 

Maximum sensitivity requires optimum generation of double-quantum co-
herence. For weakly coupled systems A should be equal to l/2Jcc, whilst 
the presence of strong coupling (A8/Jcc < 3) requires optimum periods of 
3/2Jcc [89]. As ever, the choice of A represents some compromise over 
anticipated Jcc values. One-bond couplings typically range from 35-70 Hz 
[77,90,91] (Table 5.7) but are more often less than 50 Hz in the absence of 
C-C unsaturation, so A of around 10-14 ms is a reasonable choice. Since the 
optimum repetition rate is 1.3 times the ^̂ C TiS, the use of relaxation agents to 
speed data acquisition should also be considered, particularly when quaternary 
centres may be present. For organic solutions, chromium acetylacetonate is 
widely used for this and even dissolved oxygen has been shown to be ad-
vantageous [92]. Gadolinium triethylene-tetraamine-hexaacetate (Gd(TTHA)) 
[93] has been recommended for aqueous solutions and experience suggests 
concentrations up to 10 mM produce acceptable results without significantly 
affecting the carbon resonances, although this can substantially broaden the 
proton spectrum of the sample. 

Due to the large spectral widths involved, spectra are collected with low 
resolution in both dimensions; around 10-20 Hz/pt in f2 and 50-100 Hz/pt in 
f 1. Processing then requires window functions that minimise distortions arising 
from the truncated FIDs, such as the shifted sine-bell or squared-sine-bell. To 
minimise the fi spectral width, the transmitter frequency should be placed in 
the centre of the ID ^̂ C spectrum so that double-quantum frequencies fall 
either side of this, that is, both positive and negative DQ frequencies appear 
in f 1. It is also possible to further reduce the fi spectral width by deliberately 
folding peaks in the fi dimension by making this equal to that in f2. This causes 
no ambiguity in interpretation because both participating crosspeaks fold in 
together and connectivities can still be identified in horizontal traces. 

5.8.4. Variations on INADEQUATE 

A number of variations on the basic INADEQUATE sequence have been pre-
sented over the years, particularly with reference to ^̂ C experiments, all primar-
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^ ô  

3 

I 
o 

o 

U 

3.4 3.2 3.0 2.8 2.6 2.4 2.2 2.0 1.8 1.6 1.4 1.2 1.0 0.8 ppm 

ily aimed at improving the appallingly low sensitivity of the original technique. 
Proton-carbon polarisation transfer prior to the INADEQUATE sequence via 
INEPT [94] or DEPT [95] may be used as a means of enhancing ^̂ C population 
differences and of allowing more rapid repetition rates since these would 
be dictated by faster proton spin relaxation. However, these preclude the use of 

Figure 5.76. The proton-detected 
INEPT-INADEQUATE spectrum of 
menthol 5.11 (50 mg in CDCI3) recorded 
at 400 MHz using the optimised 
1,1-ADEQUATE sequence of [97]. The 
step-wise tracing of the carbon skeleton 
of the cyclohexane ring is illustrated in 
which carbon connectivities are 
identified in horizontal traces (alternative 
'routes' involving the diastereotopic 3, 4 
and 6 partners also exist but, for clarity, 
are not shown). 
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Figure 5.77. The gradient-selected 
INEPT-INADEQUATE sequence for 
identifying carbon-carbon connectivities 
through proton observation (time delays 
in the sequence have been removed for 
clarity). The sequence selects for 
iH-i^C-i^c fragments for which the 
gradient ratios are 1:—1:1. Despite the 
complexity of the sequence, its operation 
may be understood by recognising 
discrete, simpler segments within it that 
have defined roles to play, which in this 
case are INEPT and INADEQUATE 
steps. 
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broadband proton decoupling and hence gain no enhancement from the NOE, 
so only marginal improvements may obtained. Conversely, magnetisation may 
be transferred onto protons directly attached to ^̂ C sites by a reverse-INEPT 
step after the INADEQUATE sequence. This variant, referred to as INSIPID 
[96], benefits from the higher sensitivity of proton detection. Alas, it also 
suffers severely from the need to suppress the signals of protons attached to 
lone ^̂ C centres as well as those attached to ^^C, which possess intensities 
that are, respectively, 100 and 10,000 times greater than those of the desired 
^H-^^C-^^C moieties! More recent experiments, referred to as proton-detected 
INEPT-INADEQUATE [31] or more boldly as just ADEQUATE [97], tackle 
the sensitivity problem by utilising both polarisation transfer and proton 
observation, and overcome the proton suppression problems by exploiting 
pulsed field gradients for signal selection. In principle, this leads to sensitivity 
gains by a factor of 32 ((YH/YC)^^'^)» although a factor of around 8-16 seems 
more realistic when allowing for experimental losses [31]. The resulting 2D 
spectrum presents a step-wise correlation of protons that sit on neighbouring 
^̂ C centres and so maps direct carbon connectivities within the molecular 
framework. The spectrum in Fig. 5.76 was recorded on a 50 mg sample of 
unlabelled menthol 5.11 in 16 hrs, although adequate results would have be 
achieved in less than half this time. This powerful technique should prove 
valuable in the structure elucidation of unknown materials. 

The original sequence is shown in Fig. 5.77 and, if you permit a small 
digression at this point, serves to illustrate a feature common to many modem 
pulse sequences. Although at first sight it may appear to be frighteningly 
complex and is undoubtedly the most elaborate sequence in this book, it can 
be broken down into more readily digestible fragments, as illustrated. Whilst 
the details of this sequence may be somewhat esoteric, an appreciation of 
its operation is rather more accessible when viewed in this stepwise manner 
as it becomes apparent that this is built-up from simpler sequences already 
encountered (the aforementioned INEPT and INADEQUATE). The sequence 
can then simply be viewed as a variation on the HSQC technique of Chapter 
6 in which double-quantum coherence (DQC) evolves during ti instead of the 
single-quantum coherence (SQC) utilised in HSQC. When faced with trying to 
follow a new pulse sequence, a good approach is to try to recognise smaller 
fragments within it that are derived from shorter, well established sequences. 
We shall encounter more examples of this in the following chapter. 

Naturally, the above methods require proton-bearing carbons to be present, 
and when applicable should prove to be far more useful in structural analysis 
than their ^̂ C detected counterparts. However, even these are likely to be 
employed only after more sensitive methods, such as those based on proton-
proton and proton-carbon correlations, have failed to solve the problem at 
hand. 
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Chapter 6 

Correlations through the chemical bond II: 
Heteronuclear shift correlation 

6.1. INTRODUCTION 

This second chapter on establishing correlations through the chemical 
bond concentrates on techniques which correlate different nuclides, so-called 
heteronuclear shift correlations. For an organic chemist this means, in the 
vast majority of cases, establishing connectivities between proton and carbon 
nuclei and as such the techniques encountered in the sections which follow are 
concerned primarily with these. That is not to say that the techniques are not 
suitable for correlating other nucUdes, for example ^H with ^̂ N or ^^P, or even 
^^P with -̂̂ C and so on. Indeed many of the modem techniques used routinely 
in the chemical laboratory were originally implemented as methods for ^H-^^N 
correlations in proteins and peptides. The principal techniques described in the 
sections that follow are summarised in Table 6.1. 

A variety of methods have already been described in Chapter 4 that allow 
the editing of the ID spectrum of the heteronuclear spin, for example those 
based on spin-echoes or polarisation transfer, so providing valuable information 
on the numbers of attached protons. They do not, however, provide any direct 
evidence for which protons are attached to which heteronucleus (X-spin) in 
the molecule and for this heteronuclear 2D correlations are widely used to 
transfer previously established proton assignments onto the directly bonded 
heteronucleus or, on occasions, vice versa. This may then provide further 
evidence to support or reject the proposed structure as being correct, or may 
provide assignments that can be used as the basis of further investigations. In 

Table 6.1. The principal applications of the main techniques described in this chapter 

Technique Principal applications 

HMQC Correlating coupled heteronuclear spins across a single bond and hence identifying directly connected nuclei, most often 
^H-^^C. Employs detection of high-sensitivity nuclide e.g. ^H, ^^F, ̂ ^P (an 'inverse technique'). Experimentally robust 
sequence, well suited to routine structural characterisation. 

HSQC Correlating coupled heteronuclear spins across a single bond and hence identifying directly connected nuclei. Employs 
detection of high-sensitivity nuclide e.g. ^H, ^^F, ̂ ^P (an 'inverse technique'). Provides improved resolution over HMQC so is 
better suited for crowded spectra but is more sensitive to experimental imperfections. 

HMBC Correlating coupled spins across multiple bonds. Employs detection of high-sensitivity nucUde e.g. ^H, ^^F, ̂ ^P (an 'inverse 
technique'). Essentially HMQC tuned for the detection of small couplings. Most valuable in correlating ^H-^^C over 2- or 
3-bonds. Powerful tool for linking together structural fragments. 

HETCOR Correlating coupled heteronuclear spins across a single bond. Employs detection of the lower-y nuclide, typically ^^C, so has 
significantly lower sensitivity than inverse techniques. Benefits from high-resolution in ^̂ C dimension, so may find use when 
this is critical, otherwise superseded by above methods. 



222 High-Resolution NMR Techniques in Organic Chemistry 

addition, the experiment may be used as a means of spreading the resonances 
of a complex proton spectrum according to the chemical shift of the directly 
attached nucleus, utilising the typically greater dispersion of the X-spin chem-
ical shifts to assist with proton interpretation. The high-sensitivity of modem 
correlation techniques often provides a fast method for determining indirectly 
chemical shifts of the X-nucleus and avoids the need for its direct observation 
altogether, offering considerable timesavings. Thus, the ^H-^H COSY and the 
^H-^^C correlation experiments (as the HMQC or HSQC sequences) represent 
the primary 2D techniques in structural organic chemistry. 

For more complex problems there exist methods that combine the features 
of two, otherwise separate, techniques, which shall be referred to here as 
'hybrid' experiments. Whilst a wide range of combinations have been devised, 
essentially limited by the imagination of the spectroscopist, two principal 
features are of considerable utility. The first is editing of the correlation 
spectrum such that it contains both shift and multiplicity data, by analogy 
with the ID editing methods presented in Chapter 4. The second feature is the 
relaying of correlations to enhance the information content of the spectrum by 
providing additional neighbouring-group information. Beyond these methods 
that utilise one-bond heteronuclear couplings, correlations with a heteronucleus 
over more than one bond, so-called long-range or multiple-bond correlations, 
can provide a wealth of connectivity information on how molecular fragments 
are linked together. 

6.2. SENSITIVITY 

The original methods for determining heteronuclear shift correlations were 
based on the observation of the low-y X-nucleus, with the proton being indi-
rectly detected and consequently appearing along the fi dimension of the 2D 
experiment. This approach was adopted because, as we shall see, the original 
2D sequences were derived from early polarisation transfer experiments, such 
as INEPT (Section 4.4), which were themselves designed to enhance the sensi-
tivity of low-y observations, and because early pulsed NMR instruments were 
designed with this mode of operation in mind. During the last decade or so, 
the approach to data collection has fundamentally changed to one in which the 
high-y nucleus, most frequently the proton, is observed, with the heteronucleus 
now detected indirectly. This switch has given rise to a body of experiments 
frequently referred to as 'inverse' shift correlations, the motivation for change 
being improved sensitivity. 

The dependence of the strength of an NMR signal on magnetogyric ratio 
has been discussed previously in Section 4.4 where the concept of polarisation 
transfer was introduced as a means of sensitivity enhancement. From the 
qualitative arguments presented in that section a more formal expression for the 
signal-to-noise ratio of a one-dimensional experiment involving spin-72 nuclei 
was given as: 

I (x NAT-'B;/VexcYotT^(NS)'/^ (6.1) 

where N is the number of molecules in the observed sample volume, A 
is a term that represents the abundance of the NMR active spins involved 
in the experiment, T is temperature, BQ is the static magnetic field, yexc 
and yobs represent the magnetogyric ratios of the initially excited and the 
observed spins respectively, T2 is the effective transverse relaxation time and 
NS is the total number of accumulated scans. When choosing how to perform 
a heteronuclear shift correlation experiment, four general schemes may be 
devised, as represented in Fig. 6.1, according to which spin is used as the initial 
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Figure 6.1. The four general schemes to 
produce 2D heteronuclear shift 
correlation spectra. The relative 
sensitivities of these approaches are 
compared for proton correlation 
experiments with phosphorus-31, 
carbon-13, and nitrogen-15. 
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magnetisation 'source' and which is detected (represented in the y factors 
in Eq. 6.1). Alongside each schematic is summarised the relative theoretical 
sensitivities expected for an H-X pair based on the participating y values. 
Scheme 6.1b represents the approach adopted in the traditional shift correlation 
experiments, in which initial proton magnetisation is frequency-labelled in ti 
and then transferred onto the X-spin for detection. Scheme 6.Id is the modem 
'inverse' approach in which the proton nucleus is used both as the source and 
observed spin. Clearly the predicted sensitivity is significantly greater than that 
of the traditional method, and the dependence on the magnetogyric ratio of the 
low-y spin has been completely removed, although the natural abundance of 
this spin is still an important factor for all approaches (term A in the above 
equation). The lower the y of the X-spin, the greater the gains arising from 
proton detection; compare the figures for ^^P and ^̂ N in Fig. 6.1 for example. 
Additional theoretical gains by a factor of 2 or 3 can be anticipated for XH2 or 
XH3 groups respectively with the proton detected experiments. 

The impressive gains illustrated in Fig. 6.1 for inverse vs traditional methods 
may not be met in practice when the details of a particular sequence are 
considered. Significant factors may include the different relaxation behaviour 
of participating spins or the presence of multiplet splittings that spread a 
resonance and so reduce the signal-to-noise ratio. However, even a realistic 
gain of a factor of four in ^H-^^C correlations corresponds to a time saving 
of a factor of sixteen, meaning experiments that once required an overnight 
acquisition with ^̂ C detection can be collected in about an hour, whilst 
those traditionally requiring a couple of hours can be completed within a 
matter of minutes. Furthermore, studies on very dilute samples that would 
have been considered intractable become viable targets with proton detection. 
Such considerations have led to the universal adoption of proton-detected 
inverse-correlation methods whenever possible in both chemical and biological 
spectroscopy, and it is these techniques that are focused upon below, along with 
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only a relatively brief consideration of the more traditional X-detected methods 
that may still have utility in specific circumstances. 

The adoption of the inverse approach also has implications for the design 
of the NMR instrument. Conventional probes have been constructed so as to 
optimise the sensitivity for observation of the low-y X-nucleus, which entails 
placing the X-nucleus coil closest to the sample and positioning the proton 
coil outside this. Inverse probes have this configuration switched such that the 
proton coil sits closest to the sample for optimum sensitivity, thus providing 
a greater filling factor. However, even with conventional probes, the proton 
detected experiments can still be performed, albeit with less than optimum 
sensitivity, and may still provide a faster approach than the former X-observe 
experiments. 

6.3. HETERONUCLEAR SINGLE-BOND CORRELATION SPECTROSCOPY 

There are two techniques in widespread use that provide single-bond het-
eronuclear shift correlations, known colloquially as HMQC and HSQC. The 
correlation data provided by these two methods are essentially equivalent, the 
methods differing only in finer details which, for routine spectroscopy, are 
often of little consequence. As such, both methods are ubiquitous throughout 
the chemical literature and hence will be described in the sections that follow. 
Historically, the HMQC experiment has been favoured by the chemical com-
munity and HSQC by biological spectroscopists. This is, at least in part, due 
to the manner in which the early experiments were presented, viz HMQC for 
^H-^^C correlations in small molecules and HSQC for ^H-^^N correlations in 
proteins. At a practical level, the HMQC experiment tends to be more robust 
with respect to experimental imperfections or miscalibrations whilst the HSQC 
experiment has more favourable characteristics for very high-resolution work 
and is more flexible with regard to modification and extension of the sequence, 
so is now widely used in the chemical laboratory also; these points are pursued 
in the following sections. Both techniques employ the optimum approach to 
establishing heteronuclear connectivity utilising proton detection and following 
the general scheme of Fig. 6. Id. However, this approach poses technical diffi-
culties in the suppression of the parent resonance arising from protons bound 
to nuclides with I ^ V2, ^H-^^C and ^H- '̂̂ N for example. This is the dominant 
line observed in ID proton spectra but is merely a source of interference in 
heteronuclear correlations since it is only the low-intensity satellites that can 
give rise to the desired correlations, that is, the ^H-^^C or ^H-^^N protons in 
the above examples. The necessary suppression is nowadays most effectively 
executed by the application of pulsed field gradients (PFGs) which have had an 
enormous impact on heteronuclear correlation spectroscopy in particular. 

6.3.1. Heteronuclear multiple-quantum correlation (HMQC) 

The heteronuclear multiple-quantum correlation (HMQC) experiment is 
one of the two commonly employed proton-detected single-bond correlation 
experiments. Although this was suggested many years ago [1,2], the experiment 
lacked widespread use until a scheme was presented [3] that was able to 
overcome the technical difficulties associated with proton observation described 
above. Since then, and particularly since the advent of PFGs, the technique has 
come to dominate organic NMR spectroscopy. 

The 2D spectrum provides a simple map of connectivities in which a 
crosspeak correlates two attached nuclei, as seen in the ^H-^^C HMQC 
spectrum of menthol 6.1 (Fig. 6.2). This illustrates three of the most significant 
features of the experiment when applied to routine structural problems. The 
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Figure 6.2. The 500 MHz HMQC 
single-bond correlation spectrum of 
menthol 6.1. The conventional ID proton 
and carbon spectra are also shown for 
reference. 
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first is the ability to transfer known proton assignments, determined for 
example with the methods described in Chapter 5, onto the spectrum of the 
heteronucleus, so extending characterisation of the molecule. The second is the 
dispersion of the proton resonances according to the heteronuclear shift, which 
itself can aid the initial interpretation of the proton spectrum. For example, the 
region between 0.7 and 1.2 ppm of Fig. 6.2 contains a number of overlapped 
proton resonances which defy direct analysis even at 500 MHz. A clearer 
picture of events in this region emerges when these are dispersed along the 
^̂ C dimension, revealing the presence of seven distinct groups. This property 
becomes increasingly valuable as the complexity and overlap within proton 
spectra increases. The final feature which can prove surprisingly useful in 
structural assignment is the ability to identify diastereotopic geminal pairs. 
These are not always readily identifiable in COSY spectra owing to the lack 
of differentiation of geminal and vicinal couplings, and can lead to ambiguity 
in proton assignment. Only for these geminal pairs will two correlations to a 
single carbon resonance be observed, as seen for the correlations of C6, C4 and 
C3 in Fig. 6.2. In contrast to previous homonuclear 2D spectra encountered 
in this book, heteronuclear shift correlation spectra lack a diagonal and are 
not symmetrical about fi = f2, a simple consequence of there being different 
nuclides represented in the two dimensions. 

The HMQC sequence 
Despite the slightly foreboding title, the basic HMQC sequence is rather 

simple, comprising only four rf pulses (Fig. 6.3), the operation of which is 
considered here for a simple ^H-^^C spin pair. The sequence starts with proton 
excitation followed by evolution of proton magnetisation under the influence 
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Figure 6.3. The HMQC sequence and 
associated coherence transfer pathway. 
The A periods are set to 1/2JCH to 
enable to defocusing and subsequent 
refocusing of the one-bond heteronuclear 
coupUng. 
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Table 6.2. Typical ranges for one-bond carbon-proton 
coupling constants 

Proton environment 

Aliphatic, CHn — 
Aliphatic, CHnX (X = 
Alkene 
Alkyne 
Aromatic 

= N, O, S) 

Typical ^JCH range 
(Hz) 

125-135 
135-155 
155-170 
240-250 
155-165 

of the one-bond carbon-proton coupling. During a period A, antiphase proton 
magnetisation develops with respect to ^ JCH (Table 6.2), A is therefore typically 
set to around 3.3 ms. As in the case of INEPT or COSY, this antiphase 
magnetisation may be transferred to the coupled partner by the action of a 
subsequent rf pulse and the role of the first carbon pulse in HMQC is to 
generate proton-carbon multiple-quantum coherence (hence the title of the 
experiment). Recall that multiple-quantum coherence was described in Section 
5.4 as a pooling of the transverse magnetisation of coupled spins, in this case a 
proton and its directly bound carbon, that evolves coherently but which cannot 
be directly observed. If one were to start data collection of the proton signal 
directly after this carbon pulse there would be nothing to detect, provided the 
A delay was set precisely to 1/2 JCH ^ • 

This coherence is, in fact, a combination of both heteronuclear double- and 
zero-quantum coherence, as represented on the coherence transfer pathway 
of Fig. 6.3. Thus, for example, ^Hp = +1 and ^̂ Cp = -f-1 corresponds to 
double-qusintum coherence (Dp = 2), whilst ^Hp = +1 and ^̂ Cp = —1 is 
z^w-quantum coherence (Ep = 0). The salient point at this stage is how such 
coherences evolve during the subsequent ti period. Since they contain terms 
for both transverse proton and carbon magnetisation, they will evolve under 
the influence of both proton and carbon chemical shifts (although a feature of 
multiple-quantum coherences is that they will not evolve under the 'active' 
coupling, so JCH need not be considered at this point). What is ultimately 

^ Notice that this is exactly the procedure described in Section 3.5.1 for the calibration of pulses 
on the indirectly observed spin and, allowing for the proton 180° pulse, is also closely related 
to the start of the DEPT sequence (Section 4.4.3) which similarly relies on the generation of 
multiple-quantum coherence. 
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required, however, is frequency labelling according to carbon shifts only, since 
this is what one wishes to characterise in the indirectly detected f i dimension. 
To remove the effect of proton shifts during ti, a spin-echo is incorporated 
by placing a proton 180° pulse at the midpoint of ti, so by the end of the 
evolution period these shifts have refocused and thus have no influence in 
fi. Evolution of the carbon shifts is unaffected by the proton pulse, so these 
remain to produce the desired frequency labelling. The final carbon pulse then 
reconverts the multiple-quantum coherence back to observable single-quantum 
proton magnetisation which is once again antiphase with respect to ^JCH-
When collecting the proton FID it is generally desirable to apply broadband 
decoupling of the carbon spins to remove the JCH doublet fine structure, thus 
doubling the signal-to-noise ratio. To avoid cancellation of the antiphase proton 
satellites, a second A period is inserted to refocus the proton-carbon coupling, 
after which the proton magnetisation is detected. Conventional quadrature 
detection in f i is implemented by incrementing the phase of the carbon pulse 
prior to ti, according to either the States or TPPI procedures to yield a 
phase-sensitive display. The result is a two-dimensional spectrum with ^H 
shifts represented in f2, ^^C shifts in fi and crosspeaks indicating one-bond 
connectivities (Fig. 6.4a and b). One subtle point to be aware of is that although 
this sequence (and HSQC below) nominally detects single-bond correlations, in 
exceptional circumstances these may be missing and longer range correlations 
may appear. This occurs when the actual coupling constant involved is far from 
the value assumed when calculating A, a situation most likely to occur for 
alkynes where the one-bond and two-bond (H-C=C) couplings are unusually 
large. A large two-bond coupling (>50 Hz) can be sufficient to produce a 
crosspeak and care should be taken not to confuse this with a single-bond 
correlation if dealing with these systems. 
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Figure 6.4. The 400 MHz HMQC 
spectra of 6.2 recorded (a) with and (b) 
without carbon decouphng during data 
collection. In the absence of decoupling, 
each crosspeak appears with doublet 
structure along f2 arising from ^JCH-
These doublets are merely the usual ^^C 
satellites observed in the ID proton 
spectrum. IK t2 data points were 
collected for 256 ti increments of 2 
transients each. Data were processed 
with 7r/2 shifted sine-bells in both 
dimensions and presented in 
phase-sensitive mode. Zero-filling once 
in ti resulted in digital resolutions of 4 
and 40 Hz/pt in f2 and fi respectively. 
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The influence of homonuclear proton couplings 
It was noted above that proton magnetisation will also evolve according 

to its chemical shift during A after initial excitation. However, this is exactly 
refocused during the second A period because of the presence of the proton 
spin-echo, so does not give rise to phase errors in the proton dimension. 
Of greater concern is the evolution of proton magnetisation in the two A 
periods and of heteronuclear multiple-quantum coherence during ti, under the 
influence of homonuclear proton-proton couplings. Since these homonuclear 
couplings are not refocused by a spin-echo they will evolve in both A periods 
and potentially contribute to unwanted phase errors in the proton dimension. 
However, A is set according to *JCH which is typically at least an order of 
magnitude greater than JHH, SO that in practice the degree of evolution due 
to proton-proton coupling is rather small. In other words, A is too short for 
significant evolution to occur and the small phase errors that may arise are 
rarely troublesome (as described below, this is not the case when seeking 
correlations through long-range heteronuclear couplings that are comparable in 
size to homonuclear proton couplings). In contrast, multiple quantum coherence 
evolves during ti und^x passive JHH couplings without being refocused and thus 
the final carbon resonances are spread by proton-proton couplings along f i! 
This may seem a little odd, but it is a consequence of the fact that during ti 
both proton and carbon coherences evolve; we simply choose to remove proton 
chemical shifts with the spin-echo. In fact, because of the rather low digital 
resolution used in the carbon-13 dimension, as described below, these proton 
couplings are rarely resolved, but do contribute to undesirable broadening of 
the resonance along f i. These homonuclear couplings do not appear in the f i 
dimension of HSQC and this feature is the principal difference between the two 
spectra (see Section 6.3.2 and Fig. 6.7 below). 

Interference from ^H-^^C/^H-^^N resonances 
The HMQC sequence aims to detect only those protons that are bond to a 

spin-V2 heteronucleus, or in other words only the satellites of the conventional 
proton spectrum. In the case of ^^C, this means that only 1 in every 1(X) proton 
spins contribute to the 2D spectrum (the other 99 being attached to NMR 
inactive ^^C) whilst for ^̂ N with a natural abundance of a mere 0.37%, only 1 
in 3(X) contribute. When the HMQC FID is recorded, all protons will induce 
a signal in the receiver on each scan and the unwanted resonances, which 
clearly represent the vast majority, must be removed with a suitable phase cycle 
if the correlation peaks are to be revealed (the notable exception to this is 
when pulsed field gradients are employed for signal selection, see Section 6.3.3 
below). By inverting the first ^̂ C pulse on alternate scans, the phase of the 
^̂ C satellites are themselves inverted whereas the ^^C-bound protons remain 
unaffected (Fig. 6.5). Simultaneous inversion of the receiver will lead to 
cancellation of the unwanted resonances with corresponding addition of the 
desired satellites. This two step procedure is the fundamental phase-cycle of 
the HMQC experiment, as indicated in Fig. 6.3 above. 

Figure 6.5. Selection of satellite 
resonances in the HMQC experiment 
through phase-cycling. The phase of the 
carbon-13 satellites can be inverted by 
inverting the phase of the first 90° carbon 
pulse (a vs b). Subtraction of these two 
data sets by inverting the receiver phase 
also, cancels the parent *H-^^C 
resonance but reinforces the satellites (c). 

a) b) 
/ 

c) 

r~ 
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The problem with this scheme is that clean suppression of the unwanted 
resonances is unlikely to be achieved by phase-cycling alone, with residual 
signals contributing to undesirable bands of ti-noise in the resulting spectra 
which may mask the genuine correlations. Extensive time averaging can help to 
progressively reduce the intensity of these artefacts, but defeats the time-saving 
advantages otherwise made possible by this higher-sensitivity approach, and 
the use of a 'double-difference' phase-cycle [4] has been shown to improve the 
suppression. The detection of all proton resonances on each scan also imposes 
dynamic range limitations, in that a substantial part of the digitiser collects data 
that is ultimately discarded. A practically useful approach requires attenuation 
of the parent proton resonance before data collection begins, and Section 6.3.3 
describes two methods that are widely employed to meet this goal. 

6.3.2. Heteronuclear single-quantum correlation (HSQC) 

The heteronuclear single-quantum correlation experiment (HSQC) [5] also 
follows the general scheme of Fig. 6.Id but differs from HMQC in that only 
transverse (single-quantum) magnetisation of the heteronuclear spin evolves 
during the ti period (Ep = ±1), rather than ^H-X multiple-quantum coherence 
(Fig. 6.6). The transverse heteronuclear magnetisation is generated by polari-
sation transfer from the attached protons via the INEPT sequence, exactly as 
described for the ID experiment in Section 4.4.2 (compare the first part of 
Fig. 6.6 with that of Fig. 4.21a). The X-nucleus magnetisation evolves during ti 
with the proton 180° pulse at its midpoint refocusing ^H-X coupling evolution, 
thus decoupling the ^H-X interaction so only heteronuclear chemical shifts 
remain in fi. Following ti, the heteronuclear magnetisation is transferred back 
onto the proton by an INEPT step in reverse to produce, once again, in-phase 
proton magnetisation for detection in the presence of X-spin decoupling. The 
basic two-step phase cycle is analogous to that of HMQC requiring inversion 
of the first 90° X pulse with associated inversion of the receiver. 

Whilst this ultimately produces similar correlations to those of the HMQC 
experiment, the crosspeaks do not contain homonuclear ^H-^H couplings along 
fi. This is because only X-nucleus magnetisation evolves during ti which is 
not, therefore, influenced by homonuclear proton couplings. This results in 
improved resolution in this dimension, the principal advantage of HSQC over 
HMQC for small molecules [6] (Fig. 6.7). The potentially greater fi resolution 
of HSQC makes this approach superior when the heteronuclear spectrum 
is poorly dispersed, although for many routine small molecule assignments 
^̂ C dispersion is not limiting and either approach suffices. The most notable 
disadvantage of HSQC over HMQC is the greater number of pulses it utilises, 
especially 180° pulses on the heteronucleus, promoting intensity losses from 
rf inhomogeneity, pulse miscalibration or off-resonance excitation. This has 
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Figure 6.6. The HSQC experiment and 
associated coherence transfer pathway. 
The experiment uses the INEPT 
sequence to generate transverse X 
magnetisation which evolves and is then 
transferred back to the proton by an 
INEPT step in reverse. Notice that, in 
contrast to HMQC, only single-quantum 
X coherence evolves during ti (see text). 
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4.15 

Figure 6.7. A comparison of 
experimental crosspeaks taken from 
HMQC and HSQC spectra acquired 
under identical conditions of high f i 
resolution (2.5 Hz/pt). The upper ID 
trace is taken from the conventional ID 
proton spectrum, and the vertical traces 
are fi projections from the 2D spectra. 
The additional broadening in the HMQC 
spectrum arises from unresolved 
homonuclear proton coupHngs in f i, 
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greater significance for ^̂ C than ^̂ N owing to the greater frequency spread. 
Such losses may be minimised by careful probe tuning and, if necessary, the 
use of composite 180° pulses (Chapter 9). As with HMQC, suppression of the 
dominant parent resonance is required if the experiment is to be of general 
utility, as described below. 

6.3.3. Practical implementations 

To make the HMQC/HSQC sequences generally applicable it is desirable, 
if not essential, to suppress the resonances of those protons that cannot give 
rise to correlations in a more effective manner than can be achieved with 
phase-cycling alone. There are essentially two schemes for achieving this in 
widespread use. The more recent and certainly most effective approach is 
through the incorporation of pulse field gradients into the sequences. The older 
yet still very effective scheme aims to selectively saturate the parent resonances 
so that they have negligible intensity when detected. The effectiveness of the 
principal methods for suppressing the parent signal is compared in the ID 
^H-^^C HMQC spectra of Fig. 6.8, and discussed further below. 
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Gradient-selection [7] 
Pulsed field gradients undoubtedly represent the ultimate approach to signal 

suppression (Fig. 6.8d). Attenuation ratios in excess of 1000:1 are readily 
achieved in a single scan, meaning the suppression of the parent ^H-^^C or ^H-
"̂̂ N signals is complete and conveniently implemented. Phase-cycling is also 

not essential because signal selection is achieved solely by gradient refocusing, 
and in situations where sample quantities are not limiting these experiments 
may be performed within a matter of minutes. 

The gradient-selected sequence operates by employing a suitable combi-
nation of gradients that refocus only those responses that have followed the 
desired transfer pathway. The scheme of Fig. 6.9a is suitable for the collection 
of absolute-value data as this selects only one ^̂ C transfer pathway during ti 
(preferably the echo or N-type), and therefore provides fi quadrature detection 
directly^. To understand the signal selection process, consider the action of 
each gradient in turn, paying due attention to the coherence orders, p, (as 
represented in the coherence transfer pathway) and magnetogyric ratios of the 
participating spins. Recall that the coherence transfer pathway represents only 
the pathway we wish to preserve, others are not shown since they will not be 
selected. Assuming the gradients have the same profile and are of the same 
duration but differ only in their strengths, Gn, it is straightforward to summarise 
the phase induced by the gradients using the shorthand notation of Section 
5.5. Thus, the first gradient of Fig. 6.9a acts when both proton and carbon 
have coherence order p = +1 (heteronuclear double-quantum coherence), so 
the effect of the gradient is written Gi(yH + YG)- For the second gradient this 
becomes G2(-yH + Yc) and for the third G3(-YH)- TO preserve this pathway, the 
overall phase induced by the gradients must be zero: 

GI(YH + Yc) + G 2 ( - Y H + Yc) + G 3 ( - Y H ) = 0 (6.2) 

Note that only the ratios of the Y values become important in heteronuclear 
experiments and since YH/YC = 4 the above expression is simplified to: 

Gi (5)+G2(-3) + G3(-4) = 0 (6.3) 

There are a number of gradient ratios that will satisfy this expression 
and lead to the desired signal selection, for example 2:2:1, 5:3:4 or 3:5:0. 

Figure 6.8. A comparison of signal 
suppression methods used in 
proton-detected heteronuclear correlation 
experiments (see descriptions in text). 
Spectrum (a) is taken from a 
conventional ID proton spectrum without 
suppression of the parent resonance and 
displays the required ^^C satellites. Other 
spectra are recorded with (b) 
phase-cycling, (c) optimised BIRD 
presaturation, and (d) pulsed field 
gradients to remove the parent line. All 
spectra were recorded under otherwise 
identical acquisition conditions and result 
from two transients. Complete 
suppression can be achieved with 
gradient selection, but at some cost in 
sensitivity in this case (see text). 

^This retention of only one of the two possible transfer pathways with gradient selection is 
the reason for the reduced signal-to-noise ratio in Fig. 6.8d (which was acquired with sequence 
6.9a with ti = 0) when compared to the other spectra. The precise details of how gradients are 
incorporated into pulse sequences will dictate whether such signal losses occur [7]. From a users 
point of view it is sufficient to be aware that such losses can arise with gradient selection and, 
when sensitivity is critical, to choose those techniques designed to avoid these. 
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Figure 6.9. Sequences for the 
gradient-selected HMQC experiment. 
Sequence (a) is suitable for the collection 
of absolute-value data. Sequence (b) 
provides phase-sensitive data via the 
echo-antiecho procedure. The N- and 
P-type pathways are selected with the 
last gradient whilst the first two gradients 
are placed within spin-echoes to refocus 
shift evolution. 
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in the presence of various experimental imperfections, 
in some detail [8] and the authors reconmiend the 

the ratio 3:5:0 (i.e. using only two gradient pulses). 
gradient ratio, it remains to ensure the gradients are 

to achieve the desired suppression. This absolute-value 
magnitude calculation so is most suited to the fully 
of routine spectra when resolution and sensitivity are not 
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Figure 6.10. A gradient-selected, 
phase-sensitive HSQC sequence using 
the echo-antiecho approach. The N- and 
P-type pathways are selected by the last 
gradient. 

To achieve a phase-sensitive presentation, it is necessary to retain both N 
and P ^̂ C pathways during ti. This, however, is fundamentally impossible in 
a single scan if gradients are applied during the ti period since no gradient 
combination is able to refocus simultaneously signals from both the +1 and —1 
pathways. For example, the net effect of the 2:2:1 gradient combination on the 
^̂ C P-type pathway (coherence order —1 during ti) will be: 

GICYH - Yc) + G2(-yH - Yc) + GSC-YH) = 

(2 X 3) + (2 X - 5 ) + (1 X - 4 ) = - 8 (6.4) 

and the signal will remain dephased. There are two basic approaches to 
overcoming this limitation; either to avoid the use of gradients during ti 
altogether [9,10] so allowing use of the conventional States or TPPI methods 
of quadrature detection, or to collect the N- and P-type signals on alternate 
scans and combine them via the echo-antiecho method of processing [11-13]. 
Fig. 6.9b shows the scheme based on the echo-antiecho method. To obtain 
pure-phase spectra it is necessary to refocus carbon-13 chemical shift evolution 
that occurs during the gradient pulses, so additional spin-echoes bracket ti, 
otherwise the sequence resembles that of Fig. 6.9a. The two different pathways 
are collected by inverting the sign of the last gradient so, for example, the 
N-type is refocused with 2:2: —1 and the P-type with 2:2:1 (note this selection 
is opposite to that of Fig. 6.9a because of the use of additional 180'' ^̂ C pulses). 

A similar logic to that above applies to gradient selection in the HSQC 
experiment, for which a variety of different approaches are also possible [7]. 
A suitable sequence employing the echo-antiecho approach is illustrated in 
Fig. 6.10, and requires only two gradients in proportion to the magnetogyric 
ratios of the X and ^H spins since each acts on single-quantum X and ^H 
magnetisation. Thus, for a ^H-^^C correlation experiment, ratios of 4:1 and 
4: —1 will select the N- and P-type coherences on alternate scans. Once again, 
the first gradient is applied within a spin-echo to refocus X-spin chemical shift 
evolution during the gradient pulse, whereas the second can be applied during 
the usual INEPT refocusing period. 

The ability to completely suppress the parent ^H-^^C or ^H- '̂̂ N resonances 
produces spectra that are largely devoid of the bands of ti noise that may 
otherwise plague the experiment. This is illustrated in Fig. 6.11 which shows 
a section of the gradient-selected ^H-^^N HSQC spectrum of the carbopeptoid 
6.3 recorded with ^̂ N decoupling, plotted conventionally and with the contour 
levels reduced to show the baseline thermal noise. 
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Figure 6.11. A gradient-selected HSQC 
spectrum of the carbopeptoid 6.3 at 
natural ^^N abundance plotted at high 
and at low contour levels to show the 
thermal noise floor. No ti-noise artefacts 
remain from the parent ^H-^'^N 
resonances (̂ ^N is referenced to external 
liquid ammonia). 
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BIRD'HMQC 
Not every NMR spectrometer or probehead is equipped with pulsed field 

gradient capabilities, yet it may still be possible to execute the basic heteronu-
clear shift correlation experiments described above. In such cases it is desirable 
to employ an alternative scheme to remove the interfering parent resonances 
and produce spectra devoid of objectionable artefacts. In the BIRD (bilinear 
rotation decoupling) variant (Fig. 6.12), unwanted ^H-^^C resonances are 
suppressed prior to the HMQC sequence by an ingenious presaturation scheme. 
This commences with the inversion of only the carbon-12-bound protons by 
the so-called 'BIRD pulse' (the action of which is described below), leaving 
the carbon-13-bound protons unaffected. Following the inversion, a recovery 
period, x, allows the magnetisation vectors to relax back toward the equilibrium 
-hz axis, until they pass through the x-y plane (Fig. 6.13). At this point, 
the HMQC sequence itself begins and because there exists no longitudinal 
^H-^^C magnetisation, no transverse component is ever generated for these 



Chapter 6: Correlations through the chemical bond II: Heteronuclear shift correlation 235 

Figure 6.12. The BIRD variant of the 
HMQC experiment. The conventional 
HMQC sequence is employed, but is 
preceded by the BIRD inversion element 
and an inversion recovery delay, x. This 
procedure ultimately leads to saturation 
of the unwanted parent resonances. 
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Figure 6.13. Elimination of parent 
^H-^^C proton resonances through the 
BIRD-inversion recovery sequence. At 
the start of data collection no 
longitudinal proton magnetisation exists 
but this reappears during the acquisition 
period and subsequent recovery delay 
(RD) through spin relaxation. The BIRD 
element selectively inverts only those 
protons attached to carbon-12, which 
then continue to relax during the 
inversion recovery delay, x. With an 
appropriate choice of x, the ^H-^^C 
magnetisation has no longitudinal 
component when the HMQC sequence 
starts, so does not contribute to the 
detected FID. 

Spins and hence the desired suppression of the resonances is achieved. During 
detection and the next inversion-recovery period, the ^H-^^C magnetisation 
simply relaxes back towards its equilibrium value in readiness for the sequence 
to begin once more since it is not inverted by the BIRD pulse. 

The BIRD pulse [14] is in fact a cluster of pulses (Fig. 6.12) used as 
a tool in NMR to differentiate spins that possess a heteronuclear coupling 
from those that do not. The effect of the pulse can vary depending on the 
phases of the pulses within the cluster, so we concentrate here on the selective 
inversion described above. For illustrative purposes, proton pulse phases of x, 
y, X will be considered as this provides a clearer picture with the vector model, 
although equivalent results are achieved with phases x, x, —x, as in the original 
publication. The scheme (Fig. 6.14) begins with a proton excitation pulse 
followed by a spin-echo. Since carbon-12 bound protons have no one-bond 
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Figure 6.14. Selective inversion of 
carbon-12 bound protons with the BIRD 
element. Proton chemical shift evolution 
is refocused in the sequence but 
heteronuclear one-bond couplings evolve 
throughout. 
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heteronuclear coupling, only their chemical shifts evolve during A. These are 
subsequently refocused by the 180°(^H), so that at the end of the second A 
period, the second 9&'CH) places the vector along the —z axis and produces 
the desired inversion of the ^H-^^C resonances. For those spins that posses a 
heteronuclear coupling, chemical shifts will refocus as above so we need only 
consider the effect of the coupling itself. If A is set to 1/2JCH» the two proton 
vectors will lie along ibc inmiediately prior to the ISO '̂C^H, ^^C) pulses, after 
which the coupling will continue to evolve. Thus, after a total period 2A, the 
doublet vectors lie along —y, and are then returned to +z by the action of the 
final proton pulse, and for these spins it is as if the BIRD had never appeared. 

The success of the BIRD suppression scheme depends crucially on the 
correct setting of recovery delays and repetition rates, according to the proton 
Ti values of the molecule. In practice, one is unlikely to know precisely what 
these are, and in any case there will exist a spread of these within the molecule, 
so a best-guess compromise must be made. It turns out [3] that optimum 
sensitivity is achieved by setting timings according to the shortest Ti value in 
the molecule, and once again setting the recycle time of the experiment, that 
is the time between the start of data acquisition of one experiment and the 
beginning of the HMQC sequence of the next (t2 + RD + x of Fig. 6.13), to 
around 1.3 Ti. The inversion-recovery period, t, must be set to approximately 
0.5 Ti for efficient suppression, and the proton acquisition time, t2, set 
according to the desired digital resolution. The relaxation delay, RD, is then 
chosen to make up the desired recycle time fe -\- RD ^ 0.8 Ti). For example, 
assuming the smallest anticipated Ti in a molecule to be 600 ms, and that t2 is 
set to 200 ms, corresponding to an f2 digital resolution of 5 Hz/pt, the above 
guidelines suggests, one selects x = 300 ms and RD = 280 ms^. Since one is 
generally forced to make a best guess at the Ti values, the experimental settings 
are fine tuned to give optimum suppression of the unwanted resonances. This is 
most conveniently achieved by running the experiment in an interactive set-up 
mode that allows real-time adjustment of parameters, and altering x to produce 
the minimum FID. 

The BIRD scheme is remarkably efficient at suppressing the troublesome 
^H-^^C resonances and associated ti-noise and has been widely employed in 
the study of small molecules. However, this method is not suitable for the study 
of very large molecules because during the x period the negative NOE (Chapter 
8) generated from the inverted protons causes a reduction in the signal intensity 
of the observed protons and therefore compromises sensitivity. The traditional 
approach for large molecules in the absence of field gradients [15] has been to 
apply a strong spin-lock period during the first INEPT sequence of the HSQC 
experiment. This destroys all magnetisation not aligned with the spin-lock axis 
and suppresses the unwanted parent signals. 

Practical set-up 
The high crosspeak dispersion typically associated with heteronuclear shift 

correlation experiments alongside the lack of any requirement for well defined 
crosspeak fine structure means HMQC or HSQC experiments can be recorded 
with rather low digital resolution for routine applications, enhancing their time 
efficiency. An acquired digital resolution of 5 Hz/pt in the proton f2 dimension 
and only 50 Hz/pt in the heteronucleus fi dimension are generally sufficient 
to resolve correlations. Improved fi resolution can be achieved by linear 

^ Such rapid pulsing may seem excessively fast for the resonances one wishes to observe, 
especially for those protons with longer relaxation times. However, one should recall that the 
proton Tis generally measured relate to carbon-12 bound protons, whereas in HMQC one is 
interested in carbon-13 bound protons. This nucleus acts as an additional dipolar relaxation 
source for the directly attached proton leading to shortening of the proton Ti value, consistent 
with the rapid repetition. 
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prediction of the FIDs when sensitivity allows, and/or the digital resolution 
enhanced by zero-filling (usually at least once). Alternatively, the use of linear 
prediction can lead to significant time savings when high sample quantities are 
available, by reducing the number of ti increments that must be recorded and 
computationally regenerating those missing ti data points to provide adequate 
fi resolution [16]. It must be remembered, however, that very high resolution in 
fi is not desirable for the HMQC experiment since one should avoid resolving 
splittings arising from the homonuclear proton couplings and so degrading the 
signal-to-noise ratio. Beyond this, processing requires only simple apodisation 
in both dimensions and either shifted squared sine-bells or Gaussian windows 
function well for phase-sensitive data sets. 

Proton-carbon correlation experiments based on the methods described above 
can be surprisingly fast to acquire for routine organic samples, especially when 
pulsed field gradients and probes optimised for proton detection are employed. 
Repetition rates are dictated by the shorter relaxation times of the ^̂ C bound 
protons and can therefore be faster than homonuclear COSY spectra, for ex-
ample, where it is the ^̂ C bound protons that are monitored. They are usually 
quicker to obtain and often more informative than the ID carbon spectrum, often 
accessible in a matter of minutes, and are now routine experiments in the organic 
laboratory. Accompanying these methods with spectrum editing techniques as 
described below further extends their utility as structural tools, and may increas-
ingly relegate direct X-observe ID experiments such as APT and DEPT to the 
periphery of common structure elucidation methods. 

X-Y correlations 
It should be remembered that the 2D methods presented here are suitable 

for the correlation of a variety of different nuclides [17], and do not neces-
sarily require proton detection, so long as the observed nucleus exists at high 
abundance. As an illustration. Fig. 6.15 shows a phosphorus detected ^^P-^^C 
correlation of 6.4. The basic HMQC sequence was used with additional broad-
band proton decoupling applied throughout but without carbon-13 decoupling 

CH3O 

6.4 

^OCHs 

ppm 

13c 

r 9.5 

hlO.O 

31r 
35.0 34.5 34.0 

10.5 

11.0 

11.5 

ppm 

Figure 6.15. Phosphorus detected 
^^P-^^C HMQC spectrum of 6.4. Proton 
decoupling was applied throughout but 
no carbon-13 decoupling was used 
during detection of the phosphorus FID. 
These data were acquired using a 
home-built third channel and a probe 
modified for triple-channel operation. 
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Figure 6.16. Phosphorus detected, proton 
decoupled ^ip-SVpe HMQC spectrum of 
6.5. The traces are projections taken 
from the 2D spectrum (reproduced with 
permission from [20]). 
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during the detection period. The correlation thus appears as a ^Jcp doublet. 
Such experiments are often referred to as heteronuclear X-Y correlations to 
indicate the participation of two nuclides other than proton, which itself is 
usually decoupled. These require the spectrometer to posses three rf channels 
and a probe that can tune to the nuclei involved so are not accessible on 
a standard two-channel instrument. However, with the increasing availability 
of three-channel spectrometers in chemical laboratories, such methods can be 
expected to provide additional routes to structure determinations and the study 
of chemical processes. Inverse correlation methods can also provide access to 
chemical shift data of nuclei that are otherwise too insensitive to be observed 
directly. This has particular significance for the indirect observation of metals, 
many of which have very low intrinsic sensitivity but can nevertheless be 
detected through their spin-coupled neighbours on adjacent ligands, most often 
proton or phosphorus nuclei. The indirect observation of ^^Fe, a notoriously 
difficult nucleus to observe directly, is one such example [18-20] (Fig. 6.16). 

6.3.4. Hybrid experiments 

As was alluded to earlier, shift correlation spectra may be further enhanced 
by combining them with other pulse techniques to produce spectra with altered 
characteristics or increased information content. This section is necessarily 
brief and is intended to provide an oversight of the types of techniques that 
have been developed and which are likely to play an increasingly prominent 
role in organic structure elucidation. The first two sections below represent 
two of the more useful methods for structure elucidation and also illustrate the 
manner in which different techniques may be concatenated to produce 'new' 
experiments. The third illustrates how the heteronuclear spin may be used in 
the editing or simplification of ID proton spectra. 
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Figure 6.17. The DEPT-HMQC 
sequence for multiplicity editing within 
the 2D correlation experiment. The 
conventional DEPT sequence precedes 
HMQC and provides editing through the 
proton 0 tip angle. Setting 0 = 180° 
inverts XH2 responses relative to those of 
XHandXHs. 

2D multiplicity editing 
Short of the abihty to identify diastereotopic XH2 groups, the heteronuclear 

shift correlation experiments so far encountered provide no direct evidence for 
the multiplicities of the XHn groups giving rise to each correlation, analogous 
to the way in which broadband decoupled heteronuclear spectra provide no 
multiplicity information. Various methods are now available to provide such 
editing within the 2D heteronuclear correlation experiment itself, so killing 
two birds with one stone, if you like. These provide more information in 
routine analysis and require less time than conventional ID editing methods. 
Furthermore, such experiments provide access to heteronuclear multiplicity 
information when small sample quantities preclude the direct observation of 
X-spin edited spectra, so further extending the range of sample quantities one 
can consider accessible to structural studies. 

Incorporating the DEPT sequence of Chapter 4 within HMQC [21] 
(Fig. 6.17) offers one method for directly editing the correlation spectrum. 
The role of the DEPT sequence prior to the HMQC is to generate the heteronu-
clear multiple-quantum coherence that evolves during ti. A full analysis [21,22] 
shows that different multiple-quantum terms are used in this sequence than in 
ID DEPT, the net result being that the crosspeak intensities have a different de-
pendence on the ^° proton editing pulse. The most useful implementation uses 
9 = 180° to produce spectra with XH2 correlations inverted relative to those of 
XH and XH3 groups, equivalent to the conventional DEPT-135 ID sequence (a 
phase-sensitive presentation must be used!). Editing may be readily introduced 
to the HSQC sequence [10,23,24] by the simple addition of a spin-echo (A — 
180°(^H,X) — A) after ti. During this, only the heteronuclear coupling evolves, 
exactly as in the pulsed ID J-modulated spin-echo sequence described in Sec-
tion 4.3.1. Hence, setting A = 1/2J also provides a 2D correlation spectrum 
in which XH2 responses are inverted relative to those of XH and XH3. In one 
example of this approach, concatenating this echo with the existing ti period 
produces the modified HSQC scheme of Fig. 6.18 [7,25]. The edited HSQC 
spectrum of the substituted disaccharide 6.6 is shown in Fig. 6.19 and clearly 
differentiates CH from CH2 correlations. 

X X y 

— 1 ^L 

Figure 6.18. The gradient-selected, 
spin-echo HSQC sequence for 
multiplicity editing within the 2D 
correlation experiment. Setting A = 1/2J 
inverts XH2 responses relative to those of 
XHandXHs. 
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BnO y 

"OBn 

6.6 

A potential problem with these editing approaches is the cancellation 
of overlapping correlations with opposite phases in crowded regions of 2D 
spectra. Alternative sequences based on editing through multiple-quantum 
filtration produce spectra containing correlations from only XH or XH2 or XH3 
groups so the problem of signal cancellation is removed. These methods are too 
numerous to discuss here, but include REPAY [26], HYSEL [27,28], HmQC 
[22], MAXY [29,30] and others [10,31]. Even more exotic modifications 
include the addition of spin-lock transfer [32,33] in a manner similar to that 
described below. When to turn to such levels of sophistication will be dictated 
by the nature and complexity of the problem in hand, but the efficiency of such 
editing schemes with the advent of pulsed field gradients is likely to see these 
becoming more widely used for the investigation of complex structures. 

il ItUUUbLjLM^ 

Figure 6.19. The multiplicity-edited 
HSQC spectrum of the disaccharide 6.6 
in which positive CH correlations (red) 
are distinguished from negative CH2 
correlations (black). 
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Utilising X-spin shift dispersion 
When analysing molecules that display very crowded proton spectra, the 

2D homonuclear shift correlation experiments discussed in Chapter 5 may still 
provide spectra which are too overlapped to allow a complete interpretation. 
In such instances, the potentially greater dispersion of the parent heteroatom 
chemical shifts can be used as a means of further separating proton-proton cor-
relations. Furthermore, in cases of exactly overlapping proton resonances, the 
one-bond heteronuclear correlation experiments do not provide unambiguous 
identification of the parent heteroatom, and one approach to overcoming such 
problems lies in the transfer of the heteronuclear correlation information onto 
neighbouring protons. Thus, adding a TOCSY spin-lock mixing period after 
the HMQC/HSQC sequence and immediately prior to data collection [34,35] 
transfers magnetisation that has returned to the proton from which it originated 
onto neighbouring J-coupled protons (Fig. 6.20). Extended mixing periods can 
again be used to relay magnetisation along the proton network, potentially 
providing a complete proton subspectrum of the molecular fragment to which 
the heteroatom belongs. The result may be viewed as a X-spin-edited 2D 
TOCSY experiment, the proton correlations now appearing along rows taken at 
the hetero-spin fi chemical shifts. With sufficient shift dispersion in the X-spin 
dimension, overlap present in the 2D TOCSY is removed. The HSQC-TOCSY 
spectrum of the disaccharide 6.7 (Fig. 6.21b) contains numerous additional 
correlations over the HSQC spectrum (Fig. 6.21a), and can be used to map the 
proton coupling pathways. This is most clearly seen at the C3 shift of ring B, 
from which the H3 proton produces TOCSY correlations to all other protons in 
the ring, with the exception of HI (which in this case had zero coupling with 
H2, so causing a breakdown in transfer). 

The enormous simplification of crowded spectra in this manner makes this 
a very powerful technique. However, a point to bear in mind if considering 
applying these methods is that crosspeaks in the ^^C-edited experiment orig-
inate only from ^̂ C satellites because of the initial HMQC/HSQC step, and 
the experiment is therefore of significantly lower sensitivity than homonuclear 
2D TOCSY, in which all protons may participate. The experiment will gener-
ally find use after initial stages of investigation of complex spectra using the 
techniques already presented where ambiguities remain. The use of long-range 
heteronuclear correlations described shortly should also be considered in such 
cases. 

Further modifications (the addition of a spin-echo) allow the direct and 
relayed peaks to be differentiated through inversion of the direct correlations 
[36] and gradient-selected versions of these sequences without [37,38] and with 
[10,39] such editing have also been proposed. Although the addition of TOCSY 

A c O ^ OBn 

BnO--^'V--J^r^x B_ 

OMe 
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HMQC/HSQC 
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JcHf l \ J (i 
Hj- Hi 

HMQC 
HSQC TOCSY 

Figure 6.20. The schematic 
HMQC/HSQC-TOCSY sequence and 
the coupling pathway it maps. Direct 
correlations are produced for the proton 
bound to the spin-V2 heteroatom (Hd) as 
in the basic shift correlation sequence, 
and further relayed correlations are 
produced for those protons receiving 
magnetisation through the TOCSY 
transfer (Hr). 
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Figure 6.21. Selected regions of the (a) 
HSQC and (b) HSQC-TOCSY spectra of 
the disaccharide 6.7. The proton 
correlations originating from H3 of ring 
B are labelled and provide an almost 
complete map of protons within this ring 
(only the correlation to HI is missing). 

transfer is probably the most useful extension, any homonuclear mixing scheme 
can, in principle, be added, including a COSY, NOESY or ROESY step. 

Editing and filtering ID proton spectra 
The idea of using the heteroatom to edit the 2D spectrum as described above 

is equally applicable to the editing of ID proton spectra. Generally speaking, 
there are two reasons as to why one may consider doing this. Firstly, one may 
wish to edit the proton spectrum according to the heteroatom multiplicities 
to produce subspectra that are the proton analogues of, for example, APT or 
DEPT-edited carbon spectra. These analogues provide a faster and more sensi-
tive route to identifying carbon multiplicities within a molecule, and allow the 
analysis of smaller sample quantities by virtue of proton detection. Secondly, 
one may wish to selectively observe only the protons attached to a heteroatom 
isotope label. In this way, one uses the label io filter the proton spectrum, trans-
ferring the selectivity associated with the hetero-label onto the more sensitive 
proton. Whilst the natural abundance proton satellites of unlabelled positions 
will also pass the filter, they will be present at significantly lower intensity. 

The HMQC or HSQC sequences may be transformed into their ID equiv-
alents simply by removing the incremental ti time period (Fig. 6.22), so that 

Figure 6.22. The ID HMQC sequence. 
This can be used for editing spectra by 
selecting only those protons bound to 
NMR-active heteroatoms. Improved 
suppression of unwanted resonances can 
be achieved through the incorporation of 
pulsed field gradients, as for the 2D 
experiment. 
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c) 

Figure 6.23. The selective observation of 
protons bound to a carbon-13 label 
(2-^-^C-glycine) with a gradient selected 
ID HMQC sequence, (a) The ID proton 
spectrum and the filtered spectrum 
recorded (b) without and (c) with 
carbon-13 decoupling during acquisition. 

b) 

y km 111 1 Aik III . j ^ J4. JL 
5.0 4.5 4.0 3.5 3.0 2.5 2.0 ppm 

the experiment becomes just a heteronuclear filter. Only magnetisation that has 
passed via the X-spin will be observed in the final spectrum and again the 
suppression of all unwanted signals is greatly improved by the use of pulsed 
field gradients. The selective observation of ^^C-labelled glycine in an aqueous 
mixture is illustrated in Fig. 6.23. 

The classical approach to generating multiplicity-edited proton spectra 
was to use the INEPT or DEPT sequences in reverse to transfer initial 
carbon magnetisation onto the proton for detection. These suffered from low 
sensitivity and poor suppression of ^H-^^C resonances, so were never popular. 
Greater sensitivity may be achieved by using the inverse ^H ^- ^̂ C ^- ^H 
approach combined with multiple-quantum filtering [21,27] as for the 2D 
editing methods discussed above, and methods employing editing via gradient 
selection now provide far cleaner results [22,28,29,40]. As an example, the 
selection of a subspectrum containing only methylene proton resonances is 
shown in Fig. 6.24. Relative to the standard ID proton spectrum there is a 
price to pay in sensitivity, because one is again forced to observe the carbon-13 
satellites of the conventional proton spectrum. Nevertheless, this simplification 
may prove useful in the analysis of highly crowded spectra and may provide 
valuable multiplicity data when small sample quantities preclude the use of 
carbon-detected editing methods. 
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Figure 6.24. Editing of a proton 
spectrum according to carbon 
multipUcities. In (b) only those 
resonances arising from methylene 
groups have been selected from the 
conventional spectrum (a). Clean 
suppression of all other resonances is 
achieved with pulsed field gradients, 
although some phase errors remain on 
the selected signals. 
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6.4. HETERONUCLEAR MULTIPLE-BOND CORRELATION 
SPECTROSCOPY 

The ^H-X heteronuclear correlation methods presented so far all depend 
upon the presence of a proton bound to the heteroatom so are therefore un-
able to provide assignments for non-protonated centres and do not produce 
unambiguous carbon assignments when proton resonances exactly overlap. An 
alternative approach in such cases is to establish correlations between carbons 
and neighbouring protons over more than one bond, so called long-range or 
multiple-bond correlations, most commonly through the proton-detected het-
eronuclear multiple-bond correlation (HMBC) experiment. In the vast majority 
of cases, this will involve proton-carbon connectivities through couplings over 
two or three bonds ("JCH. n = 2, 3), since those over greater distances are 
often vanishingly small (see below). The ability to identify ^H-^^C correla-
tions across carbon-carbon or carbon-heteroatom linkages presents a wealth 
of information on the molecular skeleton, providing one of the most powerful 
approaches to defining an organic structure, perhaps second only to the more 
difficult to realise direct ^^C-^^C correlations provided by the INADEQUATE-
based methods of Chapter 5. The HMBC spectrum itself closely resembles that 
of HMQC in appearance, with the long-range correlations of each proton repre-
sented in the column taken at its chemical shift. The abundance of information 
in such spectra is illustrated in the HMBC spectrum of 6.2, (Fig. 6.25) which 
should be compared with the HMQC in Fig. 6.4. The complete set of corre-
lations observed in this spectrum are sunmiarised in Table 6.3, but the salient 
features of the experiment may be appreciated by considering the correlations 
of proton H2 alone. Firstly notice the breakthrough of the one-bond correlation 
appearing as the arrowed doublet at 93 ppm. This is exactly equivalent to the 
correlation seen in Fig. 6.4b, and here serves as a reference point, although 
these can, at times, be an unwelcome complicating factor. The possibility of 
such peaks appearing should always be borne in mind when interpreting these 
spectra. Second, notice that the correlations to C4, C5 and C8 arise from 
couplings across heteroatoms (N and O), a feature which sometimes seems to 
surprise those new to the experiment. This type of data can be particularly 
valuable when proton-proton couplings are absent. Finally, notice that H2 
shows a correlation to the carbonyl carbon C8, this centre being unobservable 
in the one bond correlation experiments. The ability to observe non-protonated 
centres in this way not only allows their chemical shifts to be determined but 
also provides valuable connectivity data. Nowadays, the combination of COSY, 

6.2 

Table 6.3. A summary of the long-range correlations 
observed in the HMBC spectrum (A = 60 ms) of 6.2 

Proton Correlated carbon 

2 
4 
4' 
5 
6 
6' 
1 
7 
9 
10 
10' 

4, 5, 8, 9, 10 
2, 5(w), 6(w) 
2(w), 5, 6 
4(w), 7(w), 8 
4, 5, 7, 8 
4, 5, 7, 8 
5 ,6 ,8 
5 ,6 ,8 
2, 10 
2, 9, 10' 
2, 9, 10 

Weaker correlations, corresponding to smaller coupling con-
stants, are identified with (w). Not all these are observed in 
Fig. 6.25 at the contour levels shown. 
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Figure 6.25. The HMBC long-range 
correlation spectrum of 6.2 recorded with 
A = 60 ms and with gradient selection. 
The sequence used the low-pass J-filter 
(Section 6.4.1) to attenuate breakthrough 
from one-bond correlations (which 
appear with ^JCH doublet structure along 
f2 (arrowed)). IK ta data points were 
collected for 256 ti increments of 8 
transients each and the data processed 
with unshifted sine-bells in both 
dimensions, followed by magnitude 
calculation. After zero-filling once in ti 
the digital resolution was 4 and 80 Hz/pt 
in f2 and fi respectively. 

ppm 

HMQC/HSQC and then HMBC typically represent the primary techniques to 
turn to when addressing problems of molecular connectivity in small organic 
molecules. 

6.4.1. The HMBC sequence 

The HMBC experiment [41,42] establishes multiple-bond correlations by 
again taking advantage of the greater sensitivity associated with proton detec-
tion, and in essence is the HMQC sequence 'tuned' to detect correlations via 
small coupHngs (Fig. 6.26a). Owing to the close similarity of the two, only 
differences pertinent to HMBC will be presented here, with the application of 
the experiment being considered in the following section. 

The tuning of the experiment is achieved by setting the A preparation period 
to a sufficiently long time to allow the small long-range proton-carbon cou-
plings to evolve to produce the antiphase displacement of vectors required for 
the subsequent generation of heteronuclear multiple-quantum coherence. Since 
long-range ^H-^^C couplings are at least an order of magnitude smaller than 
one-bond couplings (often <5 Hz), A should, in principle, be at least 100 ms 
(1/2"JCH)» although shorter delays are often used routinely to avoid relaxation 
losses. During this long A period, homonuclear ^H-^H couplings, which are of 
similar magnitude to the long-range heteronuclear couplings, also evolve and 
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Figure 6.26. The HMBC sequence (a) 
without and (b) with incorporation of 
pulsed field gradients. The sequence is 
closely relate to the HMQC experiment 
and follows a similar coherence transfer 
pathway. 
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introduce phase distortions to the observed crosspeaks (these distortions are 
small enough to be ignored in HMQC because of the much smaller A peri-
ods used). Absolute-value presentations are therefore widely used for HMBC 
spectra to mask these phase errors and it is therefore conmionplace to acquire 
HMBC data sets that are phase-modulated (N-type selection) as a function of 
ti. For sensitivity reasons, the refocusing A period of HMQC is omitted in 
HMBC so that long-range heteronuclear couplings are antiphase at the start of 
t2, precluding the application of ^^C-decoupling. 

Although the A period is chosen according to long-range couplings, it 
may also happen to be a multiple of the appropriate setting for one-bond 
correlations, additionally causing these to appear. Since the FID is acquired 
without ^̂ C decoupling, these possess distinctive doublet structure in f2 (as 
seen in Fig. 6.4b and Fig. 6.25) which aids their identification. These may be 
considered useful additions or unwanted interferences, depending on your point 
of view; while they simultaneously provide one-bond correlation data, they may 
obscure or become confused with long-range correlations. Their suppression 
is at least partially afforded by the addition of a one-step low-pass J-filter 
(so-called because it retains or passes only those peaks arising from couplings 
that are smaller than a chosen cut-off value, here the one-bond coupling 
constant) [41,43] (Fig. 6.27). Here, the Ai period is set according to ^JCH, 
whilst A2 is set according to the long-range coupling, as above. Alternation of 

Figure 6.27. The low-pass filter for 
removing spurious one-bond correlation 
peaks from HMBC spectra. This 
comprises an additional Ai period and 
90° X pulse at the beginning of the 
HMBC sequence. Ai is set to 1/^JCH 
and A2 to l/^Jcu- Inverting the phase of 
the first X pulse on alternate scans 
without inverting the receiver phase 
cancels unwanted one-bond 
contributions. 

1H 

X 

1 
X 

^ A, — - • — A2 — " 

±x\ ±x 

1 1-
Low-pass 

filter 



Chapter 6: Correlations through the chemical bond 11: Heteronuclear shift correlation 247 

the phase of the first carbon pulse without changing that of the receiver causes 
the signals originating from the one-bond correlations to cancel on alternate 
scans. In practice, the suppression is often not complete particularly when a 
wide range of ^JCH values are present, and a purge scheme in addition to 
the low-pass J-filter has been shown to provide improved suppression [44]. In 
routine studies one may omit all filtering schemes and accept the presence of 
breakthrough from one-bond couplings. 

Without any doubt, the greatest problem associated with the HMBC se-
quence lies in the suppression of the parent ^H-^^C signals which may 
otherwise mask the long-range satellites. Unlike HMQC, the BIRD sequence is 
not well suited to the removal of these resonances since this is also likely to 
lead to attenuation of the desired signals. Traditionally, the sequence has relied 
on phase cycling alone to cancel the intense parent resonance, requiring a very 
stable spectrometer to be effective. Even so, bands of residual ti-noise rou-
tinely plagued the original HMBC experiment and limited its use as a routine 
tool in organic chemistry. The introduction of pulsed field gradients [10,45] 
has revolutionised the applicability of HMBC, since complete suppression of 
the parent line is readily achieved, along with a dramatic reduction in the 
associated ti-noise. The benefits of the gradient selected approach are clearly 
demonstrated in the spectra of Fig. 6.28. Spectrum 6.28a was recorded with 
gradient selection and 6.28b with conventional phase cycling under otherwise 
identical conditions (other than a 256-fold increase in receiver amplification in 
(a) over that in (b)). Four transients were collected per increment, correspond-
ing to the minimum phase cycle (two steps for signal selection and two for 
suppression of axial peaks). Long-range correlations are clearly identified in (a) 
but can barely be observed above the ti-noise bands in (b). Improved results for 
the phase-cycled version can be achieved by collecting far more transients at 
the expense of instrument time. 

Long-range correlations based on the HSQC sequence are generally less 
effective. Significant evolution of ^H-^H couplings during the A period leads 
to unwanted COSY-type transfers among protons by the second 90° proton 
pulse of the INEPT sequence, a problem not found with HMBC. 

Figure 6.28. HMBC spectra recorded 
under identical conditions but with signal 
selection through (a) pulsed field 
gradients and (b) phase cycling alone. 

ppm 

ppm 
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6.4.2. Applying HMBC 

The presence of long-range correlations in HMBC spectra is influenced 
by many factors, both experimental and structural, and an awareness of these 
points is important for the optimum application and interpretation of the 
experiment, so are addressed here before progressing to some illustrative 
applications. Crosspeak intensities depend upon, among other things, both the 
magnitude of the long-range coupling and on the value selected for A, which 
should optimally be set to 1/2"JCH (crosspeak intensity a sin TI^JCH A). 
Long-range proton-carbon couplings over two or three bonds rarely exceed 25 
Hz, and in the absence of unsaturation are more often less than 5 Hz [46,47] 
(Table 6.4) indicating A should be 100 ms or more. Such long delays can 
lead to relaxation losses prior to detection, especially for larger molecules, 
so in practice a compromise is met with A being set to around 60-80 ms 
for routine applications. Since small organic molecules tend to have slower 
relaxation rates, longer delays can be used successfully in the search for more 
connectivities through smaller couplings, with A taking values of up to 200 ms. 
When using longer delays it also becomes possible to detect peaks that arise 
from 4-bond correlations which are most likely to occur when the coupling 
pathway contains unsaturation or when it has the planar zig-zag (w-coupling) 
configuration, as commonly observed in long-range proton-proton couplings 
also. One should also recognise that three-bond couplings can be, and often 
are, greater in magnitude than two-bond couplings, displaying a Karplus-type 
relationship with the dihedral angle [48]. Indeed, one of the limitations when 
using HMBC data is the lack of differentiation between two- and three-bond 
connectivities. Furthermore, the lack of a correlation cannot on its own be taken 
as evidence for the nuclei in question being distant in the structure, since a 
variety of factors can contribute to "JCH being close to zero (for more details 
see discussions in reference [46]). The most intense correlations are typically 
observed for methyl groups since magnetisation is detected on three protons 
simultaneously and because they display simpler coupling structure, if any, 
whereas the weakest correlations are generally associated with poorly resolved, 
complex proton multiplets. 

Despite the lack of discrimination, protons can potentially correlate to 
a great many carbon neighbours within two or three bonds, providing a 
mass of structural data on an unknown molecule. Connectivities may also 
be traced across heteroatom linkages (as seen in Fig. 6.25) where proton-
proton couplings are usually negligibly small and in this the experiment 
is extremely effective at piecing together otherwise uncorrected molecular 
fragments. Thus, the HMBC experiment was able to define the regiochem-
istry of a dipeptide antibiotic, Tii 1718B, isolated from Streptomyces cultures 
[49]. The two possible structures 6.8a and 6.8b were proposed from biosyn-
thetic arguments, but neither proton correlation or carbon chemical shift data 
could unambiguously identify which was correct. Confirmation was gained 

Table 6.4 

Coupling pathway 

H - C - C 
H - C = C 
H - C = C 
H - C ( = 0 ) - C 

. Typical 

'JCH 

( ± ) < 5 
<10 
40-60 
20-25 

values of long-range proton-carbon coupling constants 

Coupling pathway 

H - C - C - C 
H - C = C - C 
H - C = C - C 

^JCH 

<5 
<15^ 
<5 

Coupling pathway 

H - C = C - C = C 
H - C - C - C - C * ' 

^JCH 

(±)<1 
<1 

^ trans > cis, cis usually <10 Hz. 
^ w-configuration favoured. 
Heteroatoms such as O, N etc may also be included in the coupling pathways illustrated in place 
of C. 
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Figure 6.29. Columns taken from the 
HMBC spectrum of the antibiotic Tii 
1718B at the shifts of protons H4 and 
H5. Only the key correlations to the 
carbonyl resonances are shown 
(reproduced with permission from [49]). 
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from an analysis of the long-range correlations of protons H4 and H5, and 
in particular those to the carbonyl groups (Fig. 6.29). H5 was observed to 
correlate to both whereas H4 correlated only to C6, these data being consistent 
with 6.8a only. Connectivities across the oxygen linking neighbouring sugar 
residues in oligosaccharides likewise provides a useful means of identifying 
neighbouring residues in these compounds. Naturally, the sequence is not 
limited to proton-carbon connectivities, but can be tailored to any spin-Vi pair. 
Thus, long-range proton-silicon and proton-carbon correlations established 
through HMBC were used to confirm the structure of an unexpected product 
from the rearrangement of epoxydisilanes [50] as the silanol 6.9a rather than 
6.9b. Additional NOE studies identified the stereochemistries across the alkene. 

SiMe-

^ Si(Me2)0H 
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A potentially limiting problem with HMBC is the large spectral width that 
must be indirectly digitised in fi. This tends to be a greater problem than with 
one-bond correlation experiments because of the need to include the carbonyl 
region in many instances, meaning the data are usually collected with rather 
low fi resolution. In regions of the ^̂ C spectrum where many resonances 
fall close together, such low resolution may prove insufficient and result in 
crosspeak overlap. This can be the case with peptide assignments for exam-
ple, where amide carbonyl resonances all fall within a 6 ppm window. One 
solution to this is to select only the part of the fi dimension that contains the 
carbonyl resonances, so only these appear in the final spectrum and hence only 
a small fi window need be digitised. This is achieved by selectively exciting 
only the ^̂ C resonances of interest with a shaped carbon pulse (Chapter 9) 
in place of the first non-selective carbon pulse of the conventional sequence 
[51]. Fig. 6.30 compares the carbonyl region of 6.10 from the conventional 
HMBC with that from the semi-selective HMBC experiment. The goal was to 
obtain sequence specific assignments for each carbohydrate amino acid residue 
by identifying long-range ^H-^^C correlations to the carbonyl carbons, thus 
providing a link between adjacent residues [52]. For Fig. 6.30b the CO region 
was selectively excited with a 2 ms Gaussian pulse, providing a dramatic 
increase in fi resolution sufficient to identify the required H2^ to CO^ and 

Figure 6.30. Carbonyl regions of the 
HMBC spectra of 6.10 recorded with (a) 
the conventional HMBC and (b) the 
semi-selective HMBC sequences. The 
small carbonyl shift dispersion causes 
considerable crosspeak overlap with the 
low fi resolution of 80 Hz/pt in (a), 
whereas the higher resolution in (b) of 6 
Hz/pt removes this limitation. 
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AcO OAc 

OCH(CH3)2 

o 

6.10 

CO^ to H6̂ "̂ ^ long-range correlations and so establish connectivities across the 
amide linkage. 

Practical set-up 
Owing to the small size of long-range relative to one-bond couplings, and 

because of the need for long and often non-optimal A delay periods, the 
sensitivity of the HMBC experiment is somewhat less than that of its HMQC 
or HSQC cousins. In the absence of pulsed-field gradients, it is necessary to 
acquire many scans for each increment in an attempt to suppress the intense 
^H-^^C signal and reveal the correlations of interest, making the experiment 
time-consuming even when large sample quantities are available (spectral 
quality being highly dependent on spectrometer stability). Gradient-selected 
versions are considerably quicker to acquire, being dictated by sensitivity and 
resolution arguments alone since the suppression of the parent signal is no 
longer an issue and better use is made of the receiver dynamic-range. As a rule 
of thumb when using gradient selection, the HMBC experiment will typically 
take around four times as long to acquire as the corresponding HMQC or 
HSQC experiment to provide acceptable data. From what was once typically 
an overnight phase-cycled experiment, high-quality data can now be obtained 
within a few hours or even tens of minutes; the impact of pulsed field gradients 
on the HMBC experiment has been profound. 

The setting of A has been described above and the choice of digital 
resolution for the two dimensions follows similar arguments as for the one-bond 
correlation experiments, that is, around 50 Hz/pt in fi and around 5 Hz/pt in 
f2 should provide acceptable results in most cases. In HMBC the acquired t2 
FID begins as antiphase magnetisation with respect to ^JCH since the refocusing 
period is omitted, and the signal builds as refocusing occurs during ii itself. 
Optimal window functions providing close to matched filtering are therefore the 
unshifted sine-bell or squared sine-bell. In contrast, the ti interferograms decay 
from their maximum values and require only sufficient apodisation to avoid 
truncation errors that may appear under conditions of high signal-to-noise, so a 
simple exponential decay function suffices. Improved digital resolution of the fi 
dimension can be achieved through zero-filling (at least once is recommended) 
or the resolution increased by the use of forward linear prediction. Finally, 
the repetition time of the experiment is dictated by the Tis of protons directly 
bound to carbon-12 centres. Repetition times are therefore estimated from 
relaxation times as they would be for homonuclear correlation experiments, 
and are longer than those optimal for HMQC or HSQC. 

6.5. TRADITIONAL X-DETECTED CORRELATION SPECTROSCOPY 

Traditional methods of heteronuclear shift correlation follow the scheme 
of Fig. 6.1b above, relying on the direct observation of the X-spin and with 
the source nucleus (typically protons) detected indirectly. As discussed at 
the beginning of this chapter, this general approach is less sensitive than 
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that involving the direct observation of the proton and this has led to the 
general decline in popularity of the X-spin observed techniques. However, one 
should not shun their existence completely as they have one major advantage 
over the proton detected counterparts and that is the ability to record the 
X-spin with high digital resolution. With proton detected methods, the often 
large X-spin chemical shift range is measured in the indirect dimension and 
recording this with high resolution entails collecting many ti incremented 
data sets, making the experiments time consuming. With X-spin detection, 
high resolution may be achieved simply by collecting more data points per 
FID, making a minimal difference to the total duration of the experiment. 
When heteronuclear correlations are required for a crowded carbon spectrum, 
complex aromatic systems for example, the ^̂ C detected approach may thus 
prove superior. A more mundane reason for turning to these methods may be 
from purely practical considerations in as much as your spectrometer may be 
unable to operate in the 'inverse' mode, that is, it cannot be to configured 
to observe protons and still be able to provide pulsing and decoupling of the 
heteronucleus. This will be a constraint only for older instruments rather than 
those of modem architecture. The sensitivity of these methods can also be 
increased by the use of microcell or microtube techniques [53] in place of 
standard NMR tubes. The following experiments are described in the context 
of ^H-^^C, but again can be tailored to other spin pairs. 

6.5.1. Single-bond correlations 

Methods for establishing heteronuclear connectives are based on the general 
idea of polarisation transfer from the proton to carbon and as such can be 
understood with reference to the previously encountered ID INEPT experiment 
of Section 4.4.2. Recall that the refocused INEPT sequence allows the transfer 
of proton populations (polarisation) onto the attached carbon by the application 
of simultaneous proton and carbon pulses after the heteronuclear coupling 
has evolved for a period Ai. Following the transfer, the carbon magnetisation 
so created is antiphase with respect to ^JCH» SO is allowed to evolve under 
the influence of the heteronuclear coupling for a period A2 until the carbon 
vectors have realigned. At this point, proton decoupling is applied and the 
carbon FID recorded (Fig. 6.31a; here the 180° pulses at the midpoint of 

a) ^ ^y 

b ^ 

Figure 6.31. (a) The ID refocused 
INEPT experiment, shown in simpUfied 
form with the refocusing pulses at the 
midpoints of Ai and A 2 removed for 
clarity. The 2D shift correlation 
experiment (HETCOR) in (b) is derived 
from INEPT by the addition of the ti 
evolution period to encode proton 
chemical shifts prior to polarisation 
transfer. The 180° carbon pulse at the 
midpoint of ti refocuses heteronuclear 
coupling evolution and thus provides 
carbon decoupling in f i. 
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Ai and A2 which serve to remove chemical shift evolution are omitted for 
simplicity). To produce the two-dimensional shift correlation experiment [54], 
the variable ti evolution period is added immediately after the initial proton 
excitation and prior to the polarisation transfer step so that the detected ^̂ C 
signal becomes modulated by the proton chemical shift as a function of ti 
(Fig. 6.31b). During this, ^H-^H and ^H-^^C coupling will also evolve, leading 
to the appearance of both homonuclear and heteronuclear splittings in fi, 
thereby reducing signal intensities. The removal of ^H-^^C coupling can be 
achieved by refocusing ^JCH with the insertion of a 180° carbon pulse at the 
midpoint of ti (preferably applied as a composite pulse) to reduce resonance 
offset effects (Fig. 6.31b). Because there is no net CH coupling evolution in 
ti, the antiphase magnetisation required for polarisation transfer only develops 
during the subsequent Ai period, which is therefore optimised for Ai = 
l/2iJcH precisely as for INEPT (typically 3.5 ms for ^H-^^C correlations). 
The resulting spectrum displays crosspeaks correlating carbon chemical shifts 
in f2 and proton shifts in fi which are further spread by homonuclear proton 
couplings in fi. Fig. 6.32 displays a part of the carbon-proton shift correlation 
spectrum of the palladium complex 6.11. Despite the extensive crowding in 
the aromatic region, the carbon shifts are sufficiently dispersed to resolve 
all correlations (note some resonances are broadened by restricted dynamic 
processes within the molecule and some are split by coupling to phosphorus). 

The scheme of Fig. 6.31b has been widely used to produce absolute-value 
shift correlation spectra, and is often referred to as HETCOR or hetero-COSY. 
Conversion to the preferred phase-sensitive equivalent (of which various forms 
have been investigated [55]) requires the reintroduction of the simultaneous 
180°(^H,^^C) pulses into the midpoints of both Ai and A2 to remove chemical 
shift evolution during these periods, exactly as in the full refocused INEPT. In 
addition, the incorporation of the States or TPPI phase cycling of the 90° proton 
pulse of the polarisation transfer step is required. Suppression of axial peaks is 
through the phase alternation of the final proton pulse together with the receiver 
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Figure 6.32. The aromatic region of the 
absolute-value ^^C-^H HETCOR 
spectrum (500 MHz) of the palladium 
complex 6.11. 2K t2 data points were 
collected for 256 ti increments of 128 
transients each for a 40 x 2.6 ppm 
window. Unshifted sine-bells were 
applied in both dimensions and after 
zero-filling once in each, the digital 
resolution was 2.5 and 5.0 Hz/pt in f2 
and fi respectively. 
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(which is equivalent to that used in INEPT to suppress contributions from the 
natural X-spin magnetisation). As for the INEPT sequence, editing of the phase 
sensitive spectrum is possible by judicious choice of the A2 refocusing delay, 
for example setting A2 = 1/1.5JCH produces a spectrum in which responses 
from CH2 groups are inverted. For routine application, selecting A2 = 1/3JCH 
(typically 2.3 ms for ^H-^^C) provides positive intensities for all protonated 
carbons. 

Since polarisation transfer is employed, the experiment repetition rate is 
dictated by the recovery of the faster relaxing proton spins, and repetition 
times should be around 1.3 times the proton TiS. Resolution in the proton 
dimension can be quite low for routine applications since one does not usually 
wish to resolve the proton fine-structure and because the homonuclear coupling 
is in-phase there is no fear of signal cancellation; fi digital resolution may 
therefore be as low as 10 Hz/pt or so, requiring rather few ti increments. The 
number of scans per increment should be set such that the carbon resonances of 
interest can just be observed in the spectrum of the first recorded FID (which is 
equivalent to the ID INEPT experiment). 

Homonuclear decoupling infj 
By introducing a slight modification to the sequences presented above, 

it is possible to achieve (almost complete) removal of homonuclear proton 
couplings from fi also, so removing the multiplet spread and increasing both 
sensitivity and fi resolution. To do this, a similar approach to that for the 
removal of the heteronuclear coupling in f 1 described above is employed, that 
is, for each coupled spin pair one must invert, at the midpoint of ti, only one of 
the two spins so that the coupling evolution is refocused at the end of ti. For 
the heteronuclear case this is trivial, since one can apply a 180° carbon pulse 
confident in the knowledge that its proton partner will be unaffected. However, 
applying a single proton 180° pulse will fail since both protons experience this 
pulse and the coupling will continue to evolve, as for a homonuclear spin-echo. 
Worse still, proton chemical shifts will be refocused during ti, destroying the 
proton shift dimension altogether (although undesirable in this application such 
an approach can be useful if one wishes to analyse only coupling patterns in f 1; 
see Chapter 7 on J-resolved spectroscopy). What is required then, is a means of 
inverting only the remote J-coupled neighbours of a directly ^^C-bound proton 
(which is ultimately involved in the polarisation transfer step). The solution to 
this seemingly impossible task lies in the application of the BIRD sequence 
[14] already introduced in Section 6.3.3 as a means of selectively inverting 
^^C-bound protons whilst leaving ^^C-bound protons unaffected [56,57]. The 
differentiation of protons in the context of fi decoupling relies on the very 
different magnitudes of the one-bond and long-range couplings (^JCH ^ ^^^JCH) 

such that the long-range couplings can be considered negligible. Hence, placing 
the BIRD cluster at the midpoint of ti refocuses proton-proton coupling whilst 
the carbon 180° pulse of BIRD also serves to refocus proton-carbon coupling, 
as above (hence BIRD; bilinear rotational decoupling). The fi resonances then 
appear as singlets with the exception of those from non-equivalent geminal 
protons which retain their mutual coupling (as neither proton experiences the 
inversion since both are bound to ^^C) [58]. 

6.5.2. Multiple-bond correlations and small couplings 

Numerous X-detected sequences have been presented over the years for 
establishing long-range ^H-^^C correlations [59] prior to the widespread 
adoption of the proton-detected counterparts. This section presents the most 
widely used sequence (COLOC) and briefly mentions more recent sequences 
that have superior performance in most instances. 
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Figure 6.33. The COLOC sequence for 
establishing long-range correlations 
through X-spin observation. 

A direct way to obtain long-range correlations is to optimise the J-delay 
periods found in the one-bond HETCOR sequence above for the much smaller 
long-range couplings. The potential drawback to this approach is the total 
length of the resulting sequence because of the small couplings and the 
associated signal losses due to spin-relaxation. An early modification, known 
as COLOC (correlation through LOng-range Coupling), places the ti period 
within the Ai delay and thus reduces the overall length of the sequence 
(Fig. 6.33) [60,61]. The ti period is now defined by a pair of 180°(H,C) 
pulses that move through Ai as ti is incremented, such experiments being 
generally referred to as 'constant-time' experiments. The detected signal is 
modulated by proton shifts because, although these are refocused during ti, 
they continue to evolve in the remainder of the Ai period which itself is 
dependent on ti, so allowing characterisation of the proton chemical shifts. In 
contrast, homonuclear proton couplings evolve for the whole of the fixed Ai 
period regardless of the position of the moving 180° proton pulse meaning 
these couplings cause no modulation as a function of ti and the fi dimension 
conveniently displays only proton chemical shifts. Transfers due to one-bond 
couplings may also appear in the COLOC spectrum if the Ai and A2 periods 
happen to be multiples of the appropriate ^JCH values, and, if desired, the 
inclusion of a low-pass J-filter, as described for HMBC above, may help 
attenuate these [62]. 

A greater problem with this sequence is the influence of one-bond couplings 
during the A2 refocusing period, which can lead to the disappearance of a 
long-range crosspeak even when the Ai and A2 delays are optimised for the 
long-range couplings [63]. Following the polarisation transfer step, the vectors 
associated with the one-bond couplings of the carbon nuclei are in-phase 
(they are passive couplings since they have not been responsible for the 
polarisation transfer process) and during the subsequent A2 period, they will 
pass in- and out-of-phase a number of times under the influence of ^JCH- If 
these happen, coincidentally, to be have an antiphase disposition when the 
acquisition starts and proton decoupling is applied, the vectors will cancel and 
the crosspeak will be lost. In any case, the detected long-range correlation 
intensity will be modulated by the one-bond H-C coupling of the carbon. 
To remove these effects, one must ensure these vectors are returned to their 
original in-phase disposition at the end of A2, but at the same time allow the 
initially antiphase vectors due to long-range couplings to continue to evolve 
and become in-phase. Once again, this can be achieved by positioning a BIRD 
sequence at the midpoint of A2, which inverts the carbon and its long-range 
coupled proton but not the directly coupled proton [64,65]. The use of the 
BIRD cluster in this manner is recommended for all X-detected long-range 
correlation methods. 

In general, optimisation of the Ai and A2 delays for the COLOC experiment 
can be problematic. In addition to the one-bond modulation effects already 
described, the transfer efficiency is also influenced by homonuclear proton 
couplings evolving during Ai. The fixed Ai period also limits ti(max) (ti(max)/2 
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< Ai) which may dictate fewer ti increments be collected than would otherwise 
be desirable, so reducing the digital resolution of the fi dimension. These 
problems have been addressed in some detail and ID sequences presented for 
parameter optimisation [66]. For routine use, it has been suggested [59] that 
optimising delays for "JCH = 10 HZ should provide most responses of interest, 
particularly when using the BIRD sequence within the A2 refocusing delay. 
This corresponds to delays of 50 ms (1/2"JCH) and 33 ms (1/3"JCH) for Ai and 
A2 respectively. 

Various other sequences have been proposed over the years which generally 
show improved performance over COLOC. If heterospin detected methods are 
best suited to the study of your molecules, two sequences to note are XCORFE 
[67] and FLOCK [68], details of which can be found in the original literature. 
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Chapter 7 

Separating shifts and couplings: J-resolved 
spectroscopy 

7.1. INTRODUCTION 

Unlike the techniques encountered in the previous two chapters that ex-
ploit scalar couplings to correlate the chemical shifts of interacting spins, 
'J-resolved' experiments aim to separate (or resolve) chemical shifts from 
scalar couplings, so allowing the chemist to examine one parameter without 
complications arising from the other. For example, the analysis of crowded 
proton spectra is often complicated by the overlap of neighbouring multiplets, 
making the extraction of coupling constants or the accurate measurement of 
chemical shifts difficult or even impossible. This overlap clearly results from 
the similarities in chemical shifts of the corresponding protons, so if the individ-
ual multiplets could in some way be displayed independently of their shifts the 
overlap would be removed and, in principle, the couplings patterns analysed. In 
practice J-resolved methods are subject to a number of technical difficulties that 
may limit their effectiveness in this respect, and as such the methods have found 
far less use in routine structural work than the shift correlation experiments. 
That said, one of the major sources of complication when using J-resolved 
methods (strong-coupling between spins) can be eliminated in many instances, 
or perhaps reduced to an acceptable level, by the use of higher magnetic field 
strengths. As these become more routinely available to the research chemist the 
J-resolved methods are perhaps more likely to re-establish themselves as useful 
tools in the chemists armoury, rather than fall further into relative obscurity. 
The methods are all based on two-dimensional spectroscopy in which the 
shift and coupling parameters are resolved by presenting chemical shifts in 
f2 and only spin couplings in fi, which may be heteronuclear or homonuclear 
couplings depending on the details of the experiment. The principal techniques 
of this chapter are summarised in Table 7.1. These techniques were the most 

Table 7.1. The principal applications of the main techniques described in this chapter 

Technique Principal applications 

Heteronuclear J-resolved Separation of heteronuclear couplings (usually ^H-X) from chemical shifts. Used to determine the multiplicity 
of the heteroatom or to provide direct measurement of heteronuclear coupling constants. 

Homonuclear J-resolved Separation of homonuclear coupUngs (usually ^H-^H) from chemical shifts. Used to provide direct 
measurement of homonuclear coupling constants or to display resonance chemical shifts without homonuclear 
coupling fine-structure (e.g. 'proton-decoupled' proton spectra). 

'Indirect' homonuclear Separation of proton homonuclear couplings according to chemical shift of attached carbon centre. Used to 
J-resolved provide direct measurement of homonuclear coupling constants. 
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widely studied methods in the early development of two-dimensional NMR 
spectroscopy and may be understood with reference to the vector model, being 
based on simple spin-echoes. As such, I would recommend familiarity with 
spin-echoes before proceeding; see Section 2.2. 

7.2. HETERONUCLEAR J-RESOLVED SPECTROSCOPY 

In the heteronuclear version of the experiment, the chemical shift of the 
X-spin is presented in f2 whilst couplings to a heteronucleus, typically protons, 
are presented in f i. The f i dimension therefore enables an analysis of resonance 
multiplicity as well as measurement of the heteronuclear coupling constants 
(JXH) themselves, as described further below. 

To reduce the f i information content of the 2D spectrum to only couplings, 
it is necessary to make the detected FIDs insensitive to chemical shift evolution 
during the ti period, which is readily achieved by the use of a spin-echo during 
ti (Fig. 7.1a) [1,2]. Thus, following initial X-spin excitation, simultaneous 180° 
proton and carbon pulses are applied at the midpoint of ti, such that X-spin 
chemical shifts will refocus but the heteronuclear coupling will continue to 
evolve. There is no 'mixing' step in J-resolved experiments because magnetisa-
tion or coherence transfer to other spins is not employed. The sequence is the 
exact 2D analogue of the J-modulated ID editing sequence presented in Sec-
tion 4.2, with the fixed coupling evolution period A here being replaced with 
variable period ti. Since proton decoupling will invariably be applied during 
the detection period, heteronuclear X-H couplings do not appear in f2. The 
detected signals therefore experience the desired pure amplitude modulation 
according to the evolution of the heteronuclear couplings in ti (Fig. 7.2). In 
addition, the spin-echo refocuses field inhomogeneity effects since these are 
merely another source of chemical shift differences within the sample, meaning 

Figure 7.1. The (a) spin-flip and (b) 
gated decoupling techniques for 
recording heteronuclear J-resolved 
spectra. In (b) coupling evolution occurs 
for half of the ti period only, so 
splittings observed in f i appear with half 
their true ^ JXH values. 
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t = 0 

X-spin 
J^^ evolution 

Resultant with 
proton decoupling 

•J/2 

t = 1/4J 
y ^ •J/2 

Figure 7.2. Amplitude modulation of the 
X-spin signal by heteronuclear coupling 
evolution during ti, illustrated for a 
coupled X-H pair. The doublet vectors 
evolve throughout ti but are frozen 
during t2 by the application of proton 
decoupling so the resultant X-spin signal 
displays pure amplitude modulation 
according to the heteronuclear coupling 
constant. 

t=l/2J 

t = 3/4J ys t 
I 

t=l /J 

the resonances in fi possess natural line widths, that is, they are governed by 
the T2 rather than T2 of the heterospin [3]. 

The scheme of Fig. 7.1a is referred to as the 'spin-flip' or 'proton-flip' 
method because of the use of the 180° proton pulse. A widely used alternative 
is the 'gated decoupler' method [4] (Fig. 7.1b) in which this pulse is omitted 
and instead proton decoupling is applied for one-half of the evolution period 
(again analogous to the ID spectrum editing method). Chemical shifts are 
again refocused by the X-pulse, but the heteronuclear couplings now evolve for 
only half the total evolution time, resulting in the fi splittings being reduced 
by a factor of two (be sure which version you are using if you intend to 
measure JXHO- Note that if neither the proton decoupling or proton ISO"* pulse 
were apphed in ti, the effect of the lone X(180°) would be to refocus the 
heteronuclear coupling in addition to the chemical shifts, so preventing the 
operation of the experiment altogether. The attraction of the gated decoupler 
method lies in the simplicity of implementation since no ^H(180°) calibrations 
are required (a point of greater significance when these methods were initially 
developed), because the results are better behaved in the presence of strong 
coupling (see below), and because no artefacts are introduced by inaccuracies 
in the proton pulse. 

Fig. 7.3 shows the ^H-^^C J-resolved spectrum of menthol 7.1. The pro-
jection onto the f2 axis would produce the usual proton decoupled ID carbon 
spectrum in which resonances appear as singlets, whilst in fi the carbon 
multiplicities from ^JCH are clearly delineated. Such a spectrum represents a 
straightforward way of determining multiplicities, but this approach is rarely 
used nowadays since the ID spectrum editing methods of Chapter 4 offer a 
more rapid alternative and the edited heteronuclear shift correlations of Chapter 
6 are also more informative. The J-resolved spectrum may prove useful when 
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Figure 7.3. The 125 MHz ^H-^^C 
heteronuclear J-resolved spectrum of 
menthol 7.1, above which is the 
conventional ID carbon spectrum. The 
gated decoupler method of Fig. 7.1b was 
used and the splittings in f i are therefore 
half their true ^ JCH values. 
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unusually large ^JCH values exist and produce ambiguous results from the 
spectrum editing methods. Recall that these rely on delays being set according 
to the estimated J values, and may fail when the timings used are far from 
optimum, whereas J-resolved methods have no such requirement. A more at-
tractive use for the J-resolved experiment nowadays lies in the measurement of 
heteronuclear coupling constants themselves, and in particular the measurement 
of long-range proton-carbon couplings, since these can be of considerable use 
in conformational or configurational studies. Whilst in principle it is possible 
to record the fi dimension with sufficient digital resolution to resolve the small 
long-range couplings in the presence of the far greater one-bond couplings 
(which are typically at least an order of magnitude larger), a more efficient 
approach is to eliminate ^ JCH from fi and retain only ^^^JCH. SO reducing the fi 
spectral width and allowing finer digitisation for more accurate measurements. 
A number of approaches toward this are introduced in the following section. 

Refinements to the basic sequences of Fig. 7.1 include the use of polari-
sation transfer sequences prior to the spin-echo to prepare transverse X-spin 
magnetisation. INEPT, DEPT [5], as well as the more recent PENDANT [6] 
have been proposed for this purpose. In addition to sensitivity gains, the po-
larisation transfer sequences allow repetition rates to be dictated by the Tis 
of the faster relaxing protons. They may also be favoured when studying 
nuclei that experience a loss of intensity from the ^H-X nuclear Overhauser 
effect generated by proton decoupling, that is, those X-spins that have negative 
magnetogyric ratios, for example ^̂ N or ^^Si (see Chapter 8). Avoiding the 
use of proton decoupling during the relaxation delay minimises NOE build-up 
and hence signal losses, whilst the addition of the polarisation transfer step 
enhances sensitivity. 
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7.2.1. Measuring long-range proton-carbon coupling constants 

The use of long-range ^H-^^C coupling constants in the definition of molec-
ular configuration or conformation [7-9] is an increasingly active area, with 
numerous methods for measuring these developed in recent years. In principle, 
J-resolved methods are well suited to such measurements, but tend to suffer 
from the presence of the far greater ^ JCH couplings, as mentioned above. The 
common aim of the sequences described below is to eliminate these less infor-
mative one-bond ^H-^^C couplings from fi and so reduce the corresponding 
spectral width. Since ^ JCH values are greater than ca. 125 Hz, whilst long-range 
couplings are typically less than 10 Hz, substantial reductions in the fi spectral 
width can be made which allows higher digital resolution and provides accurate 
characterisation of the remaining "JCH values without the need to collect pro-
hibitively large or time-demanding data sets. The descriptions are deliberately 
brief but serve to illustrate the most useful approaches. 

Semi-selective 
By placing a BIRD cluster (Section 6.3) with proton pulse phases x, x, 

—X at the midpoint of ti in place of the simultaneous 180° pulses of the 
spin-flip method (Fig. 7.4a), it is possible to invert only those protons that 
share long-range couplings, while leaving those directly bound to a ^̂ C spin 
unaffected. This results in the selective refocusing of the one-bond couplings 
by the ^^C(180°) pulse, and thus their removal from fi, whereas the long-range 
couplings remain [10,11]. The fi traces display all "JCH values associated 
with each carbon, and may thus posses quite complex fine structure since 

a) 1H • I Decouple 

13^ 

X X 

tj • t 
2 • 2 I A ^^S 

^ • BIRD 
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13/ 

X X y 180^ ,̂ X y 

H I I A I 

13, 
XX y XX 

2 2 ^ I 
• ^1 

(Decouple) 

Figure 7.4. Heteronuclear J-resolved 
sequences for the measurement of 
long-range proton-carbon coupling 
constants; (a) semi-selective, (b) selective 
and (c) selective with proton observation 
(see text). 
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Figure 7.5. A region of the selective 
heteronuclear J-resolved spectrum of 7.2. 
Long-range heteronuclear couplings to 
the selected proton appear as splittings in 
f 1, the values of which are shown. The 
vertical trace is taken through the 
resonance at 199 ppm. 4K t2 data points 
were collected for 32 ti-increments over 
spectral widths of 100 ppm and 14 Hz 
respectively. A 100 ms Gaussian 180° 
pulse was used to select the proton 
resonance. The final f i resolution after 
zero-filling was 0.1 Hz/pt. 

1 

each carbon is likely be coupled to many protons. Such complexity may itself 
preclude the measurement of the coupling constants, and no information on 
which spin-pair gives rise to a specific coupling is available. 

Selective 
To simplify the fine-structure appearing in fi it is possible to selectively 

invert only one proton resonance during ti, taking care to avoid inverting its 
one-bond ^̂ C satellites. This requires the application of a selective ^H(180°) 
pulse in place of the usual 'hard' pulse in the spin-flip method (Fig. 7.4b). 
In this case, all couplings will be refocused and therefore removed from fi 
with the exception of those to the selectively inverted proton(s) [12]. The 
fi dimension therefore displays only simple multiplets (doublets, triplets or 
quartets depending on the selected proton group) and the coupling pairs giving 
rise to each are readily identified. This was one approach used for measuring 
long-range couplings to the bridgehead proton in a series of structures related 
to 7.2 in an attempt to define the unknown bridgehead stereochemistry and 
thus differentiate endo and exo products. A lack of NOEs to the bridgehead 
protons did not provide an unambiguous definition, so long-range couplings 
in the unknown products were compared with those in structures of known 
configuration. Fig. 7.5 shows a section of one such spectrum in which these 
couplings were measured from the fi doublet splittings. This requires the pro-
ton(s) of interest to be sufficiently resolved, and numerous experiments will be 

^ f ^ | < | | ^ 
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required if many "JCH values are to be determined. This has, nevertheless, been 
employed extensively in the measurement of long-range coupling constants in 
monosaccharide units [13], and other variants have incorporated the INEPT 
[14] and DEPT [15] sequences for sensitivity enhancement. 

Selective with proton detection 
Long-range couplings can also be observed through the observation of the 

participating proton, leading to significant sensitivity gains. An elegant way of 
performing the proton-detected experiment is based on a simple modification 
of the HSQC sequence presented in Section 6.3, and may be performed 
as the phase-sensitive experiment with or without pulsed field gradients [6] 
(Fig. 7.4c). The non-selective ^H(180°) inversion pulse within ti (which serves 
to refocus heteronuclear couplings in HSQC) is here made selective, and 
a simultaneous non-selective ^^C(180°) pulse added, producing a spin-echo 
during ti analogous in design and operation to the selective experiment 
above. The polarisation transfer step following ti transfers magnetisation back 
onto protons for detection through their one-bond proton-carbon coupling. The 
resulting spectrum thus displays the normal ^H spectrum in f2 and ""JCH doublets 
along f 1. These couphngs are from the selectively inverted proton to the carbon 
attached to the proton at the f2 chemical shift (Fig. 7.6), so measurements 
are restricted to long-range couplings to protonated carbons only. Once again, 
the spin pair giving rise to the coupling can be identified, assuming the target 
proton is sufficiently well resolved to be inverted selectively. 

Figure 7.6. The proton-detected selective 
heteronuclear J-resolved spectrum of 
adenosine 7.3. The HI' proton has been 
selectively inverted and the doublet 
splittings in fi record its long-range 
couplings to C8 and C2' (reproduced 
with permission from reference [6]). 

(a) 
-A L JL 11_J. ilAl 

h -4.0 

h -2.0 

h 0.0 

h 2.0 

Hz 



266 High-Resolution NMR Techniques in Organic Chemistry 

1J12. Practical considerations 

The requirements for sign discrimination in fi for the J-resolved experiments 
of Fig. 7.1 are readily met in di first-order system because the multiplets are 
symmetrical about their midpoints and thus folding about fi = 0 causes no 
confusion. Phase cycling for fi quadrature detection is, therefore, unnecessary. 
Since, in the presence of broadband decoupling, the detected signals experience 
pure amplitude modulation, pure phase spectra may also be obtained. However, 
when the system is no longer first order, that is, in the presence of strong 
coupling between protons (more precisely, between those protons giving rise 
to ^̂ C satellites and others), the H-X multiplets lose their symmetry and the 
detected signals experience some phase-modulation which in turn introduces 
dispersion-mode contributions to the spectrum. In this case, the 2D spectrum 
may be presented in the absolute-value mode to mask the phase distortions or 
alternatively, following the fi transform, columns may be extracted from the 2D 
data set at the chemical shift of a resonance of interest and processed separately 
as ID traces. Despite the overall dispersive contribution to the 2D lineshape, a 
single column displays absorption-mode characteristics. Further complications 
arise in the presence of strong-coupling for the spin-flip method [1]. 

The quality of J-resolved spectra can be seriously compromised by deficien-
cies in the accuracy of the pulses, (especially the 180° pulses), arising from 
pulse miscalibration, rf inhomogeneity, and off-resonance effects. The result is 
the appearance of a variety of additional weak resonances at esoteric positions 
within the spectrum, referred to as 'ghosts' and 'phantoms'. The ghosts arise 
from imperfections in the 180° refocusing pulse, such that some transverse 
magnetisation fails to experience the effect of the pulse and thus fails to be 
refocused. Phantoms arise from a combined deficiencies in the 90° and 180° 
pulses causing residual longitudinal magnetisation existing after the 90° pulse 
to become transverse following the imperfect 180° pulse. These spurious re-
sponses may be eliminated with the EXORCYCLE phase cycle [16], which is 
widely employed in sequences that utilise spin-echoes. This involves stepping 
the phase of the X-spin refocusing pulse through x, y, —x, —y whilst the 
receiver inverts, that is, steps x, —x, x, —x. Stepping the refocusing pulse by 90° 
causes the echo to shift in phase by 180°, as explained in Section 2.2, hence 
receiver inversion follows the echo, whereas the unwanted responses ultimately 
cancel. Deficiencies in the proton 180° inversion pulse [17] can be avoided by 
the use of the gated decoupler method, but where this is not possible, as in the 
case of the homonuclear J-resolved experiments that follow, use of a composite 
180° pulse such as 90x240y90x is recommended [18]. 

Practical set-up 
Digitisation of the data, in particular the number of ti increments that are 

needed, will be dictated by the information required of the spectrum. If one 
simply wishes to determine multiplicities, low digital resolution will suffice, 
allowing few increments and rapid data collection. For carbon-13 the widest 
multiplets arise from the quartets of methyl groups, so the fi spectral width 
need be about 3.2 times ^JXH (although it would be possible to reduce the 
spectral width further and deliberately fold in the outer lines of the quartets). 
This requirement can beneficially be reduced by a factor of two for the gated 
decoupler method to around 200 Hz, assuming a coupling constant of 125 Hz. 

To merely characterise the multiplet structure a digital resolution in fi of 
around 20 Hz/pt should suffice, requiring as little as 20 increments. If one 
wished to measure the value of ^JCH from the multiplet structure, a digital 
resolution of somewhat less than 5 Hz/pt would be more appropriate. Some 
200 increments would be required for 2 Hz/pt leading to a significantly longer 
experiment, particularly if many scans are required per increment for reasons 
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of sensitivity. If even finer digitisation were required for the measurement of 
long-range couplings, this approach becomes impossible. In contrast, when 
using one of the selective methods for ^JCH. one may only need digitise a 
10 Hz window, requiring only 40 increments for 0.5 Hz/pt. Following the f2 
transform, columns may be extracted from the 2D data set and treated as ID 
FIDs, including the use of zero filling, to further enhance measurements. 

7.3. HOMONUCLEAR J-RESOLVED SPECTROSCOPY 

The homonuclear version of the J-resolved experiment [19] is most fre-
quently applied in proton spectroscopy, although again is suitable for any 
abundant nuclide. In principle, the separation of 8 and J should reveal proton 
multiplets in fi free from overlap and thus available for analysis, and singlets in 
f2 at the corresponding chemical shifts, such that the f2 projection represents the 
'broadband proton-decoupled proton spectrum'. The possibility of generating 
such a spectrum has obvious appeal, allowing the accurate measurement of 
chemical shifts in even the most heavily crowded proton spectra. However, a 
number of technical difficulties must be overcome if one is to achieve this goal 
which, alas, is not readily accomplished. A second possible application is in the 
measurement of homonuclear coupling constants themselves, which is possible 
within the limitations of certain caveats detailed shortly. 

Ĥ 

Figure 7.7. The homonuclear J-resolved 
experiment. The 180° pulse at the 
midpoint of ti refocuses proton shifts but 
not homonuclear couplings, so only these 
appear in f i. 

The homonuclear sequence (Fig. 7.7) closely resembles the heteronuclear 
methods (although restricted to the spin-flip version only), and utilises the 
EXORCYCLE scheme. The appearance of the homonuclear spectrum is funda-

Figure 7.8. A multiplet from the 
homonuclear J-resolved experiment 
showing the characteristic tilting brought 
about by the presence of proton 
couplings in both fi and f2. 
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Figure 7.9. Phase modulation of a proton 
doublet as a function of time. The signals 
retain full intensity at all times (i.e. they 
do not experience amplitude modulation) 
but each line experiences a net 360° 
phase change over the sequence. The 
results are shown for a 10 Hz doublet 
with evolution times from 0 to 200 ms in 
20 ms increments. J ^ J ̂ J\ L i f̂  ~Vi 1 r 1 r1 r^ r' J U 

mentally different from its heteronuclear equivalent in that both chemical shifts 
and couplings appear in f2 (because one cannot simultaneously broadband 
decouple and observe the proton spectrum). Thus, rather than lying parallel to 
the f 1 axis, the proton multiplets appear along a slope of — 1 (in units of Hz), or, 
in other words, sit at 45° to either axis (assuming identical plot scaling for both 
dimensions, Fig. 7.8). Columns parallel to fi do not, therefore, display the ex-
pected proton multiplets, and the fi projection displays both chemical shifts and 
scalar couplings. To overcome these shortcomings, post-processing techniques 
are routinely applied, as described in the following section. Furthermore, un-
like the heteronuclear case, the detected signals unavoidably experience phase 
modulation as a function of ti (Fig. 7.9) resulting in phase-twist lineshapes. 
The spectra are therefore usually presented as absolute-value data following 
strong resolution enhancement and a magnitude calculation. Further complica-
tions arise in the presence of strong-coupling between protons in the form of 
additional responses (see below), so the J-resolved experiment is most suitable 
for overlapped spectra that are still first order. 

7.3.1. Tilting, projections and symmetrisation 

To reach the ultimate goal of retaining only chemical shifts in f2, it 
is possible to eliminate the couplings from this dimension by 'tilting' (or 
'shearing') the multiplets through an angle of 45° about their midpoints [20], 
as illustrated schematically in Fig. 7.10. Software routines for this process 
are common to NMR processing packages nowadays. The resulting spectrum 
then has an appearance similar to the heteronuclear analogue, with columns 
parallel to fi reproducing the multiplet structures (providing the magnitude 

Figure 7.10. A schematic illustration of 
the tilting procedure for eliminating 
homonuclear couplings from the f2 
dimension, (a) The original multiplet 
structure and (b) that following the tilt 
procedure. 
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calculation has been performed), and the projection onto the fi axis producing 
the broadband decoupled proton spectrum (Fig. 7.11). Fig. 7.12 compares 
traces taken from this J-resolved spectrum with the equivalent multiplets from 
the ID proton spectrum and illustrates the fine-resolution of multiplet structure 
that can be obtained in the fi dimension. 

Further improvements in the form of ti-noise reduction may also be achieved 
with additional post-processing. Prior to the tilt procedure, bands of ti-noise 
will He parallel to the fi axis, as for all 2D experiments, whilst following the 
tilt they will sit at 45"̂  to it. In first- and higher-order systems, the multiplets 
will themselves be symmetrical about the line fi = 0 Hz after tilting [21]. If 

Figure 7.11. (a) The 500 MHz proton 
homonuclear J-resolved spectrum of 7.4 
(after tilting and symmetrisation). The f2 
projection (b) approximates to the 
'proton-decoupled proton spectrum' and 
is considerably less complex than the 
conventional ID spectrum (c). 4K t2 data 
points were acquired for 64 ti increments 
over spectral widths of 5 ppm and 60 Hz 
respectively. The final f i resolution after 
zero-filling was 0.5 Hz/pt. Data were 
processed with unshifted sine-bell 
windows in both dimensions and are 
presented in magnitude mode. 
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Figure 7.12. (a) Selected fi traces taken 
from the J-resolved spectrum of 
Fig. 7.11a and (b) the equivalent 
multiplets from the ID proton spectrum. 

the whole data set were symmetrised about this line, that is, the lower intensity 
point for symmetrically related data points replacing the higher, the multiplets 
would be retained whereas the contributions from the sloping ti-noise would 
be diminished [22]. The procedure is similar to that introduced in Section 5.3.3 
for ti-noise reduction in absolute-value COSY spectra, although a different 
synmietrisation procedure is of course required, and again one should be aware 
of the possibility of introducing artefacts into the spectrum as a result of the 
symmetrisation routine itself. Again, these routines are common to modem 
processing packages. 

7.3.2. Applications 

Perhaps the most obvious application of the homonuclear J-resolved ex-
periment is the separation of overlapping multiplets so that the fine structure 
within each may be analysed. There is however a strict requirement for the 
spin-systems to be first-order for the separation of shifts and couplings to be 
successful [21] because strong-coupling causes unwanted additional responses 
to appear midway between the shifts of the strongly coupled protons. To reduce 
the degree of strong-coupling within spectra, the use of the highest available 
field strength is recommended for J-resolved spectroscopy wherever possible. 
Fig. 7.13 shows simulated spectra for a three-spin system at field strengths 
of 200 and 600 MHz. At the lower field (Fig. 7.13a), the coupled protons at 
3.7 and 3.8 ppm (J = 12 Hz) experience strong-coupling, as evidenced in the 
'roofing' of their ID resonances, which gives rise to the additional responses 
between them in the J-resolved spectrum. No such artefacts are associated with 
the resonance at 4.5 ppm, which experiences only first-order coupling to its 
partners. In contrast, the higher-field spectrum (Fig. 7.13b) shows no extra 
responses since all couplings are now (approximately) first-order. 

The homonuclear J-resolved spectrum can also assist in the measurement 
of proton heteronuclear couplings, notably when the coupling exists to a high 
abundance heteronuclide such as ^^P or ^^F. Since only the proton of a coupled 
heteronuclear pair will experience the 180° pulse, the heteronuclear coupling 
is refocused in ti and therefore absent in fi. This coupling will nonetheless be 
operative during detection of the proton FID and will thus appear in f2. Since 
this heteronuclear splitting sits parallel to the f2 axis rather than at 45° to it, it 
is not removed from this dimension by the tilting process and may thus be ex-
amined without interference from homonuclear proton couplings along f2. 
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Figure 7.14. Measurement of proton 
heteronuclear couplings from the tilted 
homonuclear J-resolved spectrum (a). 
Spectrum (b) is the f2 projection of (a) 
and displays only proton shifts and 
^H-^^P coupling. Spectrum (c) is the 
conventional ID spectrum displaying 
shifts and both ^H-^H and ^H-^^P 
couphngs. 
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Fig. 7.14 demonstrates this approach for the palladium phosphine complex 
7.5. The f2 projection of the tilted spectrum contains splittings for the ^H-^^P 
couplings only at each proton shift, as is most clearly seen for the phenyl 
ortho-^xoions at 7.85 and 7.92 ppm. These data can be used to complement the 
ID X-spin decoupled proton spectrum in which the proton-proton couplings 
are observed without interference from H-X spin couplings (see Fig. 4.12 of 
the same complex for comparison, Section 4.2). If desired, the heteronuclear 
couplings could also be eliminated from the J-resolved spectrum by the 
application of broadband X-spin decoupling during the acquisition time. For 
the measurement of the heteronuclear couplings, rows taken parallel to F2 
through the multiplet components provide better resolution than the projection 
itself. 

The possibility of recording 'broadband homonuclear decoupled spectra' 
has also be touched on above and illustrated in Fig. 7.11. The simple J-resolved 
experiment tends to be of limited success in this respect owing to interferences 
from strong-coupling, the poor lineshapes and limited resolution obtained and 
because the signal intensities in the projected spectrum bear little relation to 
signal intensities in the conventional ID spectrum. Greater success is again 
expected on higher-field instruments but in any case caution in interpretation 
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of such data is required. More sophisticated data processing [23,24] based on 
pattern recognition procedures appear to offer some hope of achieving this 
goal reliably, but the algorithms required have yet to come into widespread 
availability. 

7.3.3. Practical considerations 

Many of the practical considerations given above for heteronuclear J-spec-
troscopy are equally applicable to the homonuclear case, and the selection of 
digital resolution in fi follows similar lines of thinking as before. Most proton 
multiplets will rarely exceed a width of 50 Hz (although those of other nuclides 
with many homonuclear couplings may do) so at least for proton spectroscopy, 
a fi spectral width equal to this will suffice. Using 64 or 128 ti increments 
will therefore provide an fi resolution of 1.6 and 0.8 Hz/pt respectively. Using 
many more increments than these causes ti to be rather long, meaning relax-
ation losses become significant. Because of the use of magnitude calculation, 
strong resolution enhancement functions such as unshifted sine-bells need to be 
applied in both dimensions. 

7.4. 'INDIRECT' HOMONUCLEAR J-RESOLVED SPECTROSCOPY 

An alternative approach to resolving proton multiplets is to disperse them 
according to the chemical shift of the carbon nucleus to which the protons are 
attached, rather than those of the proton themselves [25]. The advantage of this 
approach lies in the typically greater dispersion of the carbon chemical shifts, 
although one must tolerate the reduced sensitivity of carbon observation. 

1H 

X 

y 
ti ; A +H 

I 

Decouple 

^ A , — 

Figure 7.15. The indirect homonuclear 
J-resolved sequence. Proton couplings 
are effective during ti, after which 
polarisation transfer leads to X-spin 
observation. 

The sequence that achieves this (Fig. 7.15) is a simple variant on the 
INEPT-based heteronuclear shift correlation sequence of Fig. 6.31 (HETCOR), 
so the loss in sensitivity is compensated somewhat by the use of a polarisation 
transfer step. In fact the only difference between the two lies in the net 
evolution of only shifts or only couplings for the whole of ti. The addition 
of a proton 180° pulse at the midpoint of ti here serves to refocus proton 
chemical shifts and heteronuclear coupling constants (so the X-spin 180° pulse 
of HETCOR becomes redundant) but leaves the proton homonuclear couplings 
free to evolve. The resulting spectrum therefore contains only proton multiplets 
in fi dispersed by the corresponding X-spin shifts in f2 (Fig. 7.16) ^ 

^ Notice the similarity here with the approach used in sequence 7.4c in which the basic 
HSQC shift correlation sequence was adapted for the measurement of long-range heteronuclear 
couplings. In both cases the chemical shift evolution period of the shift correlation sequence 
was converted into one in which only couplings were active (through the use of spin-echoes) so 
producing the J-resolved experiment. Often, subtle changes involving the addition or removal of 
one or two strategically placed pulses are all that is required to alter the characteristics of the 
resulting spectrum, producing a 'new' pulse sequence (which may or may not be useful to the 
chemist). This, in part, contributes to the plethora of NMR pulse sequences found throughout the 
chemical literature. 
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Figure 7.16. Fig. 16.The direct 
homonuclear J-resolved spectrum and the 
indirect homonuclear J-resolved 
spectrum of 7.1. Both experiments 
present homonuclear couplings in f i 
dispersed by either the proton or the 
carbon chemical shift respectively. 
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Once again, strong coupling, this time between proton satellites, causes 
problems. Furthermore, because one must consider the satellites of each proton 
rather than the parent resonance itself (since only the satellites can contribute 
to the polarisation transfer), the multiplet patterns observed for high-order 
systems may differ from those of the parent resonance in the ID spectrum. 
Other complications occur in the case of non-equivalent geminal protons since 
each may possess different multiplet patterns, yet both will be observed at the 
same carbon chemical shift, leading to a potentially complex multiplet overlap 
(this is apparent for the H6 protons in the indirect spectrum of Fig. 7.16) The 
most likely use of this variant is in the separation of the multiplet patterns 
of protons having coincidentally degenerate chemical shifts which are not, 
therefore, separable in the conventional homonuclear version. 
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Chapter 8 

Correlations through space: The nuclear Overhauser 
effect 

8.1. INTRODUCTION 

The previous three chapters in this book have all been concerned with scalar 
couplings between nuclei, that is, the indirect couplings that are transmitted 
through intermediate electron spins such as those in intervening chemical 
bonds. We have seen that by application of the appropriate techniques the 
chemist is able to exploit this coupling information and piece together molec-
ular fragments and, ultimately, gross molecular structures. In this chapter we 
shall be concerned with a fundamentally different form of interaction between 
nuclear spins, that of the direct, through-space magnetic interactions (dipolar 
couplings) that give rise to the nuclear Overhauser effect (NOE). This brings 
about changes in resonance intensities and is, as we shall discover, intimately 
related to nuclear spin relaxation. The NOE is typically employed during 
the later stages of a structural investigation when the gross structure of the 
molecule has been (largely) defined through the application of the various tech-
niques described in the four preceding chapters. The importance of the NOE 
in modem structure elucidation can hardly be overstated. It is unique in its 
ability to provide the chemist with information on three-dimensional molecular 
geometry. Such information can be obtained because the NOE depends upon, 
amongst other factors, intemuclear separations such that only those spins that 
are 'close' in space are able to demonstrate this effect. 

The NOE also finds widespread use as a means of sensitivity enhancement 
of low-y spin-72 nuclei, so widespread in fact that it is often taken for granted 
and its contribution to experiments often overlooked. As described in Chapter 
4 and below, the use of broadband proton decoupling during the recording 
of carbon spectra contributes as much as a three-fold increase in resonance 
intensity by virtue of the proton to carbon NOE. However, the principal 
aim of this chapter is to develop an appreciation of the NOE as a tool in 
structural analysis where it has a unique role to play. The interpretation of 
NOE measurements does, however, require more care than for those methods 
that exploit scalar couplings, and is generally more susceptible to erroneous 
conclusions being drawn. As part of this, it is also important to be conscious 
of the nature of the NOE measurement being taken, and in particular whether 
it is a steady-state or a transient protocol that is used. The first of these is 
exemplified by the widely employed 'NOE difference' experiment whereas 
the second is best known as the two-dimensional NOESY technique. The 
newer gradient-selected one-dimensional NOE experiments, which are making 
a significant impact on small molecule structural studies, also observe transient 
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Table 8.1. The principal applications of the main techniques described in this chapter 

Technique Principal applications 

NOE difference Establishing NOEs and hence spatial proximity between protons. Suitable only for 'small' molecules (Mr < 1000), 
for which NOEs are positive. Observes steady-state or equilibrium NOEs generated from the saturation of a target. 

NOESY (2D or ID) EstabUshing NOEs and hence spatial proximity between protons. Suitable for 'small' (Mr < 1000) and 'large' 
molecules (Mr > 2(XX)) for which NOEs are positive and negative respectively, but may fail for mid-sized molecules 
(zero NOE). Observes transient NOEs generated from the inversion of a target. Estimates of intemuclear separations 
can be obtained in favourable cases. 

ROESY (2D or ID) Establishing NOEs and hence spatial proximity between protons. Suitable for any molecule but often essential for 
mid-sized molecules; NOEs are positive for all molecular sizes. Observes transient NOEs in the rotating-frame, but 
is prone to interference from other mechanisms so requires cautious interpretation. Estimates of intemuclear 
separations can be obtained in favourable cases. 

HOESY Establishing heteronuclear NOEs and hence spatial proximity between different nuclides, e.g. ^H-^^C. Can provide 
useful stereochemical information when homonuclear NOEs insufficient or inappropriate, but suffers from low 
sensitivity. 

EXS Y (2D) Qualitative mapping of exchange pathways in dynamic systems when exchange rates are slow on the NMR chemical 
shift timescale, meaning separate resonances are observed for each exchanging species. Quantitative data on 
exchange kinetics can be obtained in favourable cases. 

The molecular masses mentioned provide only approximate ranges over which the experiments are applicable (see main text). 

NOEs since they are one-dimensional analogues of NOESY. The nature of 
the measurement has fundamental implications for how the data should be 
interpreted and indeed reported. As such these two fundamentally different 
approaches to NOE measurements will be treated separately for much of the 
chapter, although they both share in the same underlying theory. The principal 
techniques described in this chapter are sunmiarised in Table 8.1. 

Which of these two approaches is adopted in the laboratory may be dictated 
by the motional properties of the molecule(s) under study, and more specifically 
the rates at which the molecules tumble in solution. Pre-empting what is to 
follow, it will be shown that the steady-state experiments are only appropriate 
for molecules that tumble 'rapidly' in solution (we shall also see what defines 
'rapidly' in this context). Such measurements have traditionally been the 
home territory of small organic molecules in relatively non-viscous solutions. 
In contrast, very much larger molecules that tumble 'slowly' in solution 
(or smaller molecules in very viscous solutions) can only be meaningfully 
studied with the transient NOE techniques, which may also suitable for small 
molecule studies. Between these two extremes of molecular tumbling rates the 
conventional NOE can become weak and even vanishingly small, a condition 
most likely to occur for those molecules with masses of around 1000-2000 
daltons. It is here that rotating-frame NOE measurements play a vital role, and 
these shall also be presented below. 

The chapter is presented in two parts, the first covering the essential theory 
that underlies the NOE and the second addressing the practicalities of how 
one measures NOE enhancements, the experimental steps required to optimise 
such measurements and how to correctly interpret the data. In keeping with 
the style of this book, mathematical equations are kept to a minimum and 
are introduced only when they serve to illustrate a point of fundamental 
importance. Likewise, the equations are generally presented rather than being 
derived, and the interested reader is encouraged to read dedicated texts on these 
topics for further elaboration [1]. 
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Part I: Theoretical aspects 

8.2. DEFINITION OF THE NOE 

The NOE may be defined as the change in intensity of one resonance when 
the spin transitions of another are somehow perturbed from their equiUbrium 
populations. The perturbation of interest usually corresponds to either satu-
rating a resonance, that is, equalising the spin population differences across 
the corresponding transitions, or to inverting it, in other words, inverting the 
population differences across the transitions. The magnitude is expressed as a 
relative intensity change between the equilibrium intensity, lo, and that in the 
presence of the NOE, I, such that 

riilS} = 
I - I Q 

lo 
X 100 (%) (8.1) 

where T1I{S} indicates the NOE observed for spin I when spin S is perturbed, 
which shall also be referred to as the NOE from spin S to spin I. The use of 
the symbols I and S stems from the original publications on the phenomenon 
(which, in fact, observed the NOE from electron spins to nuclear spins in 
a metal) and have become the recognised nomenclature when describing the 
NOE. However, both S and I have been used to define the perturbed spin over 
the years and even across modem texts both definitions are encountered so one 
should always be clear as to the terminology in use. Herein, S will always 
refer to the perturbed (or Source) spin and I to the enhanced (or Interesting) 
spin. The intensity changes brought about by the NOE can be both positive 
(an increase) or negative (a decrease) as dictated by the motional properties of 
the molecules and by the signs of the magnetogyric ratios of the participating 
spins. Throughout, the term 'enhancement' will be used to refer to the intensity 
changes. 

8.3. STEADY-STATE NOES 

In laying down the background to how the NOE arises and what factors 
dictate its sign and magnitude, we shall restrict our discussion to steady-state 
NOEs in which the perturbation is brought about by saturating S spin tran-
sitions by the selective application of weak rf irradiation to the S resonance 
(Fig. 8.1). It is this form of the NOE that is observed with the popular NOE dif-
ference method, which has had such an enormous impact on structural organic 
chemistry. Further discussions relating to other forms of NOE measurement 
then follow logically from this background material. We begin by considering 
the simple case of a homonuclear two-spin system then progress to consider 
more realistic multispin systems. 

8.3.1. NOEs in a two-spin system 

Origin of the NOE 
Consider a system comprising only two homonuclear spin-Vi nuclei, I and 

S, that exist in a rigid molecule which tumbles isotropically in solution, that 
is, it has no preferred axis about which it rotates. The two nuclei do not 

selective S 
presaturation 

Figure 8.1. The general experimental 
scheme for observing steady-state NOE 
enhancements. 
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Figure 8.2. Schematic energy level 
diagrams and population differences for 
two spins, S and I, which share a dipolar 
coupling; (a) at equilibrium, (b) after 
instantaneous saturation of the S-spins, 
(c) after relaxation via W2 processes and 
(d) after relaxation via WQ processes. 
Below each are the corresponding 
schematic spectra. 
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share a scalar coupling (Jjs = 0) but are sufficiently close to share a dipolar 
coupling. This is the direct, through space magnetic interaction between the 
two spins such that one spin is able to sense the presence of its dipolar coupled 
partner. This coupling may be viewed as being analogous to the interaction one 
witnesses when two bar magnets are brought close together, and follows the 
idea introduced in Chapter 2 that nuclear magnetic dipoles can be viewed as 
microscopic bar magnets (see below). 

The energy level diagram for an ensemble of 4N molecules is shown in 
Fig. 8.2. Since we are considering a homonuclear system the energies of the 
I and S transitions will be essentially identical (chemical shift differences are 
negligible relative to Larmor frequencies) and we can therefore assume that 
the populations of the aP and Pa states are equal at equilibrium. According 
to the Boltzmann distribution, there will then exist an excess of nuclei in the 
lower energy aa orientation, and a deficit in the higher energy PP state. We 
shall ultimately be interested in the population differences across transitions as 
it is these that dictate the intensity of the NMR resonances, so we shall simply 
symbolise the population excess as A and the deficit as -A relative to those of 
the ap and Pa states. Note that dipolar couplings do not produce observable 
splittings in solution spectra (see below), so the two transitions associated with 
each spin are of identical energy. The spectrum in the absence of perturbation 
therefore contains two singlet resonances of equal intensity (Fig. 8.2a). 
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Now suppose we instantaneously saturate the S resonance forcing the pop-
ulation differences across the S transitions to zero. The new spin populations 
are indicated in Fig. 8.2b. Clearly the system has been forced away from the 
equilibrium population differences so will attempt to regain this by altering 
its spin populations. The changes of spin states required to achieve this are 
brought about by longitudinal spin relaxation processes, so we need consider 
which relaxation pathways are now available to the spins. Ignoring for the 
moment the mechanism by which these changes may occur, we see that six 
possible pathways can be identified for a two-spin system (Fig. 8.3). Four of 
these correspond to the single-quantum transitions, involving the flip of a single 
spin, for example aa-Pa. The W labels represent the 'transition probabilities' 
for each, or in other the words, the rates at which the corresponding spin flips 
occur, and the subscripts the magnetic quantum number of the transition. The 
two other transitions, aj6-Pa and aa-PP, involve the simultaneous flipping of 
both S and I spins. Although these transitions do occur, they cannot be directly 
observed in an NMR experiment, unlike single spin flips, because the overall 
change in magnetic quantum, AM, does not equal one. They are said to be 
'forbidden' by quantum mechanical selection rules. The ay^-pa WQ process is 
referred to as the zero-quantum transition (AM = 0) whilst the aa-pp W2 pro-
cess is the double-quantum transition (AM = 2) (notice the same terminology 
was used when describing the transitions of scalar-coupled spins in Chapter 5). 
These are both able to act as relaxation pathways and, in fact, it is only these 
two that are responsible for the NOE itself. Collectively, they are referred to as 
cross-relaxation pathways, a term suggestive of the simultaneous participation 
of both spins. 

Returning to the diagram of Fig. 8.2 we are now in a position to consider how 
the various relaxation pathways may be used to re-establish the equilibrium 
condition, noting that throughout the Wf transitions remain saturated by 
continuous rf energy. The population differences across the I-spin transitions 
are still A, as they were at equilibrium, so the W^ processes will play no part 
in re-establishing equilibrium and thus have no role to play in producing the 
NOE. The W2 process will act to remove spins from the pp state and transfer 
them to the aa state in an attempt to recover the population differences across 
the S transitions. In doing so this will increase the population difference across 
the two I transitions (Fig. 8.2c). Thus, relaxation via the W2 process will result 
in a net increase in the I spin resonance intensities in the spectrum; this is then 
Si positive NOE. Likewise, the WQ process will act to transfer spins from the Pa 
to the ap state, again in an attempt to recover the population differences across 
the S transitions. In this case the result will be a decrease in the population 
difference across the two I transitions (Fig. 8.2d) so that relaxation via the WQ 
process will result in a net reduction in the I spin resonance intensities in the 
spectrum; this is then a negative NOE, 

From these qualitative considerations, we can already say a fair amount 
about how we might expect the NOE to appear. Clearly, the W2 and WQ cross-
relaxation processes compete with one another, with the dominant pathway 
dictating the sign of the observed NOE. In addition, the W^ pathways will act 
to re-establish the equilibrium population differences for the I transitions as 
soon as the NOE begins to develop, so will tend to act against the build-up of 
the NOE. Thus, if the relaxation mechanisms for the Wj pathways happen to be 
rather more efficient than those of the W2 and WQ pathways, then a measurable 
NOE may never develop; it is, in effect, bypassed altogether. This can have a 
significant bearing on the experimental measurement of NOEs, as we shall see 
in due course. The NOE therefore results from a balance between a number 
of competing relaxation pathways. Saturating the S transitions for a period of 
time that is long relative to the relaxation times allows a new steady-state of 
populations to arise as a result of this competition, and it is these one eventually 

a a 
Figure 8.3. The six possible transitions 
in a two-spin system. 
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measures. A full consideration of the various rate processes involved in the 
population changes leads to the so-called Solomon equation, which for the 
steady-state NOE can be used to derive the expression: 

W 2 - W 0 
rii{S} 

^ Ys r 

Yi L^ 
1 vs r^i 

>J Vi LPisJ 
(8.2) 

_Wo + 2Wii+W2. 
The term ais represents the cross-relaxation rate for the two spins, whilst 

PIS is the total dipolar longitudinal relaxation rate of spin I. The magnetogyric 
ratios {y^ and y{) are included to take account of the different equilibrium 
populations that would exist for spins with differing ys; for a homonuclear 
spin system as considered thus far, these values would obviously be equal and 
may be ignored. This fundamental expression contains within it the qualitative 
arguments arrived at above; W2 — WQ dictates the sign of the NOE whereas Ŵ^ 
processes make no contribution to this but serve to reduce its magnitude. To 
appreciate the size and sign of the NOE, how this relates to molecular motion 
and, indeed, how this can be related in any way to intemuclear distances, it is 
necessary to define what factors influence the participating rate constants, and 
for this one needs to consider the spin relaxation processes involved. 

Spin relaxation and dipolar coupling 
The NOE arises as a result of the redistribution of spin populations and 

hence flips between spin states. Such redistributions occur as a result of 
longitudinal spin relaxation (Chapter 2) which do not occur spontaneously 
but require a suitable stimulus to induce the transitions. This stimulus is a 
magnetic field fluctuating at the frequency of the corresponding transition (both 
here and below 'frequency' corresponds to the energy of the transition rather 
that the rate at which the spin flips occur). Here exists an analogy with the 
pulse excitation of a spin system initially at equilibrium. The time-dependent 
magnetic component of the electromagnetic rf radiation interacts with nuclear 
magnetic moments and is thus able to tip the bulk magnetisation vector into 
the transverse plane. Only if the rf has a magnetic component oscillating at 
the Larmor frequency of the spins does excitation occur; this is why one is 
able to apply excitation pulses to protons whilst leaving, say, carbon spins 
unaffected. 

The magnetic field of relevance to the NOE is the local field experienced 
by a spin as a result of dipolar interactions with neighbouring magnetic nuclei. 
These interactions may be visualised using the microscopic bar magnet analogy 
for spin-Vi nuclei in which they are considered to posses a magnetic North and 
a South pole (Fig. 8.4). Depending on the relative orientation of the two nuclei 
to one another, the field generated by a neighbouring spin will either reinforce 
or counteract the applied magnetic field, with the time-dependent fluctuation 
produced by the rotational motion of the molecule in which these nuclei sit 

Figure 8.4. The bar-magnet analogy for 
a spin-V2 nucleus in which the magnetic 
dipole is viewed as possessing a 
magnetic North and South pole. 
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(Fig. 8.5). It is precisely this that provides the mechanism for relaxation, known 
as longitudinal dipole-dipole relaxation, and this requirement for an interaction 
with a neighbouring spin intuitively fits with the arguments presented above 
for the NOE arising from mutual spin flips (the W2 and WQ processes). 
The magnitude of dipolar coupling between spins is acutely sensitive to the 
intemuclear separation r, being proportional to r~^, and it is in this that the 
NOE itself ultimately has a distance dependence. 

One should note here that despite providing an important relaxation mecha-
nism, dipolar couplings do not usually produce observable splittings in solution 
state NMR spectra. This is because, although the couplings have a finite value 
at any instant in time, they are averaged precisely to zero on the NMR timescale 
by the rapid isotropic tumbling of a molecule. 

To induce the spin transitions we have been considering, the molecule must 
tumble at the appropriate frequency to provide a suitable fluctuating field. The 
rate at which a molecule tumbles or rotates in solution is typically defined by 
its rotational correlation time, Xc. This is usually taken to define the average 
time required for the molecule to rotate through an angle of 1 radian about any 
axis, meaning rapidly tumbling molecules posses small correlation times whilst 
slowly tumbling molecules have large correlation times. A very rough estimate 
of this time for a molecule of mass Mr may be obtained from the relationship: 

Mr X 10 - 1 2 , (8.3) 

The power available within a molecular system to induce transitions by 
virtue of its molecular tumbling is referred to as the spectral density J(oa) 
(Section 2.5) and this provides a measure of how the relaxation rates WQ, Wi 
and W2 vary as a function of tumbling rates. This is illustrated schematically 
in Fig. 8.6 for three different correlation times. An alternative description of 
the spectral density is that it represents the probability of finding a fluctuating 
magnetic component at any given frequency as a result of the motion and 
as such the area under each of the curves of Fig. 8.6 must then be equal. 
Thus, for a molecule with a short tc (rapid tumbling) there exists an almost 

I n m. 
Figure 8.5. The direct, through-space 
interaction between two near spin-V2 
nuclei (the dipolar interaction). This 
fluctuates as the molecule tumbles in 
solution and can provide a 
time-dependent field capable of inducing 
spin transitions. 

Spectral 
density 

J(co) 

slow 
motion 

Figure 8.6. Schematic spectral densities 
for molecules tumbling in three motional 
regimes as a function of frequency, 00, 
where oot represent the frequency of the 
spin transition. 
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Figure 8.7. The schematic variation in 
relaxation rates, and hence relaxation 
times (shown greyed), as a function of 
molecular tumbling rates. 
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equal but comparatively small chance of finding components at both high 
and low frequencies, up to about l/Xc at which point the probability falls 
away rapidly. Conversely, there is only a very small probability that molecules 
which tumble slowly {on average) will generate rapidly oscillating fields, so 
the corresponding spectral density is concentrated into a smaller frequency 
window. These curves therefore predict how the relaxation rates will vary with 
correlation time. For a transition of frequency cot the spectral density will be 
rather low if the molecular tumbling rate is far greater than this (point a) and 
thus the relaxation rates will also be low. As the rate of tumbling slows and 
approaches cot, the spectral density and hence relaxation rates increases (point 
b), only to decrease once more as the tumbling rate falls below oot. Thus, the 
dependence of relaxation rates on tc may be represented as in Fig. 8.7, with 
the fastest relaxation occurring when the correlation rate l/Xc matches the 
frequency of the transition. The point of fastest Wi relaxation also corresponds 
to the Ti minimum and vice versa, so Ti values themselves are also dependent 
on the rates of molecular motion. 

Using these arguments it is possible to predict when the WQ or W2 processes 
will be dominant. For the zero-quantum WQ processes, the energy dififerences 
involved are rather small, being the differences between the I and S frequencies 
so oot = 1(0)1 — a)s)|. These transitions will therefore be strongly favoured for a 
molecule that tumbles slowly in solution. The double-quantum W2 transitions 
correspond to the sum of the I and S frequencies, so cot = (coi + oos) and 
these will be stimulated by rapidly tumbling molecules. As an example of 
the transition frequencies involved, consider a homonuclear proton system at 
an observation frequency of 400 MHz. The single-quantum Wn (and Wis) 
transition frequencies will correspond to approximately 400 MHz. The WQ 
transition frequencies are given by the frequency differences of I and S, that is, 
their chemical shift differences, which will be in the Hz or kHz region. The W2 
transition frequencies are the sums of coi and cos which will equate to around 
800 MHz. Clearly the frequency spread of molecular motions to which the 
NOE is sensitive is extremely large. 

Qualitatively then, one can predict from the previous arguments that 
molecules which tumble rapidly in solution are likely to favour the higher 
energy W2 process and hence exhibit positive NOEs whilst those that tumble 
slowly will favour the WQ process and thus display negative NOEs; indeed this 
is what is observed in practice. 

Quantitative expressions for the relaxation rates in a dipolar coupled two-
spin system have been derived, thus: 

W,i a y?y2 U ( l + co2t2)J (8.4a) 
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Wo oc Yi'y^ I ^ 7 7 — ^ ^ ^ ^ ZT^ I (8.4b) 

W2 a Y^s 

r6 (1 + (coi - a)s)2x2) 

12Xe 

r̂  (1 + (coi + oos)2t2) 
(8.4c) 

where the constant of proportionality is the same for each. 
Notice that, in addition to the dependence on correlation times, these 

expressions contain a term for the intemuclear separation, r, between spins 
S and I. Here, at last, one starts to see the origins of the famed 'r~^' 
distance dependence widely, and sometimes dangerously, associated with NOE 
interpretations [2]. This distance term is manifested in the degree of dipolar 
coupling between the two spins. An important point to note at this stage is 
that this distance dependence actually lies in the relaxation rates and, as we 
shall see, this can have enormous implications for the way in which NOE data 
are interpreted. The inverse-sixth relationship also means the NOE falls away 
very rapidly with distance, so in practice significant NOEs will only develop 
between protons that are within ca. 0.5 nm of each other (naturally, this will be 
influenced by how sensitive and stable the spectrometer is and hence how small 
an enhancement one is able to 'see'). Note also the dependence of equations 8.4 
upon the square of the magnetogyric ratios of the two spins, so very different 
rates may occur in heteronuclear systems, depending on the participating spins. 

When a molecule tumbles so rapidly in solution such that ooXc <^ 1, all terms 
in these expressions containing co become negligible and the rates simplify to: 

W i i o c y ^ y ^ ^ (8.5a) 

W o o c y ^ y ^ ^ (8.5b) 

W 2 C x y , V s ^ (8.5c) 

This condition is referred to as the extreme narrowing limit since all 
broadening effects attributable to dipolar interactions are fully averaged to zero 
under these conditions. This regime typically applies only to small molecules 
in low viscosity solvents, and the point at which this condition breaks down 
depends on the correlation time of the molecule as well as the field strength of 
the spectrometer (through oo). 

NOEs and molecular motion 
Having taken the trouble to see how the relaxation rates in a two-spin 

system depend upon molecular motion, we are now in a position to predict the 
behaviour of the NOE itself as a function of this motion and of intemuclear 
separation. Taking the rate constant equations 8.4 and substituting these into 
that for the NOE (equation 8.2) produces the curve presented in Fig. 8.8 for 
the theoretical variation of the homonuclear NOE as a function of molecular 
tumbling rates as defined by oootc, (where COQ is the spectrometer observation 
frequency, approximately equal to ooi and oos). Note this is for a two-spin 
system which relaxes solely by the dipole-dipole mechanism and as such 
represents the theoretically maximum possible NOE. The curve has three 
distinct regions to it, which we shall loosely refer to as the fast, intermediate 
and slow motion regimes. For those molecules that tumble rapidly in solution 
(short tc, those in the extreme narrowing Hmit) the NOE has a maximum 
possible value of +0.5 or 50%. Smaller organic molecules in low viscosity 
solvents typically fall within this fast motion regime which is traditionally 
the home ground of steady-state NOE measurements. At the other extreme. 
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Figure 8.8. The variation in the 
maximum theoretical homonuclear 
steady-state NOE in a two-spin system as 
a function of molecular tumbling rates 
(defined by the dimensionless parameter 
cooXc). The region of fast motion is the 
extreme narrowing limit and that of slow 
motion is the spin-diffusion limit. 
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molecules that tumble very slowly in solution experience negative NOEs, as 
shown above. The maximum enhancement in this motion regime is obtained 
when W2 and Wn are both zero, which from equation 8.2 can be seen to be —1 
or —100%. For NOE measurements in this region it becomes essential to use 
transient experiments since those based on steady-state measurements become 
uninformative, as explained below. This is the region inhabited by (biological) 
macromolecules and it is studies of these systems that have traditionally made 
widespread use of transient NOE measurements, principally through the 2D 
NOESY experiment. Between these two extremes is the intermediate region 
in which the NOE changes sign and even becomes zero when W2 = WQ. 
Within this region the magnitude and sign of the NOE is highly sensitive to 
the rate of molecular motions and can be rather weak, possibly too weak to be 
observed, clearly a major hindrance to structural studies. The point at which 
this region is entered will be dependent on a number of factors; the size and 
shape of the molecule, solution conditions (viscosity, temperature, possibly pH 
etc) and spectrometer field strength. As a rule of thumb, molecules with a mass 
of 1000-2(X)0 daltons are likely to fall within this intermediate regime. The 
increasing interest in larger synthetic molecules in many areas, for example 
supramolecular chemistry, is likely to mean more molecules routinely handled 
by the research chemist will fall into this potentially troublesome region. The 
actual zero cross-over point occurs when: 

(0x̂  = 7 5 / 4 =1-12 (8.6) 

or, in other words, when the molecular tumbling rate approximately matches 
the spectrometer observation frequency. This is therefore field dependent, as 
illustrated in Fig. 8.9 which now shows the variation of the NOE as a function 
of Tc itself for three different field strengths. The use of a higher field strength 
increases the likelihood of a relatively 'small' molecule falling within the 
intermediate regime or perhaps a mid-sized molecule passing from this into 
the slow motion regime. In some cases therefore, the use of a higher field 
instrument, often regarded as a panacea for all chemists' woes, may even prove 
detrimental to the NOE experiment as the 'zero NOE' condition is approached. 

The field dependence of the intermediate regime suggests one solution to 
the problem of 'zero' NOEs; trying a different field strength. This is usually 
an impossible or impractical answer, so an alternative approach is to alter 
the solution conditions and hence the rate of molecular tumbling, one of 
the simplest approaches being to vary the sample temperature. A technically 
different experimental approach to the problem is to measure NOEs in the 
rotating frame instead. This is described further below, suffice it to say here 
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Figure 8.9. The variation in the 
maximum theoretical homonuclear 
steady-state NOE in a two-spin system as 
a function of molecular tumbling rates 
shown for three spectrometer observation 
frequencies (MHz). 

that these NOEs remain positive for all molecular tumbling rates one is likely 
to encounter so avoids the 'zero cross-over' problem altogether. 

NOEs and internuclear separation 
It is now possible to consider how the separation between two spins 

influences the steady-state NOE enhancement. Assuming the molecule exists 
in the extreme narrowing regime, then substituting the simplified rate equations 
8.5 into equation 8.2 we obtain: 

rii{S} = m-m 
[(p)-(^)-(^)j 

- 2 
6 + 1 2 = 2 (8-7) 

As in Fig. 8.8 for the maximum NOE above, the enhancement is predicted 
to be 50%. However, it is also predicted to be independent of the internuclear 
distance. Thus, at least for the hypothetical isolated two-spin system considered 
here, the magnitude of the steady-state enhancement provides no distance 
information whatsoever. The important point here is that it is too bold a 
statement to say that differing NOE enhancements within a molecule scale 
directly with r~^. In realistic chemical systems various 'other' factors must 
also be taken into account before any distance dependence is reintroduced; 
this is further pursued below. Although the magnitude of the steady-state 
enhancement is predicted to be independent of distance in this system, the 
rate at which this is reached is not because of the dependence of relaxation 
rates on distance (as expressed in equation 8.4) meaning NOEs between closer 
spins develop more rapidly; this is basis of the transient NOE measurements 
described in Section 8.4. This also implies that longer-range NOEs will only 
have significant intensities when long presaturation periods are employed, a 
point of considerable practical importance. 

Heteronuclear NOEs 
The equivalent of equation 8.7 for a heteronuclear pair experiencing extreme 

narrowing is the more general expression: 

Ys 
Tll{S} = 

2yi 
(8.8) 

For the common situation of carbon-13 observation in the presence of pro-
ton saturation (broadband decoupling), YH/VC ^ 4 and NOE enhancements can 
be as much as 200%, equating to a three fold intensity increase. Since the 
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Table 8.2. Theoretical maximum steady-state heteronuciear NOE enhancements in the presence of proton saturation 

6Li 13c * 5 N 1 9 F 29sj 31p 57pe 103Rh ^^ Kg ^^^^n '^^W ^^^Ft 

339 199 -494 53 -252 124 1548 -1589 -1075 -141 1202 233 

207pb 

239 

These numbers assume relaxation exclusively via dipole-dipole interactions, although for the metals in particular chemical shift anisotropy may 
also be a significant mechanism. ^Li is something of an anomaly in that it is quadrupolar yet can still demonstrate NOEs. It has the smallest 
quadrupole moment of all such nuclei, however, so the dipole mechanism still makes a significant contribution to relaxation. 

relaxation of carbon nuclei is largely dominated by proton dipolar interactions, 
this maximum is almost met in practice. This is clearly a valuable route to 
sensitivity enhancement and, at least for the case of ^^C, compares favourably 
for routine acquisitions with the factor of four attainable with the ^H to ^̂ C po-
larisation transfer sequences of Chapter 4. The maximum NOE enhancements 
for a variety of nuclei in the presence of proton saturation, denoted X{^H}, are 
summarised in Table 8.2. 

In heteronuciear systems the observed NOE also depends on the signs of 
the magnetogyric ratios of the cross-relaxing spins, so NOEs from protons 
to nuclei with negative ys will display negative NOEs even if the molecule 
is within the extreme narrowing regime. The most conmion examples of this 
are for ^̂ N and ^^Si for which a reduction of signal intensity occurs on 
proton saturation, so much so that the observed resonance can itself become 
negative. If less than the full (negative) NOE is generated, the resonance may 
disappear altogether as the NOE cancels the natural signal and because of this 
it is usual to record the spectra of negative y species in the absence of the 
NOE, either by use of the inverse-gated decoupling scheme (Section 4.2.3), by 
polarisation transfer methods (Section 4.4) or, less conmionly, by the addition 
of a paramagnetic relaxation reagent to quench the NOE. In some instances 
the heteronuciear NOE may be used more specifically for structural assignment 
also; see Section 8.9. 

Beyond the extreme narrowing condition, the absolute magnitudes of het-
eronuciear X{ ^H} NOEs decrease and, in the case of ^^C, ^̂ N and ^^Si, closely 
approach zero, although, with the exception of ^^F, do not change sign. For 
very large molecules there is then little sensitivity gain, or loss, arising from the 
heteronuciear NOE. 

8.3.2. NOEs in a multispin system 

The previous section considered the NOE for the hypothetical case of a 
two-spin system in which the spins relax exclusively via mutual dipole-dipole 
relaxation. In progressing to consider more realistic multispin systems two key 
issues will be addressed; how the presence of other spins affects the magnitudes 
of steady-state NOEs and how these reintroduce distance dependence to the 
NOE. These considerations lead to the conclusion that steady-state NOE 
measurements must be used in a comparative way to provide structural data, 
and that they do not generally provide estimates of intemuclear distances per 
se. 

Additional relaxation pathways 
The NOE arises as a result of dipolar cross-relaxation between two nuclei 

and hence only the dipole-dipole relaxation mechanism is able to generate the 
NOE. All other competing mechanisms (with the subtle exception of scalar 
relaxation in a strongly coupled system, which is rarely of significance) serve 
to dilute the overall influence of the W2 and WQ pathways by stimulating the 
Wi relaxation pathway only, and hence reduce the magnitude of the NOE. 
These various other contributions to spin relaxation may be grouped together 
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Figure 8.10. Schematic illustration of the 
maximum homonuclear steady-state 
NOE in the presence (solid line) and 
absence (dotted line) of external 
relaxation sources that compete with 
cross-relaxation. 

and represented by the term Q^, the external relaxation rate for spin I. Adding 
this to equation 8.2 gives: 

rii{S} = ^ 
Yi 

ĉ is 
(8.9) 

.Pis + Pi. 

This illustrates the diluting effect of pj on the magnitude of the NOE, which 
is sometimes referred to as the 'leakage' term. The effect of this turns out to be 
of somewhat greater significance for molecules in the extreme narrowing limit 
than those in the negative NOE regime. For small, rapidly tumbling molecules 
the absolute magnitude of ois is small when compared with that of slowly 
tumbling molecules, so the relative contribution to equation 8.9 of pj has 
greater significance. The effect of this is schematically illustrated in Fig. 8.10 
which shows that leakage becomes more relevant as molecular tumbling rates 
increase, meaning very small NOEs may be observed for small molecules. In 
contrast, leakage effects are less problematic for molecules in the negative NOE 
regime. 

To maximise the size of the NOE for molecules in the extreme narrowing 
condition it is necessary to minimise pj. The most significant contribution to 
this in routinely prepared solutions is from the paramagnetic oxygen dissolved 
in solvents. The unpaired spin-Vi electron has a magnetic moment that is over 
600 times that of the proton, so is able to provide an intense magnetic inter-
action capable of causing efficient relaxation. Degassing of solutions prior to 
NOE studies may become necessary when seeking longer-range interactions in 
small molecules but is otherwise unnecessary for the majority of routine studies 
(see Section 8.10). Similarly, other paramagnetic impurities, for example some 
metals, will quench the NOE and must be avoided. Samples to which relax-
ation agents have been deliberately added to promote relaxation are therefore 
not suitable candidates for NOE studies. Intermolecular dipolar interactions, 
arising from transient interactions with solute or solvent molecules, are another 
potential interference. Solvent molecules are deuterated in most cases so the 
relaxation arising from these nuclei is rather inefficient when compared to 
protons (due to the y^ dependence of longitudinal dipolar relaxation rates) and 
interactions with other (protonated) solute molecules are generally only likely 
to be a problem when very concentrated solutions are used, so these are thus 
best avoided for NOE studies. Other, non-dipole relaxation mechanisms, such 
as those discussed in Chapter 2, also act to bypass the NOE. Of most signifi-
cance is the quadrupolar relaxation associated with nuclei with spin > V2. This 
is usually the dominant mechanism for such nuclei so NOEs onto quadrupo-
lar nuclei are very rarely observed (the exception being ^Li as mentioned in 
Table 8.2). 
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Figure 8.11. A three-spin system in 
which the I-spin neighbour, N, acts as an 
external relaxation source for spin-I 
through their mutual dipolar interaction. 

Internuclear separations (again) 
Perhaps the most obvious 'other' contribution to the relaxation of spin I in 

a multispin system arises from neighbouring nuclei other than spin S within 
the same molecule. Dipolar interactions with these spins act to bring about 
longitudinal relaxation of spin I independent of cross-relaxation between I 
and S, so diluting the I-S NOE. To illustrate the influence of neighbouring 
spins, consider a hypothetical homonuclear three-spin system I, S and N (N = 
neighbour) in which relaxation arises solely from dipolar interactions ignoring, 
for convenience, all the other possible contributions to Pj described above 
(Fig. 8.11). Assuming, for simplicity, an NOE exists only between I and S, the 
steady-state NOE may be written: 

rii{S} = ri„ 
r"^ 
MS 

Ms + r. IN 

(8.10) 

where '(\^^^ represents the maximum NOE possible in a homonuclear two-
spin system, as previously. Notice that if spin N were not present, the NOE 
would simply be riĵ ax ^^^ show no distance dependence, exactly as predicted 
above for a two-spin system. The effect of introducing an additional spin 
is to reintroduce distance dependence, yet despite this, the magnitude of the 
steady-state NOE does not scale simply as rj"̂ .̂ In fact, it can be seen that 
the magnitude of the NOE will be dictated by a balance between the rjs and 
riN distances. This is true for all steady-state NOE measurements; the result 
will always represent a balance between the I-S internuclear separation and 
all other I-N separations (and in a realistic chemical system there may well 
be a large number of other neighbouring nuclei). To put it another way, the 
steady-state NOE arises from a competition between the I-S cross-relaxation 
and all other relaxation sources of spin I. Equation 8.10 also shows that a 
reduction in the I-S internuclear distance now does indeed contribute to an 
increased NOE between I and S since the total contribution to the numerator 
will be relatively more than to the denominator. The arrival of a neighbouring 
spin has therefore reintroduced the idea that a smaller internuclear distance can 
be correlated to some degree with larger NOE enhancements. 

This statement must still be treated with some caution, however, as illus-
trated in Fig. 8.12 in which rig {A} is considered for a three-spin system, A, B 
and C, where the B-C distance is varied (and ignoring any direct A-C interac-
tion). When C is distant from B it has little influence on its relaxation, allowing 
the A-B cross-relaxation to dominate, producing close to the maximum NOE. 
When both A and C are equidistant from B they play an equal role in relaxing 
B and the NOE is thus half the maximum possible value. As C becomes very 
much closer to B than is A, it now dominates B-spin relaxation and A-B 

Figure 8.12. Calculated A =^ B 
steady-state NOE enhancements for an 
isolated three-spin system with the 
relative internuclear separations as 
shown. The arrow indicates the saturated 
spin. Any direct A-C interaction is 
ignored. 
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cross-relaxation loses out in the competition resulting in a small NOE. Thus, 
in general, despite two spins being 'close' to one another, in that they share a 
strong dipolar coupling, they still may not exhibit a large NOE if the enhanced 
spin has other near neighbours. 

A further important feature emerges if we consider the results from saturat-
ing B and studying the effect on A, TIAIB} (Fig. 8.13) and compare these with 
those of Fig. 8.12. With C distant from B, the relaxation of A is essentially 
completely dominated by B so it experiences almost the maximum enhance-
ment. As C approaches B the enhancement on A is reduced only a little since 
its relaxation is still dominated by the much closer spin B. Thus, in general, 
steady'State NOEs between spins are not symmetrical, that is, TIAI^} T̂  I1B{A}, 

because the neighbours surrounding A are unlikely to match those surrounding 
B in both number and proximity. 

Indirect effects and spin diffusion 
The examples discussed above have been restricted to discussing the direct 

NOE effects between A and B whilst, for convenience, ignoring effects that 
may be observed at C itself. If spin C is considered, it is apparent from Fig. 8.14 
that it experiences a net decrease in signal intensity when A is saturated. This 
arises from a relay mechanism in which the population changes on B, brought 
about by the initial A-B NOE, subsequently alters the population of spin C 
when this also shares a dipolar coupling and hence also cross-relaxes with B. 
The negative NOE seen at C is a result of the increase in the B-spin population 
differences generated by the A-B NOE. Recall that in the extreme narrowing 
limit, saturating a resonance (i.e. decreasing the population difference across 
the corresponding transition), causes a positive NOE so by the same logic an 
increase in population differences for B (the A-B NOE) will in turn generate 
a negative NOE on its dipolar coupled neighbours. This indirect effect, often 
referred to as the 'three-spin effecf should not be confused with direct negative 
NOEs observed for slowly tumbling molecules. 

The magnitudes of negative three-spin enhancements are usually rather 
small since they rely on the build-up of a sizeable NOE on a neighbouring spin 
suitable for relaying. Similarly, they also tend to be slow to develop and show 

Figure 8.13. Calculated B =^ A 
steady-state NOE enhancements for an 
isolated three spin system with the 
relative internuclear separations as 
shown. The arrow indicates the saturated 
spin. Any direct A-C interaction is 
ignored. 

28.3 % 

B 
-13.1 % 

Figure 8.14. The three-spin steady-state 
effect. The negative enhancement at C 
arises from an indirect effect via spin B 
when spin A is saturated. The altered 
C-spin populations also contribute to the 
enhanced NOE at B (cf. Fig. 8.12). 
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Figure 8.15. Schematic illustration of the 
build-up of direct and indirect NOEs in a 
rapidly tumbling three-spin system. 

NOE direct 

ncW 

a characteristic lag period before appearing (Fig. 8.15), so tend to be observed 
only when longer presaturation periods are employed. The illustrations used 
above produce unrealistically high values for all enhancements since they 
assume pure dipolar relaxation throughout. Experimental NOEs are more 
often somewhat less then 20% and three-spin effects are rarely more than 
a few percent at most. They appear most commonly when B and C are a 
diastereotopic geminal pair, since the B-C distance is then constrained to 
be rather short so facilitating the relay. They are also favoured when the 
three spins have an approximately linear relationship and their appearance 
can be diagnostically useful when observed. The reason for this geometry 
being particularly favourable arises from the balance between the negative 
indirect three-spin effect on C and the positive direct effect between A and C 
(Fig. 8.16). At small A-B-C angles the direct effect dominates that relayed 
via B, whilst when linear the opposite applies. In between these extremes the 
two effects cancel so that even though A and C may he close in space, in that 
they share a strong dipolar coupling, an NOE between them may be rather 
small. This is another important point to be aware of (particularly when longer 
saturation times are employed) since in any realistic system there may well 
be a number of competing indirect pathways present. The curves of Fig. 8.16 
demonstrate that the zero cross over point varies with intemuclear separations 
and that the slopes of the curves are large at this point, so although the NOE 

Figure 8.16. Calculated steady-state 
NOEs for spin C on saturation of spin A, 
as a function of the A-B-C angle in a 
rapidly tumbling isolated three-spin 
system. The resulting NOE is a balance 
between direct and indirect A-C effects 
and the two curves illustrate the 
dependence on relative intemuclear 
separations. 

Tle{A) ĉ  ^ max 
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-0.4% 

0.5 

1.0% 

B-
49.9% 43.4% 

Figure 8.17. Calculated steady-state 
NOE enhancements in an isolated four 

4 4 . 5 % spin system with the relative intemuclear 
separations as shown. These 
enhancements were derived from the 

- 1 6 . 2 % equations presented in table 3.1 of [ 1 ]. 

D 

is unlikely to cancel to precisely zero, it may well be less than expected from 
simple geometrical considerations. Although in principle, 4-spin relay effects 
can be predicted to give rise to positive NOEs, they are very rarely observed in 
practice simply because they are so very weak. 

The influences of the various factors described above are further illustrated 
by reference to the four-spin system of Fig. 8.17 which lays testament to 
the need to consider all neighbouring spin interactions to correctly interpret 
steady-state NOE data. Clearly the NOE enhancements between B and C 
differ dramatically despite these effects arising over identical intemuclear 
separations. Furthermore, the enhancements B =:̂  A, B =^ C and C =^ D are 
all rather similar despite there being a factor of four difference in distance 
between the largest and smallest separations. The essence of correctly applying 
steady-state NOE data is to collect a number of measurements and check 
for self-consistency within the proposed geometrical arrangement, rather than 
relying on a single NOE enhancement to provide an answer. If only a single 
irradiation were performed from C in Fig. 8.17 one might be forced into 
the erroneous conclusion that D were its closest partner rather than B. A 
more cautious approach, also measuring the NOEs from both B and D should 
lead one to question this conclusion. Again, such spectacular differences are 
unlikely to occur in reality largely because of the effects of the other numerous 
pf relaxation sources we have chosen to ignore, but it should be clear that 
careful consideration is essential. Generally speaking, only in rather specific 
cases will a single NOE measurement lead to a definitive structural answer 
whereas a comparative study of many NOEs within the molecule is more likely 
to provide a conclusive and correct result. 

When a molecule tumbles in solution so slowly that it exhibits negative 
NOEs, the consequences of indirect effects are more dramatic and far more 
problematic, so much so that steady-state NOEs become largely useless. The 
problem is essentially two-fold; firstly these have the same sign as direct effects 
so cannot be readily distinguished and secondly they grow rapidly and may 
attain very high intensities. The first of these is a consequence of the fact 
that a negative NOE (a population decrease) arises from saturation (a forced 
population decrease) so likewise the indirect effect on the third spin will also 
be negative, and so on. In the extreme case of extended saturation times, the 
NOE initially generated between two spins can spread throughout the whole 
molecule until all nuclei experience the same NOE enhancement (Fig. 8.18). 
This spreading of information throughout the molecule is often referred to as 
spin-diffusion for fairly obvious reasons, and may be likened to heat diffusing 
through a conductive solid. The limit of slow-tumbling is also referred to as the 
spin-diffusion limit. Because of this, steady-state NOEs in the negative NOE 
regime fail to provide reliable distance or proximity information. Instead, it 
becomes necessary to consider the rate at which NOEs grow between spins to 
glean distance information, dictating the use of kinetic measurements in the 
form of transient NOE experiments (Section 8.4). 

Saturation transfer 
Complications arising from the transfer of saturation from one resonance 

to another by means of chemical exchange (Fig. 8.19) also differ in the 
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Figure 8.18. Schematic illustration of the 
spin-diffusion process in which the 
original S-I NOE is efficiently relayed 
onto neighbouring nuclei and propagated 
throughout the molecule. 

NOE 

S -=> I 

G 

H 

two extreme motional regimes. Exchange peaks always display the same sign 
behaviour as the originally saturated resonance so have opposite sign to positive 
NOEs but the same as negative NOEs. The identification of responses arising 
from chemical exchange rather than the NOE is a further problem associated 
with the negative NOE regime; saturation transfer is considered further in the 
practical sections that follow. 

8.3.3. Summary 

The previous sections have covered the most important principles at the 
heart of the NOE. Despite having avoided much of the underlying mathematics, 
instead relying on pictorial models where possible, these sections are, neces-
sarily, a little more technical than the other chapters in the book. The goal 
has been to present a reasonably thorough introduction to the NOE that is still 
compatible with the level of this text, rather than simply presenting the reader 
with statements of fact with little justification or support. This section reviews 
the key points that have been presented above, allowing the reader a more 
inmiediate reminder as to the most significant features of the NOE. 

• The NOE is the change in intensity of the resonance of a nuclear spin, I 
('interesting'), when the population differences across the transitions of a 
near neighbour, S ('source'), are perturbed from their equilibrium values, 
usually by saturation or by population inversion. It arises as the perturbed 
spin system alters its spin populations in an attempt to regain the equilibrium 
condition. 

• Steady-state NOEs are those measured after a period of continuous S-spin 
saturation during which a new 'steady-state' equilibrium condition has 
developed for the I-spin populations. The NOE enhancement is usually 
denoted TII{S} and quoted as a percentage. 

B 

Figure 8.19. Schematic illustration of the 
saturation transfer process. Saturation of 
resonance A will lead to the 
simultaneous saturation of resonance C if 
nuclei A and C experience mutual 
chemical exchange during the saturation 
period. 
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• Steady-state NOEs can provide information on relative intemuclear dis-
tances only, not on absolute measurements of intemuclear separation. 

• The NOE only arises between nuclei that share a mutual dipolar coupling (a 
direct, magnetic through space interaction) and thus relax each other via the 
dipole-dipole relaxation mechanism. Only this mechanism contributes to the 
nuclear spin population changes that produce the NOE, which is intimately 
related to longitudinal spin relaxation. The dependence on intemuclear 
separation that makes the NOE so useful has its origins in the strength of 
dipolar coupling between two spins, this being inversely proportional to 
their separation, rjs, (as rĵ ^). 

• Longitudinal spin relaxation requires a stimulus in the form of a magnetic 
field fluctuating at a frequency equal to the frequency (energy) of the tran-
sition. In the case of dipolar relaxation, this arises from the time-dependent 
field a spin experiences from its dipolar coupled neighbour as the molecule 
rotates or tumbles in solution. The NOE in turn is dependent upon the rates 
of molecular tumbling. 

• The magnitude and sign of the NOE results from competition between vari-
ous relaxation pathways. If the W2 (aa ô- PP) pathway dominates, positive 
NOEs are observed whereas a dominant Wo (a^ ^^ ^a) pathway leads to 
the observation of negative NOEs. The W2 and WQ relaxation pathways 
(which involve the mutual flipping of the two spins) are collectively referred 
to as cross-relaxation pathways and it is only these that contribute to the 
generation of the NOE. All other contributions to relaxation, in the form of 
Wi processes (aa -f> Pa and a^ 4^ PP, involving the flip of only a single 
spin), serve to reduce the overall magnitude of the effect, and are thus 
referred to as leakage contributions. 

• Rapid molecular tumbling, corresponding to a short correlation time, ic, 
favours the higher energy W2 process, so small molecules in low viscosity 
solvents display positive homonuclear NOEs (the extreme narrowing limit). 
In contrast, slow molecular tumbling (long correlation times) favours the 
lower-energy Wo process meaning large molecules or smaller molecules in 
high viscosity solvents, display negative homonuclear NOEs (the spin-diffu-
sion limit). 

• The maximum possible positive NOE is Vs/^Yi, in other words 50% in a 
homonuclear system. Enhancements in heteronuclear systems can be far 
larger, for example 199% from ^H to ^^C, and can serve as a useful source 
of sensitivity enhancement in the observation of the low-y I-spin. They also 
become negative if one of the ys is negative, for example —494% from 
^H to ^^N, and may in some cases lead to severe signal reduction or even 
disappearance. 

• The maximum possible negative NOE in a homonuclear system is —100%. 
• Between the extreme narrowing and spin diffusion limits, lies the difficult 

region in which NOEs can become zero (when oooXc ^ 1) or at least rather 
weak, often demanding a change in experimental conditions or the use of 
rotating-frame NOE measurements. 

• In an isolated homonuclear two-spin system in the extreme narrowing limit 
relaxing exclusively via the dipole-dipole mechanism, the steady-state NOE 
is predicted to be +50% and independent of intemuclear separation, rjs. 
However, the initial rate at which the NOE grows is proportional to x^^. 

• In a more realistic multispin system, neighbouring nuclei, N, that are close 
to I can also contribute to its Wi relaxation pathway. The magnitude of the 
NOE then becomes dependent on the I-S intemuclear separation (inversely 
as r^^), but also has a dependence on the distance(s) between I and its near 
neighbour(s) (inversely as r^), amongst other factors. 

• The direct consequence of this is that to correctly interpret steady-state 
NOE data, it becomes essential to consider not only the I-S intemuclear 
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separation, but also the proximity of all other nuclei (relaxation sources) 
surrounding I. 

• This also means that steady-state NOEs are rarely symmetrical. That is, the 
NOE observed at spin A on saturating spin B, T]A{B}, is unlikely to equal 
the reverse measurement from saturating A and observing B, iigjA}. This is 
a consequence of the fact that the neighbours surrounding A are unlikely to 
match those surrounding B in number and in distance. 

• The relaxation of a spin with a very near neighbour will be dominated by this 
neighbour and as a consequence NOEs onto this spin from a more distant 
source spin will tend to be small. Conversely, nuclei that have no nearby 
neighbours will experience relaxation only from distant neighbours and as a 
result NOEs from these neighbours will be large despite the relatively large 
intemuclear distance involved. Thus, it is to be expected that NOEs over 
similar distances onto a methylene and onto a methine proton will generally 
be somewhat smaller for the methylene proton since this will always have at 
least one near neighbour, its geminal partner. 

• Longer-range NOEs build up only slowly, due to the r~^ rate dependence, so 
require long saturation periods before becoming appreciable. 

• NOE enhancements may also be relayed on to neighbouring spins. For 
example, an NOE from A to B may be further passed onto a spin C that 
also cross-relaxes with B, such events being referred to as indirect effects. 
The properties of indirect enhancements differ markedly in the positive and 
negative NOE regimes. 

• When direct (A-B) NOEs are positive, indirect effects at C are weak and 
negative, are favoured when the three spins have an approximately linear 
relationship (so may provide useful geometrical information), develop only 
slowly with a characteristic lag time and are thus also favoured by long 
presaturation periods. These are referred to as three-spin effects. Although 
further relays are theoretically possible, they are generally too weak to be 
observed. 

• It is possible that positive direct effects and negative indirect effects can 
cancel or act to reduce the magnitude of the NOE. Thus, despite two spins 
being close, NOEs between them may be rather small or even negligible 
(particularly when longer saturation periods are employed). 

• When direct (A-B) NOEs are negative, indirect effects are also negative 
so cannot be distinguished, they spread rapidly and have high intensities. 
This process is referred to as spin diffusion and is fatal for the steady-state 
NOE since it causes a loss of specificity and hence provides no information 
on molecular geometry. In this regime, it usually becomes necessary to use 
kinetic (transient) methods based on the measurement of NOE growth rates. 

• Taking into account all the subtleties associated with the steady-state NOE 
presented above, it should be clear that it is unwise to place too much 
significance on the absolute magnitudes of steady-state NOE enhancements. 
In reality, differences of a few percent mean little when taken on their 
own, and it is generally necessary to consider a collection of enhancements 
when undertaking structural or conformational analysis to be certain of an 
unambiguous conclusion. A qualitative interpretation of many measurements 
is the most appropriate approach to interpreting steady-state NOE data. 

8.3.4. Applications 

To illustrate the issues described above and how NOE measurements can be 
used to provide unique data in structural analysis, some specific examples are 
now presented. As stated in the introduction, the NOE is most often employed 
during the later stages of structural investigations when the gross structure of 
the molecule has, at least to a large extent, been defined. For rather small 
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molecules, this may be possible from knowledge of the chemistry used and 
from one-dimensional spectra, whilst larger or structurally complex molecules 
may demand the application of various correlation techniques before NOE 
experiments are considered. In either case, confidence in the accuracy of ones 
proton assignments is of paramount importance since errors in these are as 
likely (if not more likely) to lead to erroneous stereochemical conclusions 
being drawn than they are to being unmasked by the NOE studies themselves. 

The examples presented here have all made use of the steady-state NOE 
difference method and are therefore restricted to 'small' molecules in which 
key resonances are sufficiently resolved for selective irradiation. This is often 
the case for many of the molecules routinely handled in the research labo-
ratory when a judicious choice of solvent for optimum signal dispersion has 
been made. These also provide some indication of the magnitudes of NOE 
enhancements typically encountered in routine laboratory studies, which often 
fall short of the theoretical numbers discussed in the previous sections. Ad-
ditional examples making use of other NOE techniques are presented in later 
sections. 

EvsZ geometry 
The differentiation of E and Z alkene isomers is often possible by di-

rect measurement of vicinal proton-proton couplings across the unsaturation, 
whereby cis and trans couplings are usually sufficiently different to allow a 
distinction to be made (typically Ĵ ^̂  7-11 Hz, Jtmns 12-18 Hz). When only a 
single alkene proton exists this method can no longer be used and the NOE then 
offers an alternative approach provided a protonated group exists across the 
double bond. One such example is in the differentiation of the E and Z silanols 
8.1a and 8.1b [3]. The Z-isomer was readily identified from the NOEs between 
the alkene proton and the CH2Si group and further confirmation was provided 
by the observation of contrasting NOEs for the other (E-) isomer. Asymmetry in 
the magnitudes of NOE enhancements is also clearly apparent in this example, 
and should come as no surprise following the preceding discussions. 

CH3(CH2)6' 

SiMea 

Si(Me2)0H 

SiMes 

H^ ^J^ ^Si(Me2)0H 

CH3(CH2)6'' 

Aromatic substitution position 
Determining the position of substitution within a molecule can also be 

problematic when no direct proton-proton couplings exist to link the new 
moiety, which is often the case when the substitution is made on a heteroatom. 
Particularly when dealing with aromatic systems, the NOE can often provide 
unambiguous solutions. These systems are particularly favourable because they 
are restricted to being planar and hence it is usually safe to assume that nearest 
neighbours will be those on adjacent positions in the ring. The differentiation of 
TT- and T-substituted histidines [4] 8.2a and 8.2b provides a simple illustration 
of this. In the 7t-substituted systems irradiation of the H5 proton enhances only 
one of the CH2 groups bound to the imidazole ring whereas in the t-substituted 
isomers both were enhanced. Prior to the use of the NOE, differentiation was 
possible only through chemical degradation or through empirical rules based 
on differences in the small (<1.5 Hz) H2-H5 coupHng constant, which could 
not always be resolved. An alternative approach to consider nowadays in such 
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PhCH20C0NH COsMe 0. 

PhCH20C0NH COsMe 

OMe 

8.2b 

OMe 

cases would be to establish connectivity by identifying long-range proton-
carbon correlations across the heteroatom via the HMBC experiment (Section 
6.4). 

Substituent configuration 
Another widely encountered question, and arguably the most common 

problem the NOE is used to address in synthetic chemistry, is the relative 
configuration of substituents on ring systems. This is most often applied to 
5- and 6-membered rings, not only because of their ubiquity but also because 
larger rings tend to have far greater flexibility, making it more difficult to 
draw unambiguous conclusions. For six-membered rings in particular, direct 
analysis of proton couplings constants within the ring can in itself be infor-
mative because of the generally distinct differences in axial-axial vs axial-
equatorial/equatorial-equatorial coupling constants in chair conformations 
(ax-ax ^ 10-12 Hz, ax-eq/eq-eq ^ 2-5 Hz; see Section 5.6.2 and Fig. 5.51 
for example). However, in the determination of the orientation of the methyl 
group in 8.3 these would not have been informative, because of the similarity 
between ax-eq and eq-eq coupling constants. A collection of NOE enhance-
ments was able to identify the methyl as occupying the equatorial position, in 
particular the 1,3-diaxial methine proton NOEs. 

(CH3)3C(CH3)2SiO.. 

OSi(CH3)2C(CH3)3 

,.0H 

n^ ••••^OSi(CH3)2C(CH3)3 
H 

5% 

Me-^ 

HN-

5%( 

Me--

HN-

H f OTBDMS 

/ CJTBDMS 

1 OH 
OTBDMS 

, H-^^-^x"'''' OTBDMS 

" / O T B O V I S 

8.3 

OTBDMS 

Vicinal couplings in five-membered rings generally offer greater ambiguity 
in defining relative configurations and here careful NOE measurements are 
also required since cis- and trans NOEs between adjacent protons are often 
of similar magnitude. In these cases it is wise to collect as many NOE 
enhancements as is possible for the sample and to ensure self-consistency over 
all of these within the proposed stereochemistry. These points are exemplified 
by the configurational assignment of the synthesised epoxyprolines [5] 8.4a 
and 8.4b. The negligible J coupling between H2 and H3 in 8.4a tentatively 
suggested these protons to be trans and the slightly greater 2.5 Hz coupling 
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^ • l . ^ ^ ' \ ^ C 0 2 C H 2 P h COsCHsPh 

in 8.4b suggested these share a cis relationship. Conclusions drawn from 
interpretation of the NOE data were consistent with this proposal, but were 
founded on the comparison of NOEs of rather similar magnitude between the 
H5 and H4 protons within each. The availability of both isomers allowed a 
comparison of their H4-H5 NOE patterns, based on identification of H5P from 
its NOE with H2, and the differences observed between these isomers provided 
further support for the assignments. Confirmation of these assignments were 
provided through additional synthetic structural correlations. 

In the bicyclic lactam 8.5 it was possible to determine the relative configu-
ration at three stereo-centres based on the known stereochemistry at only one 
(C2) through the sequential interpretation of the NOE data. The lack of NOEs 
between protons on adjacent carbons C5, C6 and CI suggests the neighbouring 
protons share trans relationships, although the absence of an NOE alone cannot 
always be considered definitive evidence, as has been stressed in previous 
discussions. More importantly, this stereochemistry is confirmed by the obser-
vation of the additional H6-H4, H6-H2 and H7-H9 NOEs. Again notice the 
asymmetry in the NOEs between H2-H4, H4-H6 and H4*-H5, with the NOE 
onto the methylene proton being always less than the NOE from this onto the 
methine proton, owing to the close proximity of the geminal neighbours. 

CH3CH2O2C C02C(CH3)3 
Et02C, 

11% 

. - - C ^ o t B u Et02< 

8.5 

Resonance assignment 
The prerequisite for most NOE studies of configuration or conformation is 

the assignment of the proton spectrum of the molecule, meaning each resonance 
can be associated with a unique proton within the gross structure. Such 
assignments are typically derived from ID spectra and the various correlation 
methods described in previous chapters, although in some cases the NOE can 
itself be used for resonance assignment. It is most likely to be of use for 
assigning resonances of isolated groups that share no proton scalar couplings, 
although is by no means limited to this. An example is the assignment of 
the two methyl resonances in the hepato-protective agent andrographolide 
8.6, which are distant from one another in the molecule and show quite 
characteristic NOE patterns. The use of long-range heteronuclear correlation 
experiments should also be considered when addressing such problems, and 
indeed may be needed in the determination of the gross structure in the first 
place. 
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8.6 

Endo vs exo adducts 
The need to distinguish between exo and endo adducts in fused ring systems 

is another commonly encountered challenge that can often be addressed by the 
NOE, and the determination of the stereochemistry at C5 of the lactam 8.5 
above can be viewed as one such example. In such cases, the NOE patterns 
observed between the proton(s) at the junction and those on the adjacent rings 
can often provide an unambiguous stereochemical assignment. This was the 
case for the identification of 8.7, as the endo cycloadduct [6]. The material was 
synthesised as part of a model study toward the biomimetic synthesis of the 
manzamine alkaloids, a family of P-carboline alkaloids derived from marine 
sponges which possess potent antileukaemic and cytotoxic properties. In this, it 
was important to confirm whether the product stereochemistry was consistent 
with the proposed biosynthetic hypothesis being investigated, as was shown to 
be the case. Here the bridgehead proton was in fact too heavily overlapped 
with an adjacent resonance to be selectively saturated, although NOEs onto 
this were quite distinct. When bridgehead protons cannot be used at all, or 
if non-existent, the assignment must then rely on the observation of NOEs 
between ring protons on either side of the junction. 

endo 

8.7 

Conformational preference 
The definition of a favoured conformation in small, flexible molecules by 

use of the NOE represents a far greater challenge, notably because of the 
rapid interchange between many possible conformations and because the NOE 
itself will represent only a weighted average of intemuclear separations present 
within the conformers. The detailed investigations required to extract meaning-
ful data in these cases is therefore rarely undertaken. However, when restricted 
conformational processes lead to one conformation being strongly favoured, 
sufficient NOE data may be available which allow this to be defined. Obvious 
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examples might be the differentiation of chair and boat conformers of cyclo-
hexanes or of slowly interconverting rotamers. Specific conformations may also 
be favoured in the presence of steric hindrances or strong hydrogen-bonding 
interactions, for example. An example of a favoured conformation defined by 
NOE measurements is structure 8.8 (also produced as part of the biomimetic 
synthesis of the manzamine alkaloids mentioned above [7]) in which the two 
heterocyclic rings are approximately orthogonal to one another. The limited and 
specific NOEs observed at the interface of the two rings are not consistent with 
free rotation about the single bond linking the rings and the structure appears 
essentially locked, presumably by the presence of the C8 methyl group. This 
orthogonal relationship is further supported by the almost negligible coupling 
between the H7 and H3 protons, indicating that the dihedral angle between 
them is close to 90°. The combined use of NOEs and coupling constants often 
represents the optimum approach to questions of conformation. 

8.4. TRANSIENT NOES 

It has been repeatedly stressed in the preceding sections that the steady-state 
NOEs measured between two nuclei cannot readily be translated into intemu-
clear separations because they result from a balance between the influences of 
all neighbouring spins. At best, they provide information on relative intemu-
clear distances only. It has also been stressed, however, that the rate at which 
the NOE grows towards this steady-state can be directly related to these dis-
tances under appropriate conditions. It has also been shown that for molecules 
which exhibit negative enhancements, steady-state measurements may fail to 
provide any reliable information of spatial proximity and here one is forced to 
consider the kinetics of the NOE. A logical approach to such measurements 
would be to follow that taken for the measurement of steady-state effects. 
Saturation of the target resonance for periods that are far less than those needed 
to reach the steady-state would allow some NOE to appear, which is then 
sampled. Repeating the experiment with progressively incremented saturation 
periods allows the build-up to be mapped. Owing to the use of shortened 
saturation periods, the enhancements observed with this method are termed 
truncated driven NOEs or TOEs. 

Although once popular, this experimental approach is rather less used 
nowadays and as such shall be considered no further. The more common 
approach to obtaining kinetic data is to instantaneously perturb a spin system 
not by saturation but by inverting the target resonance(s) (that is, inverting the 
population differences across the corresponding transitions) and then allowing 
the NOE to develop in the absence of further external interference. The new 
populations are then sampled with a 90° pulse as usual (Fig. 8.20). In this case 
the NOE is seen initially to build for some time but ultimately fades away as 
spin relaxation restores the equilibrium condition; these enhancements are thus 
termed transient NOEs. 

The measurement of transient NOEs gained widespread popularity, initially 
in the biochemical community, in the form of the 2D NOESY experiment, 
which remains an extremely important structural tool in this area and increas-
ingly in the analysis of smaller molecules. More recently, the ID transient 

'H 

180, 

k 
90v Figure 8.20. A general scheme for 

observing transient NOEs. Following 
inversion of a target (source) resonance, 
the NOE develops during the mixing 
time, Xm, after which the system is 
sampled. 
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NOE experiment (i.e. ID NOESY) has been repackaged and remarketed within 
the chemical conmiunity as a gradient-selected sequence capable of providing 
quite spectacular, high-quality spectra. In this form and as the 2D sequence, 
transient measurements are destined to be increasingly popular in routine 
chemical applications. In practice transient experiments, whether 1- or 2-D, 
are more routinely used qualitatively as 'single-shot' techniques, providing an 
overview of enhancements within a molecule rather then being employed to 
map the growth of the NOE. No matter how these are employed, it is necessary 
to understand something of the kinetics of the NOE to correctly execute and 
interpret these methods. 

8.4.1. NOE kinetics 

Following the (assumed) instantaneous inversion of the S-spin resonance, 
the initial growth rate of the NOE at I depends linearly on the cross-relaxation 
rate between these two spins even in multispin systems, such that: 

(8.11) 

(the factor of two here arises simply from the use of inversion of populations in 
this case rather than saturation, as considered previously). Using equations 8.4 
and the approximation coi = oos for a homonuclear system, the cross-relaxation 
rate (W2 — WQ) is given by: 

cTis ocy 1 (8.12) 

Unlike the steady-state enhancements, the transient enhancements are in-
fluenced by only a single intemuclear separation as rj^^, whilst the so-called 
initial rate approximation is valid. In this the two cross-relaxing spins initially 
behave as if they were an isolated spin pair and the growth of the NOE has 
a linear dependence on mixing time. As longer mixing periods are used, the 
relaxation of spin I begins to compete with cross-relaxation between I and S, 
so the build-up curve deviates from linearity and the NOE eventually decays 
to zero (Fig. 8.21). Thus, for the initial rate approximation to be valid, mixing 
times significantly shorter than the Ti relaxation time of spin I must be used. 
Only under these conditions is meaningful distance measurement possible. 

If, on the other hand, the goal is to qualitatively identify through-space 
correlations, as is more often the case in routine work, mixing periods com-
parable to Ti provide maximum enhancements. Since transient NOEs develop 
in the absence of an external rf field they tend to be weaker than steady-state 

Figure 8.21. Schematic illustration of the 
development of the NOE between spins I 
and S as a function of mixing time. 

NOE 

mixing time, tp 
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effects. The maximum theoretical homonuclear enhancement is also reduced to 
38% (from 50%) for positive NOEs, so careful choice of timing is crucial to 
the success of transient experiments. In all other respects, the dependence of 
transient NOEs on correlation times matches that of steady-state effects, with 
the maximum homonuclear enhancements for the negative NOE regime again 
being —100% owing to the domination of efficient cross-relaxation. When 
dealing with molecules which exist within this regime, it is also necessary to be 
aware of and if possible avoid potential complications arising from the dreaded 
spin diffusion (indeed, this is the primary reason why transient methods are 
used) which again demands the use of conservatively short mixing periods. 

8.4.2. Measuring internuclear separations 

Assuming the initial rate approximation to be valid (the NOE growth linear), 
the magnitude of an enhancement between two spins, A and B, after a period x 
will be proportional to the cross-relaxation rate, which in turn depends on r^^: 

riA{B} = kaABX = k'rX^ (8.13) 

The constants of proportionality here contain the molecular correlation time, 
Tc, in addition to a number of known physical constants, and {B} is now taken 
to signify inversion rather than saturation of B. In principle, if TC were known, 
this would directly provide a measure of rAB- Whilst it is possible to determine 
this (such as from relaxation time measurements) this is rarely done in practice, 
and it is more common to use a known internal distance as a reference and 
avoid the need for such laborious measurements. If the NOE between reference 
nuclei X and Y of internuclear separation rxy is also measured then: 

:1AM ^ h^ (8.14) 
%{Y} x^\ 

A direct comparison of the two NOE intensities thus provides the unknown 
internuclear distance. This simple relationship has been extensively used to 
provide measurements of internuclear separations, particularly in biological 
macromolecules. From a single experiment, distances can be estimated assum-
ing the initial rate approximation is valid for all interactions. This relies on all 
internuclear vectors in question possessing the same correlation time, which 
may not be the case where internal motion is present. A consideration of these 
matter lies beyond the scope of this work; further details may be found in 
reference [1]. 

The significance of a single 'internuclear distance' must also be considered 
carefully. In reality, internuclear separations vary over time with conformational 
averaging so the concept of a single distance is simply a convenient model 
of events. Furthermore, in cases of conformational exchange, the calculated 
distance tends to be heavily weighted toward shorter separations since the NOE 
is very much more intense for these because of the r"^ factor. Consider the 
case of rapid averaging on the NMR timescale between two equally populated 
conformers such that only a single resonance is observed for each chemically 
distinct site. In one conformer the separation between two spins is 0.25 nm 
whilst in the other it is 0.60 nm (Fig. 8.22). The NOE under conditions of fast 
conformational exchange averages as (r-^)"^/^ (where (...) indicates the mean 
value) so that the apparent separation as would be calculated from observed 
NOE intensities is 0.28 nm rather than the mean 0.42 nm one may anticipate. 

In general then, NOE measurements will tend to underestimate rather then 
overestimate distances in such cases, which can be problematic for structure 
calculations. These problems are most severe in the case of small molecules, 
where extensive conformational averaging is to be expected, and detailed 
structure calculations based on quantitative distance measurements for flexible 
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Figure 8.22. The influence of rapid 
conformational exchange on estimated 
intemuclear separations based on NOE 
measurements. 

0.6 nm 

NOE 

0.28 nm 

small molecules are rather rare. However, this approach has proved enormously 
successful in the structure calculations of biological macromolecules where, to 
avoid problems of averaging and errors in intensity measures, semi-quantitative 
measurements are usually employed (Section 8.7). 

8.5. ROTATING-FRAME NOES 

The greatest problem associated with the methods described so far is clearly 
the 'zero-crossing' region around cooXc ^ 1 where the conventional (labora-
tory-frame) NOE observed via steady-state or transient techniques becomes 
vanishingly small. This typically occurs for mid-sized molecules with masses 
of around 1000-2000 daltons, depending on solution conditions and spectrom-
eter frequency. With the increasing interest in larger molecules in many areas of 
organic chemistry research coupled with the wider availability of higher-field 
instruments, this is likely to be a region visited ever more frequently by the 
research chemists' molecules. Other than altering solution conditions in an 
attempt to escape from this, the measurement of NOEs in the rotating-frame 
provides an alternative solution, albeit an experimentally challenging one. 
These effects are the rotating-frame analogues of the transient NOEs described 
above and many of the discussions in Section 8.4 relating to their application 
are relevant here also. In this case, however, the cross-relaxation rate between 
homonuclear spins is given by: 

ais a y ^-2\^ (8.15) 
1 + 0)^X2 

Unlike the corresponding equation for transient NOEs (8.12 above) this 
expression remains positive for all values of Xc and the undeniable benefit of 
rotating-frame NOEs (ROEs) is, quite simply, that they remain positive for all 
realistic molecular tumbling rates. For small molecules, the magnitude of the 
ROE matches that of the transient NOE, whilst for larger molecules it reaches 
a maximum for homonuclear spins of 68%, but under no circumstances does it 
become zero (Fig. 8.23). Similarly, the NOE and ROE growth rates are identical 
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Figure 8.23. Schematic illustration of the 
dependence of the ROE and transient 
NOE for an isolated homonuclear 
two-spin system as a function of 
molecular tumbling rates. 

for small molecules but differ for very large ones. For a small molecule which 
has (Ootc <^ 1 both equations 8.12 and 8.15 simplify to: 

ais oc 
^y\ (8.16) 

In contrast, for very large molecules which have cootc )> 1, the left hand 
expression within the brackets of both equations 8.12 and 8.15 becomes 
negligible, giving: 

^NOE 
a 

-y'^'Cc 

^IS 

J ROE ^V "̂ c 

and a^ oc —^— 
^is 

and hence: 

^ROE = -2G\ NOE 

(8.17) 

(8.18) 

For very large molecules, the ROE therefore grows twice as fast as the NOE, 
and has opposite sign [8]. 

The measurement of ROEs requires a somewhat different experimental 
approach (Section 8.8). In essence, ROEs develop whilst magnetisation is 
held static in the transverse plane, rather than along the longitudinal axis 
(hence they are sometimes also referred to as transverse NOEs). To generate 
the required population disturbance of the source spins, the target resonance 
is subjected to a selective 180° pulse prior to the non-selective 90° pulse, 
such that it experiences a net 270° flip and is thus inverted relative to all 
others. Transverse magnetisation is then 'frozen' in the rotating-frame by the 
application of a continuous, low-power spin-lock pulse. This is analogous to the 
spin-lock described in Section 5.7 for the TOCSY experiment and serves the 
same purpose, that is, to prevent evolution (in the rotating frame) of chemical 
shifts. The simplest scheme for a ID sequence is therefore that of Fig. 8.24. 
The experiment is more frequently performed as the 2D experiment where it is 
usually termed ROESY (rotating-frame NOE spectroscopy). 

The situation during the spin-lock may be viewed as the transverse equiva-
lent of events during the transient NOE mixing time (Fig. 8.25). The action of 
the spin-lock is to maintain the opposing disposition of magnetisation vectors 
which would otherwise be lost through differential chemical shift evolution. 

180, 
90;c 

iH spin-lock 

^m 

Figure 8.24. A general scheme for 
observing rotating-frame NOEs. The 
ROE develops during the long spin-lock 
pulse which constitutes the mixing 
period, tm-
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Figure 8.25. The rotating-frame NOE 
experiment can be viewed as the 
transverse equivalent of the transient 
NOE experiment. 

transient NOE 
experiment 

rotating-frame NOE 
experiment 

and so allows the ROE to develop through cross-relaxation in the transverse 
plane. Spin relaxation here is characterised by the time constant Tip (= T2). 
In utilising the spin-lock one has effectively replaced the static BQ field of 
the conventional NOE with the far smaller rf Bi field and it is this that 
changes the dynamics of the NOE. Whereas yBo typically corresponds to 
frequencies of hundreds of megahertz, yBi is typically only a few kilohertz, 
meaning yBi <$C Y^o and hence coi (the rotating-frame frequencies) <^ COQ. The 
consequence of this is that coiXc ^ 1 for all realistic values of Xc, and all 
molecules behave as if they are within the extreme narrowing limit. Thus, ROEs 
are positive, any indirect effects have opposite sign to direct effects and tend 
to be weak, and saturation transfer can be distinguished by sign from ROEs, 
regardless of molecular size and dynamics. 

Set against these obvious benefits are a number of experimental problems, 
principally TOCSY transfers also occurring during the spin-lock and signal 
attenuation from off-resonance effects. These issues are further addressed in 
the practical sections that follow, so it is sufficient to note here that even more 
care is required when acquiring and using ROEs than is needed for NOEs, so 
much so that some would regard this only as a specialist's technique. 

Part II: Practical aspects 

8.6. MEASURING STEADY-STATE NOES: NOE DIFFERENCE 

The basic requirement for the observation of steady-state NOEs is a suitable 
period of presaturation of the target resonance prior to acquisition of the 
spectrum, as discussed above and indicated in Fig. 8.1. This dictates that 
steady-state measurements are derived only from one-dimensional spectra, 
in which spins experiencing the NOE will produce resonances with altered 
intensities relative to the conventional ID spectrum. The question then remains 
as to how best to display and measure these changes. Although, in principle, 
this may be achieved by direct integration of resonances relative to a control 
spectrum, in reality this is a non-trivial exercise when enhancements may 
only be of a few percent. Instead, the universal approach is to use 'difference 
spectroscopy' and to subtract the control spectrum from the NOE spectrum, 
yielding a difference spectrum in which, ideally, the only remaining signals 
are the NOE enhancements and the saturated resonance (Fig. 8.26). This is the 
so-called NOE difference experiment that has played a pivotal role in structural 
organic chemistry for many years [9]. The purpose of the 'difference' approach 
is to make the observation of the enhancements easier and more reliable but 
imparts no new information to the difference spectrum that was not within the 
original NOE spectrum. 
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Figure 8.26. The control ID spectrum 
(a) and NOE difference spectra (b and c) 
of 8.9 in MeOD. The difference spectra 
show only NOE enhancements and the 
truncated difference signal of the 
saturated resonance (arrowed). The 
observed enhancements are consistent 
with the indicated 2,5-cis geometry 
across the ring oxygen of 8.9. 

(CH3)2CH020 

8.9 

NOE 

CONTROL 

on-resonance 
presaturation 

off-resonance 

Subtract NOE 
difference 

Figure 8.27. The procedure for 
generating the NOE difference spectrum. 

The NOE difference experiment is illustrated schematically in Fig. 8.27. The 
NOE spectrum is generated by applying presaturation to the target resonance 
for a period x, after which the presaturating rf ^ is gated off and the ID spectrum 
acquired with a 90° pulse. The control spectrum is acquired in an identical 
fashion except that presaturation is no longer required. To keep the acquisition 
conditions for both experiments as similar as possible, which is crucial for a 
successful difference experiment, the presaturation frequency is moved well 
away from all resonances (it is placed 'off-resonance') for the control rather 
than being turned off altogether, typically by placing it at the far edge of the 
spectrum. Subtracting the resulting spectra (or FIDs followed by FT) yields the 
difference spectrum. The success of this approach is critically dependent on the 
two spectra being identical in all respects other than those features introduced 
by the on-resonance presaturation; if this is not the case spurious difference 
responses are introduced (see below). In practice, the perfect subtraction of 
resonances is experimentally very demanding so various procedures have been 
developed to minimise undesirable variations and hence artefacts. 

8.6.1. Optimising difference experiments 

Minimising subtraction artefacts 
NOE experiments typically require significant spectrometer time because the 

enhancements being sought are rather small. The NOE difference experiment 
represents a stringent test of both short- and long-term spectrometer stability, 
since changes in rf phase or frequency or in magnetic field contribute to 

^ Historically, the presaturating rf as been applied via the 'decoupler channel', traditionally the 
second rf channel of the spectrometer. However, decoupling is a misleading term in the context 
of the NOE since spectra are acquired fully J-coupled, hence the term 'presaturating rf' is used 
throughout 



308 High-Resolution NMR Techniques in Organic Chemistry 

Figure 8.28. NOE difference artefacts 
shown by an asterisk in the difference 
spectrum (b), arise when two similar, but 
not quite identical, signals are subtracted 
in an attempt to reveal the genuine NOEs 
(N). The artefacts can be attenuated a 
little through the use of line-broadening 
window functions (c, lb = 1 Hz). 
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difference artefacts (Fig. 8.28). These appear as dispersion-like signals which 
may mask genuine NOEs, in addition to being unsightly. Improvements in 
spectrometer design have gone a long way to reducing these instabilities and 
make the observation of weaker NOEs ever more reliable as artefacts are 
reduced. Nevertheless, care is still required to achieve optimum results. 

The first consideration is a stable sample environment, including sample 
temperature, a point of particular concern for aqueous solutions and for solutes 
with temperature dependent shifts. Activity in the vicinity of the magnet has 
long been considered a contributing factor to poorer difference spectroscopy. 
How significant this is will depend on the physical location of the instrument, 
the field strength and on activities in adjacent labs or corridors (including those 
above and below) but in any case it is clearly wise to minimise disturbances of 
the field. Acquiring data overnight or at weekends may prove beneficial if such 
interferences prove to be detrimental. 

Short-term random instrumental instabilities are suppressed by acquiring a 
large number of scans, just as random noise is similarly reduced by signal 
averaging, and the improved signal-to-noise in the resulting spectra also aids 
the reliable identification of enhancements. Longer-term instabilities, such as 
from small field or temperature drifts, are addressed by interleaving acquisitions 
between the control and the NOE experiments so that over the course of the 
experiment all spectra experience the same net variation. A typical approach 
when multiple NOE measurements are required of a sample is to acquire 8 or 
16 transients for each experiment and cycle round all irradiation frequencies 
(usually automatically under computer control). For further signal averaging, 
the appropriate data sets are co-added to acquire the desired total number of 
transients which must be identical for each data set collected. For multiple NOE 
experiments a single control is usually sufficient for all difference calculations. 
Also included in each acquisition must be 2 or 4 'dunmiy scans' (in which 
the recorded data are discarded) to ensure the complete decay of saturation 
effects from the previous irradiation. Since presaturation is required for each 
acquisition, the usual relaxation delay between transients is not necessary and 
is wholly replaced by the presaturation period. 

Subtraction artefacts can be further reduced by suitable processing of the 
data. Difference spectra can be generated by subtracting two FIDs (the NOE 
and the control) and Fourier transforming the resulting FID, or alternatively 
by directly subtracting the NOE and the control spectra, in which case they 
must both be processed with digitally identical phase corrections prior to the 
subtraction. The results of these methods are equivalent except when spectra 
exhibit a large dynamic range (that is, where very large signals exist in the 
presence of very small ones) in which case subtracting FIDs may reduce 
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spectrum noise [10]. In either approach, applying mild line-broadening to the 
spectra, typically of a few Hz, helps reduce difference artefacts (Fig. 8.28c). 
The rationale behind this is that intensity of the residual signal obtained by 
subtracting closely overlapping Lorentzian lineshapes is inversely proportional 
to the resonance linewidths [11]. 

Optimising presaturation 
Selection of the optimum presaturation time x is highly dependent on the 

information required of the molecule and on its size and structure, so general 
guidelines only can be presented here. Since steady-state measurements are 
only of use in the positive NOE regime, these considerations are limited 
to small to medium-sized molecules and, in fact, most of what we need to 
know has already been presented in the previous sections since the choice of 
T is dictated by the kinetics of the NOE. Thus, if measurements of genuine 
quantitative steady-state enhancements are required, then x must be greater than 
5Ti of the slowest relaxing spins, which could make signal averaging very time 
consuming. However, most structural work does not require the full steady-state 
to be attained so long as a measurable NOE has been able to develop, allowing 
more transients to be collected in the time available, which itself facilitates the 
observation of the NOEs. The use of shorter presaturation times then favours 
the observation of short-range interactions since these are quickest to develop. 
In contrast, long-range interactions and indirect effects are slow to build 
and are enhanced with extended presaturation. For the majority of structural 
studies, information on immediate neighbours is sufficient so relatively short 
presaturation times of around 4 or 5 seconds (ca. 3 times the longest TO tend to 
be used in routine NOE investigations of small organic molecules (Mr < 500). 
Under such conditions, one should not be surprised to find that longer-range 
interactions cannot be observed, and if these are expected to be informative, 
or if indirect effects may provide useful geometrical information, further 
experiments with extended presaturation 0 5 T i , possibly tens of seconds) will 
be required in order to detect these. Clearly it is advantageous to have some 
prior knowledge of the approximate Ti values of protons in the molecule, and 
these may be measured by the quick inversion-recovery method of Section 
2.4. This additionally provides supporting data since remote protons that are 
isolated from dipolar relaxation sources will exhibit unusually long Ti s as well 
as slow to develop NOEs. 

Selective saturation and SPT 
To ensure the integrity of NOE data it is essential that only a single resonance 

is subject to presaturation at any one time. Even a small degree of saturation 
of a neighbouring resonance caused by 'spillover' of the presaturating rf can 
be detrimental for structural studies. Such spillover can usually be readily 
observed in the difference spectrum and should call for great caution when 
interpreting data. Naturally it is more useful to spot this failing before the 
experiment is left running for many hours and to take measures to alleviate it. 
An effective approach to this to directly overlay the NOE and control spectra 
obtained after the first experiment cycle (e.g. after 8 transients for each) using 
the spectrometer dual-display mode. Whilst NOE enhancements are unlikely 
to be apparent at this stage (unless very large), saturation effects close to the 
target resonance are usually clear and may suggest changes to the experimental 
set-up are required. 

Ideally, each target resonance should be well removed from all others but 
this criterion cannot always be met. Changes of solvent can be useful here and 
can sometimes lead to dramatic shifts of resonances which may fortuitously 
place those of interest in a more exposed position. Beyond this, a variety 
of experimental procedures can help. The most direct way to reduce the 
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Figure 8.29. SPT artefacts. Unequal 
saturation of a resonance (b) can cause 
SPT intensity distortions to appear at its 
J-coupled neighbours. These appear as 
antiphase patterns in the difference 
spectrum b-a (c) which have zero net 
integral but may mask genuine NOEs. 
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frequency window over which the rf is effective and hence improve selectivity 
is to attenuate its power. This also reduces the degree of saturation of the 
target resonance which in turn reduces the absolute magnitude of the NOE 
enhancement, so a compromise must be sought between the two, usually with 
the emphasis on selectivity. Additional artefacts may also arise when using 
low presaturation powers if multiplets are subject to unequal perturbation. This 
arises from so-called selective population transfer (SPT) which has already 
been described in Section 4.4. This is a manifestation of polarisation transfer 
between J-coupled spins, and is related to the process by which crosspeaks are 
generated in COSY spectra. The responses appear as antiphase multiplets for 
those spins J-coupled to the saturated spin (Fig. 8.29). The integrated intensity 
of such antiphase lines is zero if correctly phased, so should not interfere 
with NOE quantification, although the potentially intense SPT responses could 
be distracting and may mask genuine NOE responses, so are well worth 
suppressing. 

One approach to achieving even saturation of a multiplet when using weak rf 
powers to maintain selectivity is to cycle the presaturation frequency between 
individual lines within each multiplet [12]. The process involves irradiating 
each line for a short period in turn, then repeating the sequence a number 
of times to achieve the desired total presaturation period. For each irradiation 
the aim is to saturate only a single line rather than the whole multiplet, 
so considerably lower rf powers may be used, whilst the cycling ensures 
approximately equal suppression across the whole multiplet. An important 
consideration here is the saturation period used for each line; too short and the 
saturation may be ineffectual (and unwelcome frequency modulation artefacts 
introduced) whilst too long a period will enable relaxation to become effective 
leading to uneven saturation. The relaxation behaviour of the spins is again 
important, and in general periods of 50-300 ms work well for most small 
molecules; again trial-and-error is the best approach to optimisation (Fig. 8.30). 
Thus, a five-line multiplet with 200 ms saturation of each line requires 5 cycles 
to achieve a total presaturation period of 5 s. Such sequences can be readily 
programmed to operate automatically on modem spectrometers. 

An additional approach to suppressing SPT distortions is to collect spectra 
with an exact 90° observation pulse. This effectively spreads saturation evenly 
throughout all multiplet components and so removes the source of these 
distortions. The accuracy of the 90° pulse can be improved by the use of a 
composite pulse (Section 9.1) for which the 270x360_x90y sequence has been 
suggested [13]. The 90° acquisition pulse also leads to maximum signal and 
since long presaturation periods are used between transients, this represents a 
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saturation through frequency cycling, (a) 
Control spectrum, (b) single frequency, 
low-power presaturation applied to the 
centre of the multiplet and (c) 
presaturation using the same power but 
with frequency cycling over the four 
lines. The low power ensures the 
neighbouring multiplet is untouched. 
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suitable choice for optimum sensitivity and is standard for the NOE difference 
method. In situations where a multiplet is overlapped by another resonance, the 
frequency cycling method is unsuitable for uniform multiplet suppression but 
the use of an accurate 90° pulse means only a single line from the multiplet 
need be available for saturation for the experiment to work, although the 
absolute magnitude of the NOE(s) will be small in such cases because of the 
small degree of population perturbation. In cases of problematic overlap, the 
alternative is to employ the 2D NOESY experiment described below in which 
selective irradiation is avoided altogether. 

Saturation transfer 
An additional mechanism by which saturation of a resonance can occur, 

other than by direct irradiation, is saturation transfer hxo\x^i about by chemical 
exchange processes that are slow on the NMR chemical shift timescale. This 
may be, for example, conformational exchange whereby saturation of a spin 
transition in one conformer will progressively lead to the saturation of the 
corresponding spin in another if exchange occurs during the presaturation 
period (see Fig. 8.19 above). This may be a bonus in some circumstances since 
it may allow the indirect saturation of an otherwise obscure resonance or it 
may be studied quite separately as a means of analysing exchange dynamics. 
In terms of NOE measurements it is more often an additional complication 
to be aware of since the observed NOEs then result from the saturation of 
more than one resonance. Similarly, any NOEs that develop may also be 
transferred to other resonances by the exchange, further complicating matters. 
Exchange processes are generally more efficient than cross-relaxation, and 
signals arising from exchange are usually more intense than NOEs and exhibit 
the same sign behaviour as the originally saturated resonance. Hence they 
appear with opposite sign to positive NOE enhancements, allowing them to 
be distinguished, but with the same sign as negative enhancements. This is 
a further pitfall of working in the negative NOE regime no matter which 
experimental approach is adopted. 

A relatively conmion feature of NOE experiments performed in organic sol-
vents containing traces of water is transfer of saturation between exchangeable 
protons and the water (Fig. 8.31). Often these types of resonances can be rather 
broad and may be unwittingly saturated if they happen to spread under neigh-
bouring signals, which in turn may produce unexpected negative responses 
elsewhere in difference spectra as a result of exchange. This effect can also 
be used to identify the resonances of exchangeable protons in a molecule by 
saturation of the water resonance, as was used in the structure determination of 
the antibiotic Pulvomycin 8.11 [14] (Fig. 8.32). 
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Figure 8.31. An experimental 
demonstration of saturation transfer. 
Direct saturation of the 6-OH resonance 
of a-cyclodextrin 8.10 in DMSO leads to 
the simultaneous indirect partial 
saturation of the 2- and 3-OH resonances 
as well as that of the water (shown 
truncated in (a)). 
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8.10 
Quantifying enhancements 

The quantification of percentage NOE enhancements can be made most eco-
nomically by direct analysis of the NOE difference spectrum alone, rather 
than the perhaps more obvious option of directly comparing integrals between 
the control and NOE spectra. The saturated peak may be used as an inter-

OMe 

8.11 

Figure 8.32. The identification of the 
resonances of exchangeable protons of 
pulvomycinin 8.11 in a saturation 
transfer difference experiment. The H2O 
peak was selectively saturated, leading to 
the partial saturation of the five hydroxyl 
resonances through chemical exchange 
(reproduced with permission from [14]). 6/ppm 
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nal reference for these measurements with the peak of a single resonance 
referenced to —100% or that of a methyl group to -300% and so on (the 
minus signs arise from the convention of plotting enhancements as positive 
going responses which defines the saturated peak as having negative intensity 
when NOEs themselves have positive sign). All NOE enhancements are then 
integrated relative to this reference and the percentages obtained directly. In 
doing this, one is at the same time compensating for incomplete saturation 
that may have been brought about by using lower presaturation powers; by 
scaling the reference peak to assume complete saturation, we likewise scale all 
enhancements. This procedure is justifiable since absolute NOE enhancements 
scale in direct proportion to the degree of saturation. The careful use of baseline 
correction of the difference spectra prior to integration should be considered 
since baseline errors can make dramatic differences when measuring small 
enhancements. Even so, very accurate measurements of enhancements are usu-
ally of limited use in the final analysis since such small differences cannot be 
interpreted meaningfully. Quoting results to 1 or perhaps 0.5% is sufficient for 
most qualitative interpretations where the emphasis should be on interpreting a 
collection of enhancements rather than relying on a single percentage measure-
ment. 

8.7. MEASUMNG TRANSIENT NOES: NOESY 

The most widespread approach for observing transient NOEs is homonu-
clear two-dimensional NOE spectroscopy (NOESY). This experiment's rise to 
popularity was driven largely by interests in biological macromolecules, whose 
NOEs are negative, strong and which grow rapidly, and this area is still very 
much the home territory of NOESY. It has traditionally been less used for 
smaller molecules principally because NOEs in the extreme narrowing limit 
are weaker and tend to grow more slowly, and because the steady-state NOE 
difference experiment has been a viable, and very effective, alternative. As 
instrument performance has improved, the NOESY experiment is increasingly 
finding favour in routine small molecule studies since it may offer benefits 
over the NOE difference experiment in some circumstances. The most obvious 
advantage is the non-selective nature of the experiment, alongside the ability, at 
least in principle, to observe all NOEs within a molecule in a single experiment 
(these factors parallel the benefits of 2D COSY over ID selective spin-decou-
pling). Added to this is the simplicity of setting up NOESY relative to the 
more time-demanding NOE difference, which has advantages in an automated 
environment, for example. 

Steady-state measurements are well suited to small molecule configurational 
and conformational studies since the enhancements obtained will be intrin-
sically larger than those from transient measurements. Energy is continually 
fed into the spin system in the form of rf saturation and this is able to drive 
the development of the NOE. Transient enhancements, in contrast, develop 
solely from the population disturbances brought about by initial resonance 
inversion so tend to be of lower intensity and of fleeting existence, requiring 
even more care in their capture. Furthermore, very small molecules (Mr < 200) 
that tumble very rapidly in solution produce extremely weak NOEs because 
cross-relaxation tends to be inefficient, and the search for transient enhance-
ments may be difficult or even futile in such cases. With larger molecules, 
more success is to be expected. The recently introduced gradient-selected ID 
transient NOE experiments described below are making a significant impact on 
small molecule NOE studies, in particular because of the exceptional quality 
spectra they are able to provide. However, their use requires a fundamentally 
different approach to the analysis of NOE data from that used presently by 
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chemists when interpreting NOE difference spectra because one is measuring 
transient not steady-state enhancements, as discussed further below. 

8.7.1. The 2D NOESY sequence 

The NOESY experiment [15] again follows the principles presented in 
Chapter 5 for the generation of a 2D data set and has a similar appearance 
to the homonuclear COSY-based correlation spectra, although in this case the 
crosspeaks of the 2D spectrum indicate NOE interactions between the corre-
lated spins. These peaks arise from the incoherent transfer of magnetisation 
between spins during the mixing time via the NOE, so allowing through-space 
proximities to be mapped directly. The NOESY spectrum of the naturally 
occurring terpene andrographolide 8.12 in DMSO is shown in Fig. 8.33 and 
displays a comprehensive map of close contacts within the molecule, some of 
which are illustrated on the structure. All NOE crosspeaks have opposite phase 
to the diagonal, indicating these arise from positive NOE enhancements, as 
anticipated for a molecule of this size (Mr = 350) under ambient conditions. 
The few crosspeaks sharing the same phase as the diagonal in the 3-6 ppm 
region are attributable to hydroxyl protons and H2O and arise from chemical 
exchange of the protons within these groups (Section 8.7.4). 

ĥ l̂n X Ĥ  

8.12 

The NOESY sequence (Fig. 8.34) is closely related to COSY, so here we 
shall consider only the features specific to the NOE experiment. The most 
significant of these is the mixing period, Xm, during which the NOE develops, 
and to understand the role this plays in a 2D experiment we return to the 
vector model (Fig. 8.35). Following initial excitation and ti evolution, the 
magnetisation vector exists in the transverse plane. The second 90° pulse 
places one component of this onto the —z axis and has therefore generated the 
required population inversion that enables the transient NOEs to develop during 
the subsequent mixing period (the components that remain in the transverse 
plane are those detected in the COSY experiment). After a suitable period, Xm, 
the new populations are sampled with a 90° pulse and the FID collected; one 
can readily see a parallel with the ID 'inversion-mixing-sampling' sequence 
illustrated in Fig. 8.20. The sequence is repeated to collect sufficient transients 
for an acceptable signal-to-noise ratio. Whilst, in principle, it should be 
necessary to leave at least 5Ti between transients to allow populations to 
recover, this would lead to excessively long experiments, particularly in the 



Chapter 8: Correlations through space: The nuclear Overhauser effect 315 

H20 

e f 

1_AJ_L_LJJLJL I. 
m ^" wx 

y z 

L J' 

-!—I—I—I—I—r— 

a 0 
0 

.0 « 

(M» N 

9 iKl I 

ID ffi 
4 a 

t> .. • ( 

ppm 

1.0 

h i .5 

1-2.0 

•2.5 

3.0 

h3.5 

h4.0 

•4.5 

hS.O 

• 5 . 5 

6.0 

h6.5 

~ T — I — I — I — I — I — I — r — I — I — I — J — I — J — I — r - I I I I I > I I I I I I I I I t < I » I < ' I « ' > » I ' t ' ' — 7 . 0 

6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2,0 1,5 

Figure 8.33. The 2D NOESY spectrum of the terpene andrographolide 8.12 in DMSO at 25°C. 
The spectrum was recorded with a 600 ms mixing time and a recovery delay of 1.5 s. 2K data 
points were collected for 512 increments of 16 scans, using TPPI fi quadrature detection. Data 
were processed with a squared cosine-bell window in both dimensions with a single zero-fill in f i. 
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Figure 8.34. The 2D NOESY sequence 
and the associated coherence transfer 
pathway. The optional use of a pulsed 
field gradient (shown greyed) during the 
mixing time is described in the text. 

'H 

"vS \ 

90° 

Figure 8.35. The evolution of 
magnetisation vectors during NOESY. 
The inverted magnetisation generates the 
NOE during the mixing time, whilst the 
remaining transverse components are 
removed by phase-cycling or pulsed field 
gradients. 

NOESY 

case of small molecules. In practice, shorter recovery delays of typically 1-3 
s for small molecules (^1-2 Ti of the slowest relaxing spins) represents an 
acceptable compromise [16]. 

The NOESY sequence, aside from details of the timings used, is identical to 
the DQF-COS Y sequence, so it remains to select the signals arising from NOEs 
and suppress all others by means of a suitable phase-cycle (Table 8.3). Since 
NOEs are associated only with spin populations, that is z-magnetisation of 
coherence order zero, they are insensitive to rf phase changes and a 4-step cycle 
is sufficient to cancel signals originating from single- and double-quantum 
coherences present during x^- The cycle is repeated with additional phase 
inversion of the preparation pulse and receiver to cancel axial peaks and 
produces a final 8-step cycle. Since chemical exchange between sites is also 
associated with longitudinal magnetisation exchange between resonances, this 
experiment will also detect these processes, in an analogous fashion to the 
saturation transfer described for the ID experiments above, and for this reason 
this exact sequence is also termed EXSY (exchange spectroscopy) when 
used to study dynamic exchange processes (see Section 8.7.3). The use of 
a phase-sensitive presentation is highly recommended for NOESY since this 
allows the discrimination of chemical exchange from positive NOEs on the 
basis of sign, aids the identification of some of the artefacts described below 
and allows quantitative measurements [17], in addition to the usual benefits of 

Table 8.3. The basic NOESY phase-cycle for the three pulses (PN) 
and the receiver (PR), including the suppression of axial peaks 

Transient 

1 
2 
3 
4 
5 
6 
7 
8 

Pi 

X 

X 

X 

X 

—X 

—X 

—X 

—X 

P2 

X 

X 

X 

X 

X 

X 

X 

X 

P3 

X 

y 
—X 

- y 
X 

y 
—X 

- y 

PR 

X 

y 
- X 

- y 
—X 

- y 
X 

y 
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Table 8.4. 

Sign of diagonal 

Positive 

Responses observed in the NOESY 

Origin of crosspeak 

Positive NOE 
Negative NOE 
Chemical exchange 

experiment 

Sign of crosspeak 

Negative 
Positive 
Positive 

By convention the diagonal is phased to be positive and the sign of all other signals 
are given relative to this. 

a higher-resolution display. NOESY crosspeaks are then in-phase, have pure 
absorption lineshapes and appear symmetrically about the diagonal [18] (since 
transient enhancements are symmetrical in nature). Their sign with respect to 
the diagonal is dictated by the molecule's motional behaviour and hence the 
sign of the NOE itself (Table 8.4). 

Selection of the desired coherences may also performed via pulsed field 
gradients so avoiding the need for phase-cycling [19-21]. This may be achieved 
simply by inserting a single z-gradient within the mixing time such that 
all coherences are dephased and only the desired z-magnetisation remains 
(Fig. 8.34). The time-saving benefits of such an approach are likely to be 
significant only when large sample quantities are available and rather few 
scans per increment provides sufficient sensitivity. When working with aqueous 
solutions, additional solvent suppression schemes may be added to this basic 
sequence; these are described in Section 9.4. 

Complications with NOESY 
The principal unwanted signals remaining from the NOESY sequence are 

those arising from zero-quantum coherences (ZQCs) that existed during the 
mixing time and which are subsequently transformed into observable signals 
by the last 90° pulse. Since these also possess coherence order zero they are not 
removed by the phase-cycling or gradient selection procedures (both of which 
act as a zero-quantum filter), and thus may contaminate the final spectrum. 
These coherences arise between J-coupled spins and so give rise to COSY-like 
peaks which are the zero-quantum analogues of the signals detected in the 
double-quantum filtered COSY sequence and have a similar antiphase multiplet 
appearance. If both a ZQC and NOE peak are coincident, that is if J-coupled 
spins also demonstrate an NOE between them, the NOE peak may appear 
somewhat distorted by this superposition. For large molecules with broad lines, 
ZQC peaks, being antiphase, tend to cancel, but in small or mid-size molecules, 
their active removal may be beneficial. 

A number of approaches have been suggested for the suppression of ZQC 
peaks [15,22,23], but probably the most widely used is to introduce a small, 
random variation in the mixing time between transients or, more commonly, 
between one ti-increment and the next. Whereas during the mixing time 
ZQCs oscillate with a frequency equal to the chemical shift difference of the 
two J-coupled spins, (VA — Vx), NOEs grow progressively (Fig. 8.36). Thus, 
random variation of tm will cause the ZQCs to average away whilst NOE 
intensities are little affected (in fact, this randomisation of the ZQC signals 
merely makes them appear as ti-noise rather than discrete crosspeaks). The 
degree of variation required must be at least comparable to the inverse of the 
smallest shift differences, |(VA — v x ) r \ so assuming this to be, say, 50 Hz, a 
random fluctuation of ±10 ms is required. Even with such an approach, it is not 
uncommon to observe some residual COSY-like structure within crosspeaks 
very close to the diagonal. Additional artefact peaks can also arise between 
J-coupled spins when pulse widths deviate from 90° [24], so careful calibration 
of these is required. 
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Figure 8.36. The variation of NOE and 
ZQC intensities during the NOESY 
mixing time. The ZQC contributions may 
be suppressed by making small random 
variations to Xm, whereas this has 
negligible effect on the NOE intensities. 

ZQC 

NOE 

Ax 
m̂ 

m 

Optimum choice of mixing time 
The appropriate choice of the mixing time, x^, is critical to the success of 

transient NOE experiments. Incorrect choice of x^ can cause complete absence 
of observable signals since too short a value means the enhancements have 
yet to grow to a detectable level whilst an excessively long x^ can mean the 
enhancements have decayed through relaxation. The motional properties of 
the molecule and hence the longitudinal relaxation times of the nuclei play 
the most significant role in dictating NOE growth and in turn dictate the 
selection of x^ (Fig. 8.37). This choice is also very dependent on the type of 
information required of the spectrum. If the desire is to establish a qualitative 
map of NOEs within a molecule, as is often the case in small molecule work, 
then the optimum mixing time will be where the NOEs have their maximum 
intensities. If the data were to be used for quantitative or semi-quantitative 
distance measurements for use in structural calculations, then it is necessary to 
ensure one is working within the linear growth region of the NOE development, 
and mixing times well short of the NOE maxima will be required. 

Selection of x^ for qualitative studies can be estimated from knowledge of 
longitudinal relaxation times, Ti. Often these are not known prior to running 
the experiment, so a quick measurement may assist here, or failing that an 
estimate based on previous knowledge. Precise measurements are little benefit 
since there will inevitably exist a spread of values within the molecule an a 
compromise value for x^ is required in any case. For small molecules, a mixing 

Figure 8.37. Schematic illustration of 
NOE crosspeak growth for large, slowly 
tumbling and small, rapidly tumbling 
molecules. The diagonal peak is assumed 
to be positive. 

NOE 
crosspeak 
intensity 

slow 
tumbling 

rapid 
tumbling 
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time of around Ti will produce near maximum intensities and for many routine 
organic molecules with masses of <500 daltons in low-viscosity solvents, 
Ti values typically range from around 0.5 to 2 s. As molecular tumbling 
rates decrease (owing to molecular mass or solution viscosity increases, for 
example), Tis likewise decrease and correspondingly shorter mixing times are, 
in principle, desirable. In such cases one should be aware of approaching the 
dreaded oooXc ^ 1 region where efficacy of the experiment will diminish. For 
molecules in the negative NOE regime shorter values of around 0.5 Ti are more 
appropriate to avoid complications arising from spin diffusion. 

Distance measurement 
Whilst a comprehensive discussion of this matter lies beyond the scope of 

this book, the principles involved are very briefly introduced here, the idea 
being that the reader should at least be able to follow discussions on structure 
calculations based on NOE measurements found in the chemical literature. 
The vast majority of work in this area has been applied to biomolecular 
structures and the protocols developed with macromolecules in mind, which 
will not translate directly to quantitative measurements in small molecules [25], 
although the general principles remain the same. 

The most used approach to distance measurements stems from equations 
8.13 and 8.14 above and relies on a known reference distance, rxY» from 
which others may be calculated [26], and the assumption of uniform isotropic 
molecular tumbling. Recall the basic equation was: 

rixlY} 
_AB 

r-^ 
(8.19) 

The ratio of the NOEs is determined by one of two general approaches. 
The first (Fig. 8.38a) involves determining the NOE growth rate for both the 
reference and unknown distances, by recording a series of NOES Y spectra over 
a range of Xm values and monitoring the crosspeak build-up intensities through 
their volume integrals [27]. The second, simpler approach (Fig. 8.38b) directly 
compares crosspeak intensities Ixy and IAB measured at a single mixing time 
that is known to lie within the linear growth regime for both spin-pairs. The 
success of these approaches relies, in part, on the insensitivity of the calculated 
distance on the accuracy of the experimentally measured NOEs, due to the 
r"^ dependence. Thus, a factor of two error in the growth rate corresponds to 
only ^10% error in the final distance estimate. Nevertheless, the measurement 
of a single 'accurate distance' does not allow for internal flexibility so has 
little meaning in a solution-state structure, and a more general and widely used 
approach has been to make use of semi-quantitative distance measurements 
in structure calculations. This involves categorising peak intensities as strong, 
medium and weak relative to the reference peak, which in turn are taken to 

m̂ 

Figure 8.38. Schematic illustration of 
two approaches for estimating 
intemuclear separations from NOE 
measurements, in which a reference spin 
pair, XY, provides the internal calibration 
for the unknown pair, AB (see text). 
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indicate upper (and perhaps lower) distance bounds on intemuclear separations 
of, typically, <0.25 nm, <0.35 and <0.5 nm respectively. The internal reference 
distance measurement for proton NOEs is typically that between diastereotopic 
geminal protons (0.175 nm) or between ortho aromatic protons (0.28 nm). 
Although these constraints are lax, the combined application of many of them 
is able to produce well defined solution conformations, as has been amply 
demonstrated for numerous protein structures [28,29]. An alternative approach 
that makes use of a single NOESY spectrum utilises the ratio of crosspeak and 
diagonal peak intensities in place of growth rates [30]; both methods have been 
applied to the determination of the solution conformation and configuration of 
a small molecule and shown to produce similar results [31]. 

8.7.2. ID NOESY sequences 

To date ID transient NOE experiments, often referred to as ID NOESY, have 
found limited use in routine structural work, finding application principally in 
situations where quantitative distance measurements are sought. Such work 
tends to be time consuming because of the need to collect experiments over 
a range of x^ values. The simplest ID scheme (Fig. 8.39a) requires a control 
experiment recorded with Xm = 0 s and the use of difference spectroscopy to 
reveal NOE enhancements, and thus also suffers from the dreaded difference 
artefacts. For small molecule work, the steady-state NOE difference method 
is usually more efficient whilst larger, more complex molecules generally de-
mand the 2D approach. However, the recently introduced ID gradient-selected 
experiments [32-34] are finding increasing use in qualitative applications, and 
are considered here. These experiments do not depend upon difference spec-
troscopy to reveal the NOE enhancements, and cleanly remove those signals 
not arising from the NOE, so providing very high-quality spectra in short times. 
These are most useful when a collection of enhancements are used qualitatively 
to provide structural answers, and present a more rapid alternative to the NOE 
difference experiment. 

ID gradient NOESY 
The most robust experiment to date [34] (Fig. 8.39b) is based upon the 

'double pulsed field gradient spin-echo' (DPFGSE) sequence as a means of 
selecting a target resonance from which the NOEs ultimately develop. This 

a) 

'H 

180 

\ 

Figure 8.39. ID NOESY schemes. The 
basic scheme (a) requires difference 
spectroscopy to reveal the NOEs whereas 
the gradient-selected DPFGSE-NOE (b) 
reveals NOEs without interference from 
difference artefacts. 

'H 

DPFGSE selective excitation 
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approach to selective excitation is described in Section 9.3.3, so here it is suf-
ficient to note that it serves to selectively refocus the target spin magnetisation 
in the transverse plane, leaving that of all other spins dephased and thus un-
observable. The subsequent 90° pulse places the target magnetisation along the 
—z axis, after which the NOE enhancements grow, with a purge gradient (Gm) 
applied to remove any residual transverse components that remain. Finally, the 
magnetisation is sampled in the usual way and the recorded spectrum contains 
only the inverted target resonance and the NOEs that have developed from it, 
without the need for a difference spectrum to be calculated. High-quality spec-
tra can therefore be collected that are free from difference artefacts; this is the 
principal benefit of the gradient-selected schemes. The experiments also tend 
to be quick to perform since extensive signal averaging is no longer required 
for artefact reduction, and because optimum use may be made of the receiver 
dynamic range since only the desired signals are ever digitised. 

In practice, relaxation processes operating during tm will cause the unwanted 
dephased magnetisation components to recover and produce small observable 
signals in the final spectrum for all resonances. These can be kept to close 
to zero intensity by the insertion of typically 1 or 2 non-selective 180° 
pulses (bracketed by opposing purge gradients) spaced judiciously within the 
mixing period [34] with any small signals that may remain cancelled by 
a 4-step difference phase-cycle (EXORCYCLE). Thus, although difference 
spectroscopy is being used, in the form of the phase-cycle, the signals to be 
cancelled have close to zero intensity and are readily removed, in contrast 
to conventional difference spectroscopy where the signals have essentially 
maximum intensity. For small and mid-sized molecules, experience suggests 
that one inversion pulse during tm is sufficient to reduce the background signals 
to undetectable levels with mixing times of ca. 500 ms or less, whereas 2 are 
preferred for a tm of up to 1.5 s. 

Artefacts can again arise between J-coupled spins, equivalent to the SPT 
effects described for the steady-state difference experiments and the ZQC peaks 
described for NOESY, and more involved experimental procedures have been 
described for their removal [34]. However, in many cases the great benefit of 
the gradient approach is the ability to observe, with confidence, long-range 
NOE enhancements that would otherwise have been undetectable, or at least 
unreliable, in the presence of difference artefacts. The presence of large scalar 
couplings between such distant spins is, in most cases, unlikely, so the problem 
of J-coupling interference does not arise and the simpler schemes often suffice. 
A typical result using the sequence of Fig. 8.39b is shown in Fig. 8.40 for the 
small bicyclic lactam 8.13. Each resonance was selected with a 40 ms Gaussian 
180° pulse with two non-selective 180° pulses applied during the 800 ms 
mixing time. Each spectrum was the result of only 12 minutes data collection 
on a 10 mg sample yet are perfectly acceptable for qualitative stereochemical 
assignments. The observed signals may be attributed to NOE enhancements or 
to SPT-type artefacts, with an otherwise featureless baseline where these do not 
arise. 

8.13 
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Figure 8.40. Selected ID gradient 
NOES Y spectra of the bicyclic lactam 
8.13 recorded with a mixing time of 800 
ms. Spectrum (a) is the conventional ID 
spectrum and the strong geminal H4'-H4 
NOE in (c) has been truncated. c) 
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Interpreting transient NOEs 
The clear advantages of the gradient-selected NOE experiment over the con-

ventional steady-state NOE difference means this is becoming a popular tool in 
small molecule structural studies. However, there are fundamental differences 
between the data presented by the two experimental protocols, with steady-state 
experiments observing equilibrium NOEs and transient experiments observing 
kinetic NOEs. As a consequence, ID NOESY experiments demand a somewhat 
different approach to data interpretation over that currently adopted for steady-
state NOE difference measurements, some of the key considerations include: 

• The NOE enhancement will be acutely sensitive to the choice of mixing 
time, and may vary markedly with changes in this. 

• The NOE enhancement will also depend on the degree of target inversion, 
which may well be less than complete owing to pulse imperfections and 
other experimental shortcomings. 

• Experimentally, the measurement of percentage enhancements is more com-
plex. The target resonance cannot be used as a reference, as it conveniently is 
in steady-state difference spectra, since it is reduced by relaxation during x^. 
A reference spectrum with tm ^ 0 s is required from which enhancements 
can be quantified and the degree of inversion of each target resonance must 
also be determined. The experimentally measured NOE enhancements must 
then be scaled accordingly for '100% inversion'. 

• The absolute percentage enhancements from transient experiments will be 
smaller than steady-state enhancements, even though they may be clearer 
to see. The perception of what is considered a 'reliable' or 'measurable' 
enhancement must therefore be adjusted if percentages are reported. 

The experimental complexities associated with the correct measurements 
of percentage enhancements are likely to mean that these figures will not be 
routinely determined for the qualitative structural studies commonly undertaken 
(and anyone purporting to have measured these should give details of the 
approach taken). A more realistic approach to reporting results would seem 
to be that adopted in macromolecular NOE studies using semi-quantitative 
classification of enhancements (small, medium and weak). Assuming mixing 
times are kept short such that enhancements lie within, or at least close to, 
the linear growth regime, a comparison within each trace provides approximate 
relative distance relationships between the target spin and those exhibiting the 
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enhancements. Piecing together data from a number of experiments to produce 
a self-consistent argument is again advisable. 

8.7.3. Applications 

Despite finding its origins largely in the hands (or labs.) of biological 
spectroscopists, there is nowadays an increasing use of NOESY methods for 
structural and conformational analysis of the small to mid-sized molecules 
encountered in the chemical laboratory. The examples presented here demon-
strate a variety of systems to which these experiments have been applied and 
also serve to illustrate some the benefits of using these in preference to the 
steady-state experiment previously encountered. 

8.14 

In the first example, 2D NOESY spectra were used to define the stereochem-
istry in the synthetic cycloadduct 8.14 [7], a potential biomimetic precursor 
to the naturally occurring marine-sponge alkaloid Keramaphidine B, 8.15. 
This problem is essentially the same as that addressed for 8.7 above using 
the NOE difference experiment, but in this case the additional unsaturated 
sidechains caused extensive overlap in the proton spectrum and precluded the 
use of selective presaturation. Sufficient characteristic NOEs present in a 600 
ms NOESY spectrum gave conclusive proof of the endo stereochemistry, as 
shown. Only positive NOEs were observed, consistent with a molecule of 
mass 436 daltons in chloroform. NOESY spectra have also been successfully 
applied to the structure elucidation of molecules for considerably greater mass 
and complexity, as illustrated by the cytotoxic macrolide cinachyrolide A, 8.16 
[35], also from a marine sponge. The structure of the molecule was determined 
through extensive 600 MHz 2D NMR experiments, of which NOESY played 

8.15 

OMe 

8.16a 
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a-NH 

Figure 8.41. The intraresidue NOEs used 
to identify neighbouring residues in a 
peptide sequence. 
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a crucial role in defining the relative stereochemistry of the six oxane rings, as 
shown (reproduced with permission from [35]). Mixing times of up to 700 ms 
were employed, and the relatively large mass of the molecule, approximately 
1200 daltons, may have been close to the cut-off for the successful observation 
of NOEs. Probably for this reason, supporting evidence also came from 200 ms 
ROESY spectra. 

A conmion area in which 2D methods have been employed to help provide 
resonance assignments is in the study of peptides or small proteins, specifically 
when the same amino-acids occur more than once in the peptide sequence. 
The so-called sequential assignment process is used to define the position of a 
specific amino-acid residue within a peptide, and relies upon the observation 
of NOEs between protons in adjacent residues (Fig. 8.41). Typically these will 
be between an alpha proton and the amide NH of the following residue. The 
identification of neighbouring amino-acids in this way can be used to string 
these units together, which may then be mapped onto the usually known peptide 
sequence. Once all residues have been sequentially identified, this can provide 
the basis for conformational studies through longer-range NOE contacts [36-
38]. As an illustration, the stepwise identification of neighbouring resonances 
is mapped in a NOESY spectrum for the cyclic decapeptide gramicidin-S 8.17 
in Fig. 8.42. 

Whilst most studies rely on the observation of mrramolecular NOEs, in-
r^nnolecular NOEs can also be used to define relationships between molecules 

Figure 8.42. The sequential assignment 
process illustrated for the 300 ms 
NOESY spectrum of gramicidin-S 8.17 
in DMSO, starting from the a-proton of 
proUne. Inter-residue aH-NH NOES are 
often stronger than the intra-residue 
NOEs in an extended backbone 
conformation. 
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which share close proximity. This can be of particular relevance in the study 
of 'host-guest' complexes where one wishes to determine how the guest sits 
within the host, and here scalar coupling information can play no direct part. 
One example of this is the characterisation of rotaxanes, extended conjugated 
systems sitting within protective encapsulating molecular jackets. The azo-dye 
rotaxane 8.18 uses a-cyclodextrin as the sheath molecule, which is inherently 
asymmetric with a smaller cavity entrance at the 5-6 rim of the molecule. The 
ID gradient NOESY experiment described above was employed to map long-
range host-guest NOEs [39] which differentiated the two ends of the complex 
and presented a picture of how the a-CD sat. NOEs from both HG^ and HI to 
the 3 and 5 protons on the inner face of the a-CD confirmed that the central 
portion of the guest was encapsulated within the hydrophobic cavity (structure 
reproduced with permission from reference 39). All NOEs for these molecules —-.._ 
in DMSO were negative due to the limited mobility of these bulky complexes. 

Both ID gradient and 2D NOESY experiments have also been used to asses 
the conformations of anaesthetic steroids [40]. These possess crowded proton 
spectra requiring the use of 2D experiments and mean ID methods can only be 
applied to a limited set of resonances, which nevertheless prove significant. In 
8.19 in particular, long-range NOEs in the ID experiment were observed from 
methyl 19 specifically to the H3^ equatorial proton of the attached morpholine 
ring but not to other protons within this moiety. This indicated free rotation 
of the ring was restricted (by an intermolecular hydrogen bond) and that it 
occupied a fixed position relative to the steroid skeleton. Knowledge of such 
conformations prove useful in elucidating the mechanisms by which these 
molecules cause anaesthesia. 

The final example specifically illustrates some advantages of the ID gradient 
NOESY experiment over the conventional NOE difference method. One goal of 
this work was to compare the solution structure of the diphenylallyl palladium 
complex 8.20 with the crystal structure and from this derive mechanistic 
insights [41]. The proton spectrum was assigned through combined analysis 
of phosphorus-decoupled proton, DQF-COSY and ROESY spectra recorded 
with a 500 ms mixing time. Specific close proximities were also probed 
through ID NOE methods where suitably resolved resonances were available, 
selected examples of which are shown in Fig. 8.43. Some specific points are 
worthy of comment, the first of which is the clarity in the NOE spectra which 
are not confused by difference artefacts, thus giving one confidence that the 
observed enhancements are genuine. Secondly, these spectra were collected 
in only fourteen minutes each, whilst the equivalent difference experiments 
required data collection over many hours to adequately suppress resonances 
in the cluttered aromatic region. Finally notice the enhancements of the broad 

COCH3 

8.19 
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Figure 8.43. Selected ID gradient 
NOESY spectra of the palladium 
complex 8.20 recorded with a mixing 
time of 800 ms in each case, (a) Parent 
ID spectrum, (b) He selected (not 
shown) and (c) N-Me selected (not 
shown). 
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resonance at 7.4 ppm, associated with the ortho protons of the dynamically 
restricted phosphine-Ph^ group. These were distinctive and highly informative 
but could not be reliably distinguished in either the ID difference or 2D 
experiments. The ability to extract data of this sort with confidence makes 
the ID gradient NOESY experiment an extremely powerful tool in modem 
structure elucidation. 

8.7.4. Measuring chemical exchange: EXSY 

Although the mechanisms of chemical exchange and the NOE are quite 
unrelated, they share in conmion the transfer of longitudinal magnetisation 
and as such can be detected with the same ID or 2D NMR experiments. In 
fact, the NOESY and EXSY (Exchange Spectroscopy [42]) pulse sequences 
are one and the same and the ID transient NOE sequence can equally well 
be applied to the measurement of rate constants [43,44]. Furthermore, the 
presaturation sequence used for the ID steady-state experiment also serves 
as a simple method to provide evidence of slow conformational exchange 
processes, particularly in proton spectra, by virtue of saturation transfer effects, 
provided the exchange is fast relative to the spin relaxation rates. The practical 
difference lies in the EXSY dependence on exchange rates rather than spin 
relaxation rates. Before proceeding, these experiments are now considered in 
the context of observing exchange processes, and some basic understanding 
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of the exchange phenomenon is assumed here. More extensive discussions of 
1- and 2-D methods for studying dynamic processes may be found in reviews 
[45-47] and in dedicated texts [48,49]. 

In parallel with studies of the NOE, exchange experiments can be used both 
qualitatively, to map exchange pathways, and quantitatively to determine rate 
constants. In systems of multi-site exchange, the 2D EXSY experiment proves 
particularly powerful in the measurement of these for all pathways. However, 
for either application the exchange processes studied must be slow on the NMR 
chemical shift timescale since the exchanging resonances must be resolved in 
order to observe transfer between them. Furthermore, this exchange must not 
be too slow otherwise relaxation processes occurring during Xm will remove all 
memory of the exchange process. Thus, magnetisation transfer experiments are 
suitable for only a limited range of exchange rates and as a rule of thumb, these 
must be at least comparable to the longitudinal relaxation rates (kex > 1/Ti). 
In practice, this means these experiments are sensitive to exchange processes 
with kex ^ 10^-10"^ s~^ The study of different nuclei provides a window on 
different rates within this range due to differences in relaxation times, with 
slower relaxing spins able to probe slower exchange processes. Fast exchange 
processes that lead to resonance coalescence can be studied by lineshape analy-
sis (often referred to as 'bandshape analysis') [46,48] which generally requires 
the use of computer simulation [50]. As an illustration of the 2D method. 
Fig. 8.44 shows the boron-11 EXSY spectrum of a 1:1 mix of BCI3 and BBrs. 
The exchange crosspeaks demonstrate the presence of ligand scrambling pro-
cesses and indicates the mechanism involves the exchange of a single halogen 
atom only [51]. A quantitative analysis of these data also provided (pseudo) 
first-order rate constants for each exchange process (see below). 

The correct choice of the mixing time, tm, is again important for the 

BCl2Br 
BCiBr2 

37.0 

38.0 

39.0 

40.0 

41.0 

42.0 

430 

44.0 

46.0 

46.0 

I- 47.0 

48.0 

49.0 

PPM 

48.0 47.0 46.0 45.0 44.0 43.0 42.0 41.0 40.0 39.0 38.0 37.0 
PPM 

Figure 8.44. The 128 MHz boron-11 2D 
EXSY spectrum of a 1:1 mix of BCI3 
and BBrs at 400 K. The spectrum was 
recorded with a mixing time of 50 ms 
(reproduced with permission from [51]. 
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successful application of EXSY, and is dependent upon the exchange rate 
constants. Since these are unlikely to be known with any accuracy (since 
there would be little point in performing the experiment if they were) and 
as there may exist a spread of these within the kinetic system being studied, 
some compromise is again required. In the absence of known rates, an 
upper limit can be defined (at least for the case of symmetrical two-site 
exchange) from the knowledge that the rate constant at coalescence, kc, is 
given by nhv/y/l, where Sv is the shift difference (in Hz) in the slow 
exchange limit, and hence kex < kc. In qualitative work the aim is to achieve 
maximum crosspeak intensity and setting x^ ^ ^/Kx is recommended. Under 
such compromise conditions, multi-step transfers may operate when suitable 
pathways are possible, producing 'indirect' exchange peaks, which may be 
confused with direct peaks from relatively slow processes. For example, this 
has been observed for the ligand scrambling reactions of tin halides [52,53], 
boron halides [51] and of lead(IV) tetracarboxylates [54]. 

The choice of Xm for quantitative work will be dictated by the method used 
to calculate kex, of which there are essentially two widely used approaches 
[51]. The simplest involves collecting EXSY spectra over a range of Xm values 
and following the initial linear growth of exchange crosspeaks (the initial rate 
approximation again, by exact analogy with the approach taken for NOESY 
analysis). The great disadvantage to this is clearly the need to collect many 
2D spectra, which may place unreasonable demands on instrument time. The 
second approach is to determine rate constants from a single EXSY spectrum 
and for this the appropriate choice of x^ is absolutely critical; too small and 
crosspeaks will have weak intensities which are subject to significant error, too 
long and the intensities become insensitive to the kinetic parameters. Methods 
for determining the optimum Xm in such cases have been described [55,56]. 
Having obtained suitable data, computational analysis (for example with the 
program D2DNMR [57]) may be employed to calculate exchange rates for 
multi-site systems. For the simpler case of equally populated 2-site exchange, 
explicit equations have been presented for the estimation of rate constants from 
diagonal and crosspeak intensities [58]. 

One- and two-dimensional magnetisation exchange experiments find greatest 
use in the study of inorganic and organometallic systems, for which a high 
degree of fluxionality often exists, and extensive reviews of these areas have 
been presented [46,47,59] in which a wide variety of example applications 
may be found. The study of low natural abundance nuclei, as is most often 
undertaken, has the significant benefit of avoiding potential complications from 
NOE effects that may also be operative. Dynamic proton studies are most likely 
to be subject to such interferences. 

8.8. MEASURING ROTATING-FRAME NOES: ROESY 

The benefits of recording rotating-frame NOEs have been described in 
earlier sections, and stem from the fact that they are positive for all molec-
ular tumbling rates and hence all molecular sizes, and prove particularly 
advantageous in the study of mid-sized molecules which exhibit very small 
conventional NOEs owing to their motional properties (cooXc ^ 1 ) . Since the 
observation of an ROE involves the measurement of a transient enhancement, 
their application and interpretation largely parallels that for NOESY and need 
not be repeated here. The principal concern with ROESY experiments (orig-
inally termed CAMELSPIN [60] owing to the similarity of the motion of a 
figure skater during this manoeuvre and the behaviour of magnetisation vectors 
during the experiment) is the fact that they are susceptible to a number of 
processes other than cross-relaxation and hence may contain a variety of inter-
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fering and potentially confusing responses, in addition to the desired ROEs. An 
appreciation of these effects, and how to deal with them, is therefore mandatory 
for anyone wishing to employ these methods and some caution is required in 
the application of ROE experiments. 

8.8.1. The 2D ROESY sequence 

The original and simplest ROESY sequence (Fig. 8.45) has the mixing 
period defined by the duration of a continuous, low-power rf spin-locking pulse 
during which the ROE develops. Magnetisation not parallel to the spin-lock 
axis is dephased by rf field inhomogeneity (Fig. 8.46) so the only phase-cycling 
required is that for axial peak suppression and fi quadrature-detection. Gradi-
ent-selected variants have also been presented [20]. For small and mid-sized 
molecules the selection of Xm follows that presented for NOES Y with, typically, 
tm ^ 600 ms, whereas for large molecules in the spin-diffusion limit, shorter 
values are more appropriate since the ROE growth rate is twice that of the 
NOE (Section 8.5). The 2D spectrum maps through-space interactions through 
crosspeaks that have opposite phase to the diagonal. 

H Spin4ocky 

Figure 8.45. The 2D ROESY sequence. 
The mixing time, tm, is defined by the 
duration of the low-power spin-lock 
pulse. 

Complications with ROESY 
As stated previously, crosspeaks may arise in ROESY spectra as a result of 

processes that occur during the spin-lock other than cross-relaxation between 
spins. The principal complications that can arise are [61]: 

• COSY-type crosspeaks between J-coupled spins 
• TOCSY transfers between J-coupled spins, and 
• crosspeak attenuation from rf off-resonance effects. 

The first of these arises when the long spin-lock pulse acts in an analogous 
fashion to the last 90° pulse of the COSY experiment so causing coherence 
transfer between J-coupled spins. The resulting peaks display the usual an-
tiphase COSY peak structure and tend to be weak so are of least concern. A far 
greater problem arises from TOCSY transfers which arise because the spin-lock 
period in ROESY is similar to that used in the TOCSY experiment (Section 
5.7). This may, therefore, also induce coherent transfers between J-coupled 
spins when these experience similar rf fields, that is, when the Hartmann-Hahn 
matching condition is satisfied. Since the ROESY spin-lock is not modulated 
(i.e. not a composite pulse sequence), this match is restricted to mutually cou-
pled spins with similar chemical shift offsets or to those with equal but opposite 

^rr\ 

dephased in ^ 
xz plane 

spin-locked 
along y 

Figure 8.46. The ROESY spin-lock. 
During this, magnetisation parallel to the 
Bi field remains spin-locked whereas 
orthogonal components are driven about 
this (here in the xz plane) and eventually 
dephase through Bi field inhomogeneity. 
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Figure 8.47. The generation of 'false' 
ROE peaks in ROESY spectra may arise 
from combined ROE and TOCSY 
mechanisms. 

ROE 
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Figure 8.48. Practical mixing schemes 
for the ROESY experiment, (a) a single, 
low-power pulse, (b) a pulsed spin-lock 
comprising a repeated sequence of a 
small tip angle pulse followed by a short 
delay, and (c) the Tr-ROESY 
alternating-phase spin lock. 

offsets from the transmitter frequency. These conditions are often met in natural 
products such as carbohydrates, nuclei acids, peptides, alkaloids and steroids 
for which resonances cluster about the centre of the spectrum. In addition to 
unwanted direct TOCSY effects, multistep transfers involving both TOCSY 
and ROE stages can lead to 'false' ROEs, crosspeaks that, a priori, appear to 
arise from a ROE between two correlated spins but in fact do not [62]. Thus, 
for example, a TOCSY transfer from spin A to B followed by ROE transfer 
from B to C in the system of Fig. 8.47 would produce an apparent crosspeak 
suggesting a ROE between A and C. Likewise the reverse ROE-TOCSY steps 
would produce a similar signal, but the conclusion would be wrong in either 
case! Since TOCSY transfer retains signal phase, its involvement in crosspeak 
generation is not obvious and can lead to drastically incorrect conclusions. 
Furthermore, if TOCSY and ROE transfers occur simultaneously between two 
spins, the ROE peak may be reduced in magnitude or even cancelled owing 
to opposite peak phases. The various transfer pathways that may occur during 
ROESY are sunmiarised in Table 8.5. 

Considerable attention has been given to ways of avoiding TOCSY transfer 
during ROESY, the simplest of which is through limiting the Hartmann-Hahn 
match with judicious positioning of the transmitter frequency to ensure coupled 
spins either side of this are not synmietrically disposed [63]. Alternatively, 
recording two spectra with differing transmitter offsets leaves genuine ROE 
peaks little changed but should significantly alter the intensities of those in-
volving a TOCSY step and so facilitate their identification [62]. Modification 
of the spin-lock itself also leads to a reduction in TOCSY efficiency (Fig. 8.48). 
Using low-power rf (Fig. 8.48a) with yBi comparable to the maximum res-
onance frequency offset [61] (typically 2-3 kHz) or a pulsed spin-lock [64] 
(Fig. 8.48b) offer similar attenuation [65], neither of which is complete in real-
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Table 8.5. Responses observed in the ROESY experiment 

Sign of diagonal Origin of cross-peak Sign of cross-peak 

Positive 

Direct ROE 
Indirect ROE (3-spin effect) 
TOCSY 
TOCSY-ROE 
ROE-TOCSY 
Chemical exchange 
COSY-type 

Negative 
Positive (weak) 
Positive 
Negative (false ROE) 
Negative (false ROE) 
Positive 
Antiphase/mixed phase 

By convention the diagonal is phased to be positive and the sign of all other signals 
are given relative to this. 

ity .̂ More recently, an alternating-phase spin-lock (Fig. 8.48c) has been shown 
to be effective at reducing TOCSY transfer [66-68], and has been termed 
Tr-ROESY (transverse ROESY). This approach destroys the Hartman-Hahn 
match between coupled spins, so suppressing TOCSY transfer, and measures 
an average of the ROE and NOE since the magnetisation vectors spend time 
in both the transverse plane and along the longitudinal axis as they follow a 
swinging 'tic-toe' trajectory (Fig. 8.49). The drawback is a potential reduction 
in crosspeak intensity relative to conventional ROESY due to this averaging 
process. In small molecules (oootc ^ 1) there is no theoretical loss, this be-
comes a factor of 2 for mid-size molecules (cootc ^ 1 ) and a factor of 4 for very 
large molecules (cooXc ^ !)• Hence there is something of a compromise for 
molecules in the cooXc ^ 1 region for which rotating-frame measurements prove 
most beneficial. This method generally requires yBi to be twice the maximum 
resonance frequency offset (yBi typically 4-6 kHz) and its success is highly 
dependent on the use of accurately calibrated 180° pulses. The ability of this 
scheme to suppress interference from the TOCSY mechanism is illustrated in 
Fig. 8.50 for a tetrameric carbopeptoid 8.21 in which the disappearance of 

Figure 8.49. The 'tic-toe' motion of 
spin-locked vectors during the 
Tr-ROESY mixing sequence. 

Figure 8.50. ROESY spectra of a 
tetrameric carbopeptoid 8.21 recorded 
with (a) a single 2.6 kHz continuous 
spin-lock pulse and (b) a 3.7 kHz 
phase-alternating Tr-ROESY spin-lock 
at 4.5 ppm. Spectrum (a) is dominated 
by TOCSY peaks which share the same 
phase as the diagonal, whereas these 
have been largely suppressed in (b), so 
revealing the genuine ROE peaks. 

ppm 

4.0 ppm 

^Considerable care should be taken in the rf power used for the spin-lock as damage to 
transmitters and/or probes may result if high powers are applied for excessively long periods 
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both TOCS Y and false-ROE peaks alongside the revelation of genuine ROEs in 
(b) is clear. 

The third complicating factor specific to ROESY is the attenuation of 
cross-peak intensities as a function of resonance offset from the transmitter 
frequency [69]. Off-resonance spins experience a spin-lock axis that is tipped 
out of the x-y plane (Section 3.2.1) resulting in a reduction in observable 
transverse signal in addition to a reduction in cross-relaxation rates. This 
is more of a problem for quantitative measurements, although fortunately 
mid-sized molecules show the weakest dependence of ROE cross-relaxation 
rates on offset. The so-called compensated ROESY sequence [69] eliminates 
these frequency-dependent losses should quantitative data be required. 

8.8.2. ID ROESY sequences 

In parallel with the ID NOESY sequences above, the 2D ROESY experiment 
also has its ID equivalent (in fact, this was the original ROE experiment [60]) 
and gradient-selected analogues [70-72] all of which incorporate selective 
excitation of the target spin. These can be derived from ID NOESY sequences 
by incorporation of a suitable spin-lock in place of the 90-Tni-90 segment of 
NOESY, and thus require no further elaboration. 

8.8.3. Applications 

In view of the various complicating factors associated with the ROESY ex-
periment, it is perhaps prudent to avoid using the technique whenever possible, 
and instead select a steady-state or conventional transient experiment as first 
choice. Certainly for small molecules within the extreme-narrowing limit there 
is no theoretical difference between NOEs and ROEs, so there seems little 
to be gained from undertaking potentially more complex ROE investigations. 
Nevertheless, situations arise when the use of rotating-frame measurements 
are unavoidable because conventional experiments yield negligible enhance-
ments (cooXc ^ 1 ) , and it is not surprising that most applications of ROESY 
have involved larger molecules, notably macrocyclic natural products, pep-
tides, oligosaccharides and host-guest complexes, as illustrated by the selected 
examples below. 

In the structure elucidation of the cytotoxic dimeric steroid crellastatin A 
[73] 8.22, the basic skeleton of the molecule was derived principally from 
numerous long-range proton-carbon correlations observed in HMBC spectra. 
The relative stereochemistry of the bicyclic system at the junction of the two 
steroid units was derived from analysis of ROESY spectra recorded at 600 
MHz with a 400 ms mixing time, some key enhancements being illustrated. 
The final configuration at C22^ was determined by comparison of the lowest 
energy molecular mechanics conformers of the two possible stereoisomers with 
opposite configurations at this position. Only the C22'-R configuration placed 
the 2 r and 26' methyl groups in the proximity required for the observation of 
an ROE between them. The large mass of the molecule, 933 daltons, no doubt 
precluded the use of NOESY measurements, and the literature contains many 



Chapter 8: Correlations through space: The nuclear Overhauser effect 333 

8.22 

examples of this sort where rotating-frame measurements have played a crucial 
role in characterising novel natural products. Conformational studies of pep-
tides have also benefited from the ROESY experiment since it is usually larger 
peptides that possess defined conformations and hence potentially interesting 
pharmacological properties. Recent studies of oligomers of ^-peptides have 
identified synthetic hexameric sequences with helical structures in solution that 
have been characterised by NMR and CD measurements [74]. In the sequence 
8.23 distinctive ROEs were observed between the amide proton of residue / 

HoN-

;-H-Val P-H-Ala P-H-Leu P-H-Val 

8.23 

p-H-Ala p-H-Leu 

and the H^ protons of residues / + 2 and / + 3 along the sequence, and were 
characteristic of the structure adopted by the peptide. These and additional 
ROEs were used to define 18 distance constraints for use within in molecular 
dynamics protocols by classifying their intensities as weak, medium and strong 
(Section 8.7.1), enabling the conformation of the hexapeptide to be calculated. 
The 14 lowest energy structures derived from this are shown in Fig. 8.51, and 
clearly illustrate the well defined helical structure adopted in pyridine. 

Host-guest inclusion complexes are also frequently restricted to study by 
rotating-frame measurements because of the requirement for a sufficiently large 
host to be able to accommodate the guest, and one of the best studied host 
systems appears to be the cyclodextrins, CD (see structure 8.10 above). One 
such investigation was into the inclusion of constituents of the natural sex 
pheromone mix of the olive fruit fly as a means of controlling the release of 
these volatile substances [75]. Characterisation of the complexes so formed, 
such as ethyl dodecanoate encapsulated within permethylated a-CD 'cups' 
8.24, was necessarily made from intermolecular ROEs since NOES Y enhance-
ments were negligible. Interference from TOCSY transfer were also evident 
in this work in the form of false ROEs from the guest molecules to the H4 
protons of the cyclodextrin. Since these protons sit on the outer face of the CD 

Ma-CD 

8.24 
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Figure 8.51. Stereo representations of 
the 14 lowest-energy calculated 
structures of the hexameric P-peptide 
8.23 based on distance restraints derived 
from ROESY spectra. Side and top views 
are shown in (a) and (b) respectively, 
with the side chains of the P-amino acids 
omitted for clarity (reproduced with 
permission from [74]). 

cup, the ROEs are unlikely to arise from direct effects but instead are produced 
by transfer of the genuine ROEs between the guest and the inner H3 and 
H5 protons. Rotating-frame measurements have also been used extensively 
in the characterisation of relatively bulky organometallic complexes, such as 
8.20 in Section 8.7.3 above. A second example is the definition of the absolute 
configuration of the P-chiral diphosphine [76], 8.25. One aspect of this was 
the identification of the complex as either regio-isomer 8.25a or 8.25b prior to 
further investigation, and this was shown to be 8.25a through the observation 
of ROEs from the phenyl rings, as shown. Analysis of the ROESY data further 
distinguished between two possible diastereomers and so defined the absolute 
stereochemistry. 

8.25a 8.25b 
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8.9. MEASURING HETERONUCLEAR NOES 

Beyond its general use as a means of sensitivity enhancement of spin-Vi 
nuclei with low magnetogyric ratios, the specific heteronuclear NOE has occa-
sionally been used as a tool in structural studies [77] and is capable of providing 
a unique source of structural information in favourable circumstances. Tech-
niques for its observation largely parallel those for homonuclear experiments 
in the form of ID steady-state difference and 2D transient experiments, so 
there is nothing fundamentally new to understand here. The main limitation 
with these approaches is the low sensitivity associated with the observation 
of the low-y spin, meaning heteronuclear NOEs tend to be far less used than 
their homonuclear proton counterparts. The most widespread applications have 
involved the ^H-^^C NOE, and more recently the ^H-^Li NOE [78], in which 
the proton is saturated and the heteroatom observed. As the relaxation of a 
proton bearing carbon is dominated by its dipolar interactions with this proton, 
only quaternary carbons tend to show useful specific long-range NOEs. Fur-
thermore, the selective irradiation of a proton resonance is often restricted to 
the parent ^̂ C line leaving the ^̂ C satellites in the spectrum unaffected, which 
means the ^̂ C centre associated with the target proton usually does not show 
an enhancement under these conditions. 

The ID NOE difference sequence (Fig. 8.52a) is essentially identical to 
the homonuclear equivalent, except for the addition of broadband proton 
decoupling during the acquisition. Since this generates non-specific NOE en-
hancements, a sufficient recovery period must be left between transients to 
allow this to decay. The presaturation period is now dictated by the potentially 
long relaxation times of the heteroatom, but beyond this consideration, similar 
steps are required for optimisation as for the homonuclear experiment. Prob-
lems associated with selective presaturation of the target proton resonance may 
be handled in a similar fashion, although here SPT interferences are suppressed 
by the use of broadband decoupling. More recently, a ID gradient-selected 
transient heteronuclear NOE experiment has been presented that makes use 
of selective excitation in the generally better dispersed carbon dimension and 
which uses proton detection for enhanced sensitivity [79]. 

The 2D sequence [80,81], referred to as HOESY (heteronuclear Overhauser 
spectroscopy. Fig. 8.52b), avoids the need for selective proton presaturation but 
naturally suffers from low sensitivity. The sequence parallels that of NOESY, 

a) 
'H 

selective 
presaturation 

Broadband 
decouple 

b) 

bd: Broadband 
decouple 

X _l Figure 8.52. Sequences for measuring 
heteronuclear NOE enhancements, (a) 
The steady-state experiment and (b) the 
2D transient experiment (HOESY). 
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with the additional 180° pulse during ti serving to refocus the ^JCH coupling 
evolution and hence provide carbon decoupling in fi. Equations have been 
presented to allow an estimation of the optimum tm for observing structurally 
informative long-range NOEs to non-protonated nuclei [82]. For the case of the 
^H-^^C NOE where the carbon relaxation times are considerably longer than 
those of the proton, maximum crosspeak intensity is achieved when tm ^ 2Ti 
of the proton. Negative three-spin ^H ^-^ H ->^^ C effects may also become 
apparent [83]. A gradient-enhanced, proton-detected version has also been 
presented and demonstrated for ^H-^^P and ^H-^Li spin pairs [84]. 

Heteronuclear experiments have found use in ^̂ C NMR spectroscopy for the 
assignment of quaternary carbons and for the determination of stereochemistry 
in situations where the ^H-^H NOE cannot be applied. Quaternary assignments 
are more often made via long-range correlation techniques such as HMBC, 
although the inability to distinguish a priori 2- and 3-bond correlations may 
cause ambiguity. The short-range nature of the NOE means it can prove useful 
in distinguishing nearby non-protonated centres (that is, those two bonds away 
[85]) from more distant ones [86,87]. The use of heteronucelar NOEs in the 
determination of stereochemistry is illustrated by the example of compound 
8.26 [88]. Homonuclear proton NOEs could not be used to distinguish E 
and Z isomers of the oxazolones shown, although this was possible from the 
heteronuclear NOEs generated at the carbonyl carbon following saturation of 
the methyl protons. 

r|{Meii}/% 

4 5 10 12 13 
Z: 25 46 62 15 -6 
E: 10 2 40 21 -5 

8.26 

8.10. EXPERIMENTAL CONSIDERATIONS 

The prerequisite for any NMR experiment is, of course, a well prepared 
sample (Section 3.3). In addition to this there are a number of experimental fac-
tors that have particular significance regarding NOE measurements, especially 
for the NOE difference method which is quite intolerant of poor experimental 
set-up. A stable magnetic field throughout the course of the experiment is 
essential, which means the lock system that is responsible for the field-fre-
quency regulation must do its job well. Field-drift is especially noticeable 
and detrimental in the NOE difference method and optimal performance can 
be achieved by selecting solvents with a strong and sharp lock signal where 
possible, for example acetone. Solvents with weak deuterium signals such as 
CDCI3, or broad deuterium resonances such as D2O, are likely to perform less 
well in this respect. The choice of solvent and sample temperature can also be 
used to good effect to control the molecular tumbling rates (correlation times) 
which can be particularly useful for mid-sized molecules close to the cooXc ^ 1 
zero-NOE condition. Use of a low-viscosity solvent and/or higher temperatures 
will increase tumbling rates and move motion toward the extreme-narrowing 
limit whilst high-viscosity solvents and/or lower temperatures will encourage 
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a move toward the spin-diffusion limit. Lock solvents with temperature de-
pendent shifts, notably D2O, call for particular attention regarding temperature 
stability and will almost certainly require active temperature regulation. Drift 
in the lock resonance frequency arising from sample temperature changes will 
cause a shift of all resonance frequencies in the spectrum as the field follows 
this drift, disastrous for difference experiments. If no temperature regulation 
is available or if it performs inadequately then a small quantity of an addi-
tional deuterated solvent (5-10% d6-acetone is a good choice) may be used 
for locking and usually provides superior results (for the same reason, one 
should always lock on the CD3 resonance rather than the OD resonance of 
d4-methanol). 

It is also worth avoiding very high solute concentrations in NOE samples 
since transient interactions between protonated molecules promote intermolec-
ular dipole-dipole relaxation which competes with the generation of the NOE 
itself. Another external relaxation source that can quench the NOE is param-
agnetic impurities, notably certain metal ions and molecular oxygen. Whilst 
these are an unwelcome addition to any NMR sample, their presence can be 
particularly detrimental to NOE studies since paramagnetic relaxation domi-
nates cross-relaxation. Metal ions can be removed by filtration through suitable 
chelating resins whereas oxygen may be removed with the freeze-pump-thaw 
method described in Section 3.3. Whether it is worth the effort to remove 
oxygen traces depends very much on the sample being studied. For very large 
molecules, efficient cross-relaxation means the NOE builds rapidly to large 
values and as such oxygen induced paramagnetic relaxation has relatively lit-
tle significance and degassing little effect. In contrast, external relaxation for 
smaller molecules that tumble rapidly causes the NOE to be drastically reduced 
(see Fig. 8.10) and degassing is likely to be of greater benefit. Likewise weak, 
slowly developing NOEs arising from long-range enhancements or indirect 
effects will also be enhanced if external relaxation is minimised. In general, 
the smaller the molecule and the further the intemuclear separations being 
investigated, the greater the gain from solvent degassing. In practice, however, 
routine NOE experiments are successful in non-degassed solutions for all but 
the smallest molecules and, with the above caveats in mind, it is not essential to 
degas for the majority of organic molecules. 

Finally, sample spinning can also be detrimental to NOE experiments (or 
indeed any NMR experiment when small responses are sought) particularly 
through the process known as 'Q-modulation', the variation in coupling be-
tween the rf coil and the sample caused by a slight wobbling of the sample as 
it rotates in the probe .̂ With the improved non-spinning lineshapes attainable 
with modem shim assemblies, sample spinning can no longer be recommended 
for either 1- or 2-D NOE experiments. 
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Chapter 9 

Experimental methods 

This final chapter principally considers a collection of experimental methods 
that find widespread use in modem high-resolution NMR yet cannot be 
considered as individual techniques in their own right. Rather they are sequence 
segments that are used within, or may be added to, the techniques already 
encountered to enhance their information content or to overcome a range of 
experimental limitations. In addition to the familiar simple rf pulses, they are 
the components used to construct modem NMR experiments. Depending on 
context, they may be considered as essential to the correct execution of the 
desired experiment or viewed as an optional extra to enhance performance. 
For example, the broadband decoupling of protons during carbon acquisition 
routinely makes use of so-called 'composite pulse decoupling' schemes to 
achieve efficient removal of all proton couplings, and is nowadays considered 
essential. Pulsed field gradients (PFGs) could equally well have been included 
in this chapter since in many cases they serve as an alternative means of signal 
selection to traditional phase-cycling procedures. The fact that PFGs have been 
described in a previous chapter lays testament to the manner in which these 
have pervaded modem NMR sequences and may now be considered routine 
for many multi-dimensional experiments. The chapter concludes with a brief 
introduction to some relatively new experimental methods (at least new in the 
context of high-resolution NMR) which are finding increasing popularity. 

9.1. COMPOSITE PULSES 

The plethora of NMR multipulse sequences used throughout modem chem-
ical research all depend critically on nuclear spins experiencing rf pulses of 
precise flip angles for their successful execution. Careful pulse width calibra-
tion is essential in this context yet despite this a number of factors invariably 
conspire against the experimentalist and produce pulses that deviate from these 
ideals, so leading to degraded experimental performance. Beyond the limita-
tions imposed by the capabilities of the spectrometer itself with regard to the 
accuracy of pulse timing, powers, rf phase shifts and so on (which the operator 
can do little about), there are two notable contributions to pulse imperfec-
tions that can be addressed experimentally, namely rf (Bi) inhomogeneity and 
off-resonance effects. 

Inhomogeneity in the applied rf field means not all nuclei within the sample 
volume experience the desired pulse flip angle (Fig. 9.1b), notably those at the 
sample periphery. This is similar in effect to the (localised) poor calibration 
of pulse widths and references to 'rf (or Bi) inhomogeneity' below could 
equally read 'pulse width miscalibration'. Modifications that make sequences 
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a) 
Figure 9.1. Imperfections in pulse 
excitation, (a) A perfect 90°^ pulse 
applied at equilibrium, (b) the effect of 
Bi-inhomogeneity and (c) the effect of 
off-resonance excitation. 

b) 

more tolerant of rf inhomogeneity therefore also provide the experimentalist 
with some leeway when setting up pulse experiments. Off-resonance excitation 
arises when the transmitter frequency does not exactly match the Larmor 
frequency of the spin, and has already been introduced in Section 3.2. To recap 
briefly, off-resonance magnetisation vectors experience an effective rf field in 
the rotating frame that is tilted out of the x-y plane, rather than the applied Bi 
field itself (Fig. 9.2). These vectors are driven about this effective field and thus 
do not following the trajectory of the ideal on-resonance case (Fig. 9.1c). The 
problem stems from the fact that pulse NMR instruments use monochromatic 
rf radiation when polychromatic excitation is required. 

Combating the effects of Bi inhomogeneity lies very much with the design 
of the rf coil and this is in the hands of probe manufacturers who have made 
considerable progress. Overcoming off-resonance effects directly requires the 
use of higher power transmitters that are able to excite over wider bandwidths, 
but there are two principal problems with this. First is the inability of probe 
circuitry to sustain such high powers without being damaged and, second, 
is the insidious effect of rf sample heating which may damage precious 
samples. Improvements in probe circuitry that minimise this heating have 
largely been paralleled by increases in static field strengths so despite technical 
developments the problem remains significant. This has greater relevance at 
higher field strengths and for those nuclei that exhibit a wide chemical shift 
range, such as ^̂ C or ^^F. Consider data acquisition with a simple 90° pulse 
which has a uniform excitation bandwidth of around ibyBi Hz or 2yBi Hz in 
total, where yBi is the rf field strength (Section 3.5). Taking a typical value of 
10 |xs for the 90° pulse, this corresponds to a yBi of 25 kHz. For ^H excitation 
at 400 MHz, the total excited bandwidth is thus 125 ppm which is clearly 
ample, and for ^̂ C is a satisfactory 500 ppm. In contrast, a 180° inversion 
pulse has a total bandwidth (here taken to mean >90% effective) of only 
ca. 0.4 yBi, which in this example corresponds to 25 ppm for proton, again 

Figure 9.2. Off-resonance excitation 
causes the bulk vector to rotate about an 
effective rf field, tipped out of the 
transverse plane. on-resonance off-resonance 
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b) 

acceptable, but only 100 ppm for ^^C. Carbon nuclei that resonate outside this 
bandwidth will experience reduced inversion efficiency. Off-resonance errors 
for a 180° inversion pulse are illustrated in Fig. 9.3a in which it is clear that 
the trajectories of the magnetisation vectors are far from ideal and terminate 
further from the 'South Pole' as the offset increases, so generating unwanted 
transverse magnetisation. The combined effect of such pulse imperfections 
in multipulse sequences is to degrade sensitivity and to potentially introduce 
spurious artefacts, and so it is advantageous to somehow compensate for these. 

An elegant approach to compensating deficiencies arising from Bi inho-
mogeneity or resonance offset is the use of a composite pulse [1]. This is, in 
fact, a cluster of pulses of varying duration and phase that are used in place 
of a single pulse and have a net rotation angle equal to this but have greater 
overall tolerance to these errors. The first composite pulse [2], and still one 
of the most widely used, is the three pulse cluster 90x\^0y90x, equivalent to 
a ISO''̂ ; pulse. The self-compensating abilities of this sequence for spin inver-
sion are illustrated by the trajectories of Fig. 9.3. For both Bi inhomogeneity 
(Fig. 9.3b) and for resonance offset (Fig. 9.3c) the improved performance is 
apparent from the clustering of vectors close to the South Pole. The effective 
bandwidth of the 90^^180^90;, composite pulse is ca. 2vBi, five times greater 
than the simple 180° pulse, a considerable improvement from such a simple 
modification. A single 90° excitation pulse, in contrast, is itself effective over 
ca. 2vBi owing to a degree of 'in-built' self-compensation for off-resonance 
effects when judged by its ability to generate transverse magnetisation. Here, 
the increased effective field experienced by off-resonance spins tends to drive 
the vectors further toward the transverse plane (as described in Section 3.2.1) 
at the expense of frequency dependent phase errors (Fig. 9.4). For high-power 
pulses, these errors are approximately a linear function of frequency and are 
readily removed through phase correction of the spectrum. Compensation for 
Bi inhomogeneity may be achieved with the composite 90̂ ,903; (or better still 
90x^l0y [1]) sequence which places the magnetisation vectors closer to the 
transverse plane than a single pulse (Fig. 9.5). This may prove beneficial in 
situations where the elimination of z-magnetisation is of utmost importance, 
such as the NOE difference experiment (see discussions in Section 8.6.1; the 
270;c360_;,:90^ composite 90° pulse has been suggested as a better alternative in 
this case [3]). 

A composite pulse may be included within a pulse sequence directly in place 
of a single pulse. The relative phase relationships of pulses within each cluster 
must be maintained but are otherwise stepped according to the phase-cycling 
associated with the single pulse they have replaced. The selection of a suitable 
composite pulse is not always a trivial process, as discussed below. 

c) 

Figure 9.3. The simulated effect of (a) 
resonance offset (of 0.2-0.6yBi) on the 
inversion properties of a single ISÔ jc 
pulse, and the compensating effect of the 
90;cl80-̂ 90;c composite 180° pulse on (b) 
Bi-inhomogeneity and (c) resonance 
offset. 

Figure 9.4. The 90° pulse is 
self-compensating with respect to 
resonance offset in its ability to generate 
transverse magnetisation, although there 
is no compensation for phase errors. 

Figure 9.5. The 90;,903; composite 90° 
pulse compensates for Bi inhomogeneity 
by placing the vector closer to the 
transverse plane. 
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Table 9.1. Properties of a single 180° pulse and some composite 180° pulses 

Composite pulse Duration Bandwidth ^ Properties Ref. 
(xl80°) (yBi) 

Inversion 
180;c 1 0.4 
90^180;c90 '̂ 2 2.0 [2] 
90y240;c903; 2.3 1.2 More uniform inversion profile than 90^180:̂ 90 ,̂ [1] 
360;c270_;c90y360_ .̂270^90;c 8 2.0 Compensated for Bi inhomogeneity (±25%) and resonance offset [5] 
38;,lll_,159;c250_, 3.1 2.6 [6] 
15l247342i82l8032o342i82l5l247 6.5 2.0 Requires small rf phase shifts^ [7,8] 

Refocusing 
I8O0 1 0.5 
903;180;c90v 2 0.6 Introduces phase errors to spin-echoes 
90^240x90^ 2.3 1.0 Introduces phase errors to spin-echoes [9] 
360.,270_;c90v360_ ,̂270 .̂90;c 8 1.0 Compensated for B1 inhomogeneity (±25%) and resonance offset [5] 
336;c246_;cl0^74_^.10^,246_;c336^ 7 1.2 Phase distortionless spin-echoes [10] 
15l247342i82l8032o342i82l5l247 6.5 2.0 Phase distortionless spin-echoes, requires small rf phase shifts^ [7,8] 

Only a selection of available pulses is presented with the emphasis on compensation for resonance offset effects and on sequences of short total 
duration. Individual pulses are presented in the form XXyy where XX represents the nominal pulse flip angle and yy its relative phase, either in 
units of 90° (x, y, —x, —y) or directly in degrees where appropriate. Sequences are split into those suitable for (A) population inversion (act on 
Mz) or (B) spin-echo generation (act on M;cy). 
^ Band widths are given as fractions of the rf field strength and represent the total region over which the pulses have ca. 90% efficacy. 
^ Small rf phase shifts refer to those other than multiples of 90°. 

9.1.1. A myriad of pulses 

The design of composite pulses has been a major area of research in NMR 
for many years and a huge variety of sequences have been published and 
many reviewed [4]. In reality only a rather small subset of these have found 
widespread use in routine NMR applications, some of which are sunmiarised 
in Table 9.1. One general limitation is that the sequences which provide the 
best compensation tend to be the longest and most complex, often many times 
longer than the simple pulse they have replaced, and as such may not be readily 
implemented or are unsuitable for use within a pulse sequence. Furthermore, 
most composite pulses are effective against either Bi inhomogeneity or offset 
effects, but not both simultaneously, so some compromise must be made, 
usually with the emphasis on offset compensation in high-resolution NMR 
(in other applications, such as in vivo spectroscopy, Bi compensation has far 
greater importance because of the heterogeneous nature of the samples studied). 
In some cases, dual compensation has been included [5], although again at the 
expense of longer sequences (Table 9.1). More recently, numerical methods 
have been applied to the design of new sequences which aim to keep the total 
duration acceptably small, most of which also make use of small rf phase 
shifts, that is, those other than 90°. A comparison of the performance of some 
composite inversion pulses is illustrated in Fig. 9.6, and clearly demonstrates 
the offset compensation they provide relative to a single 180° pulse. 

9.1.2. Inversion vs. refocusing 

One complicating factor associated with the implementation of composite 
pulses arises from the fact that many composite sequences have been designed 
with a particular initial magnetisation state in mind and may not perform 
well, or give the expected result, when the pulses act on other states. The 
two principal applications are the use of composite 180° pulses for population 
inversion, for example in the inversion-recovery experiment, or in the ubiqui-
tous spin-echo for refocusing, in which they act on longitudinal and transverse 
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a) 

b) 

c) 

d) 

Figure 9.6. Simulated inversion profiles 
for (a) 180;,, (b) 903;180;,90y, (c) 
9 0 3 ; 2 4 0 ; c 9 0 3 ; a n d ( d ) 3 8 ; , l l l _ x l 5 9 ; c 2 0 _ ; c 

(see Fig. 9.3 and Table 9.1 also). 

1 0 1 
Offset/yBj 

magnetisation respectively. Thus, for example, the 90;cl803;90;c sequence pro-
vides little offset compensation when used as a refocusing pulse (Table 9.1). 
Although it offers compensation for Bi inhomogeneity and thus makes the 
magnitude of the echoes less sensitive to this by returning vectors closer to the 
x-y plane, it introduces errors in the phase of the echoes which may be detri-
mental to the overall performance of the experiment. The 90̂ 2̂403;90;̂  sequence 
has been proposed as a better refocusing element for offset compensation 
[9], and more sophisticated sequences have been generated that exhibit low 
phase-distortion [10,11]. Recent sequences designed by numerical optimisation 
methods have been designed without a predefined initial state and are therefore 
equally effective as inversion or phase-distortionless refocusing elements [7,8]. 

The moral of all this is that considerable care must be taken when composite 
pulses are introduced into pulse sequences. It is wise to test the compensated 
pulse sequences versus the original uncompensated sequences on a known 
sample to see if improvements are achieved in reality. This offers a check on 
whether the composite elements have been correctly introduced and on whether 
the spectrometer is capable of correctly executing the desired sequences, many 
of which demand accurate control of rf amplitudes and phases for extended pe-
riods. The experimental performance of the composite pulse itself is best tested 
with a simple experiment, such as an inversion sequence (180;C,-JC-90JC-FID;C) 

or spin-echo sequence (90x-l^0x,y,-x,-y-^l^x,-x) with a composite 180° pulse, 
and by analysing the results for a single resonance. Offset compensation may be 
investigated by stepping the transmitter frequency for the 180° composite pulse 
away from the initial on-resonance position (but setting it to be on-resonance 
for the 90° pulse) and Bi inhomogeneity may be simulated by reducing pulse 
flip angles. 
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9.2. BROADBAND DECOUPLING AND SPIN-LOCKS 

Figure 9.7. Heteronuclear broadband 
proton decoupling with a sequence of 
180° proton pulses. 

Ĥ 

An area in which composite pulses have been applied routinely with great 
success is broadband heteronuclear decoupling. Their use in this area arises 
from the realisation that heteronuclear decoupling may be achieved by the 
continuous application of a train of 180° inversion pulses on the decoupled 
spin. This is illustrated in Fig. 9.7 for a X-H pair in the presence of proton 
decoupling. Following excitation of X, doublet vectors diverge for a period x 
according to JXH- A 180° pulse applied to protons at this time inverts the proton 
a and P states thus reversing the sense of precession of the X-spin vectors 
which refocus after a further period x. If this procedure is repeated during the 
observation of X at a fast rate relative to the magnitude of JXH, the action of the 
coupling is suppressed and hence the spectrum appears decoupled. 

From discussions in the previous section it should be apparent that the 
application of a sequence of simple 180° pulses is unlikely to give effective 
decoupling over a wide bandwidth or in the presence of B2 inhomogeneity 
or pulse miscalibration (note the use of the symbol B2 with reference to a 
decoupling rf field). Further, by reducing the period x to be infinitely small, the 
sequence becomes a single, continuous decoupler pulse (so-called continuous 
wave decoupling) and by the same arguments this is also a poor decoupling 
sequence, particularly off-resonance. One solution to achieving decoupling 
over wider bandwidths is to employ composite inversion pulses that display 
superior off-resonance performance, and modem composite pulse decoupling 
(CPD) has evolved from the original 90̂ ,180̂ ,90;̂  and 90;c2403;90;, sequences. 

Simply inserting these in place of single 180° pulses turns out not to be 
the full answer, however. Defining the composite inversion cluster 90;cl80^90;c 
as an element R, then we can see that the sequence RR (two sequential 
composite pulses) should return spin vectors back to the +z axis for the rotation 
sequence to begin again. However, these elements are themselves not perfect 
(see Fig. 9.3), leaving small errors which will accumulate if the sequence is 
simply repeated. The trick is to repeat the process but in reverse, with all rf 
phases inverted so as to counteract these errors, giving rise to the element 
R (90_;cl80_^90_jc) and the so-called 'magic-cycle' RRRR. This original 
decoupling sequence is termed MLEV-4. It was subsequently realised that small 
residual errors from the magic-cycle could be compensated by further nesting of 
these elements to produce 'super-cycles', such as RRRR RRRR RRRR RRRR, 
giving, in this case, MLEV-16. These cycles prove more effective over greater 
bandwidths without the requirement of excessive rf powers. 

Numerous such composite pulse decoupling sequences have been developed 
along these lines over the years (Table 9.2), the most widely used being 
W\LTZ-16 whose basic inversion element is 90jcl80_jc270jc (or more succinctly 
123, hence the name). This provides very effective decoupling over a band-

ISO 

1 

X 
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Table 9.2. Selected composite-pulse sequences for broadband decoupling and 
spin-locking 

Sequence 

Decoupling 
Continuous wave 
MLEV-16 
WALTZ-16 
DIPSI-2 
GARP 
SUSAN 

Spin-locking 
MLEV-17 
DIPSI-2 
FLOPSY-8 

Bandwidth 
(¥B2) 

<0.1 
1.5 
2.0 
1.2 
4.8 
6.2 

0.6 
1.2 
1.9 

Application 

Selective decoupling only 
^H decoupling 
High-resolution ^H decoupling 
Very high-resolution ^H decouphng 
X-nucleus decoupling 
X-nucleus decoupling 

TOCSY mixing scheme 
TOCSY mixing scheme 
TOCSY mixing scheme 

Ref. 

[12] 
[13,14] 
[15] 
[16] 
[17] 

[18] 
[19] 
[20] 

The technicalities of broadband decoupling are extensively discussed in [21]. 

a) 
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Figure 9.8. Experimental comparison of 
the decoupling offset profiles of (a) 
WALTZ-16 and (b) GARP relative to the 
decoupling rf field strength yB2. The 
sample was carbon-13 labelled 
methanoic acid in D2O. 

b) 
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width of 2^62 leaving only small residual splittings (<0.1 Hz) and is thus 
favoured in high-resolution applications such as broadband proton decoupling 
of heteronuclear spectra. This bandwidth can, however, be limiting when de-
coupling nuclei with greater chemical shift dispersion, for example ^̂ C or ̂ ^P, 
as is required in proton-detected heteronuclear shift correlation sequences such 
as HIMQC or HSQC. For such cases, other CPD sequences have been developed 
through computational optimisation, which have less stringent requirements for 
residual linewidths (<1.5 Hz). The most popular of these has been GARP (Ta-
ble 9.2) which is effective over 4.8yB2 (Fig. 9.8). With the continued increase 
in static fields, even greater decoupling bandwidths become necessary and the 
most effective approach so far appears to be the use of adiabatic decoupling 
methods, introduced briefly below. 

9.2.1. Spin-locks 

The ability to 'spin-lock' magnetisation along a predefined axis plays 
an essential role in the TOCSY experiment, and Section 5.7.1 has already 
introduced the idea that a single continuous pulse or a series of closely spaced 
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sweep 

Figure 9.9. The adiabatic inversion 
pulse. An rf frequency sweep during the 
pulse causes the effective rf field 
experienced by the spins to trace an arc 
from the +z-axis to the -z-axis, 
dragging with it the bulk magnetisation 
vector. 

180° pulses can, in principle, be used in this context to repeatedly refocus 
chemical shift evolution whilst allowing homonuclear couplings to evolve. 
Following from the above discussions, a better approach is clearly to use 
a series of 180° composite pulses which offer compensation for resonance 
offset and rf inhomogeneity and many of the sequences originally designed as 
heteronuclear decoupling sequences (which require repeated spin inversions) 
have since been applied as spin-lock sequences (which require repeated spin 
refocusing). The original and most widely used is based on the MLEV-16 
sequence, in which each cycle is followed by a 60° pulse to compensate errors 
that would otherwise accrue during extended mixing, producing the popular 
MLEV-17 spin-lock (Table 9.2). More sophisticated sequences have since been 
developed that allow for the influence of homonuclear couplings, a factor not 
considered during the design of the early heteronuclear decoupling sequences. 
In particular, the DIPSI-2 sequence has better performance than MLEV or 
WALTZ in these circumstances, and is thus also widely used in the TOCSY 
experiment. 

9.2.2. Adiabatic pulses 

An alternative approach to spin inversion that is becoming a popular route 
to very efficient broadband decoupling is offered by adiabatic pulses. Rather 
than pulses applied at a single frequency, these employ a frequency-sweep 
during the pulse that begins far from resonance at a positive offset, passes 
through the resonance condition and finally terminates far from resonance with 
a negative offset. During this, the effective rf field, Beff, experienced by the 
spins begins along the -fz-axis, traces an arc which passes through the x-y 
plane at the on-resonance condition and finishes along the —z-axis (Fig. 9.9). If 
the sweep is sufficiently 'slow', magnetisation vectors initially at equilibrium 
will continually circle about Bgff during the pulse and will be 'dragged along' 
by the effective field thus also terminating at the South Pole and experiencing 
the desired inversion. More formally, the sweep must be slow enough to satisfy 
the adiabatic condition: 

« y B eff (9.1) 

(where 0 represents the angle between Beff and the x-axis, as above) but should 
be fast with respect to spin relaxation (hence it is referred to as adiabatic 
rapid passage). So long as the adiabatic condition is met, precise inversion is 
achieved regardless of the magnitude of the applied rf field and hence these 
pulses are very tolerant of Bi inhomogeneities. Furthermore, they are effective 
over very wide bandwidths and are thus well suited to broadband decoupling. 

To ensure Beff genuinely begins and ends along the diz-axis when finite 
offsets are used, the pulse amplitude may be gently truncated at each end 
which, in one example, produces a sausage-shaped amplitude profile leading to 
the name WURST [22]. Placing adiabatic inversion pulses within suitable su-
percycles has resulted in decoupling schemes that are effective over far greater 
bandwidths (>20 yB2) than those attainable with conventional composite pulse 
sequences [23-26]. These are therefore suitable for the decoupling of heteronu-
clei on the highest field instruments currently available, and may be expected 
to become more widely employed. 

9.3. SELECTIVE EXCITATION AND SHAPED PULSES 

So far discussions in this chapter have dealt solely with the use of so-called 
hard pulses, that is, pulses that (ideally) are equally effective over the whole 
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chemical shift range. We have also seen tools, in the form of composite pulses, 
that help one approach more closely this ideal. In some instances, however, 
it can be a distinct advantage if only a selected region of the spectrum is 
influenced by a so-called soft pulse, and a number of examples utilising such 
selective excitation have been presented in Chapters 5, 6 and 7. Principal 
applications in a chemical context include: 

• Reduced dimensionality of nD sequences, for example ID analogues of 2D 
experiments [27]. 

• Selective removal of unwanted resonances, for example solvent suppression 
[28]. 

• Extraction of specific pieces of information, for example the measurement 
of specific long-range ^H-^^C coupling constants [29,30]. 

• ID sequences which intrinsically require the selection of a single reso-
nance, for example inversion (saturation) transfer experiments in studies of 
chemical dynamics [31]. 

Replacing hard pulses with their selective counterparts within a multidimen-
sional sequence leads to a spectrum of lower dimensionality having a number 
of advantages over its fully fledged cousin. [32] ID analogues of more conven-
tional 2D experiments allow greater digital resolution and thus a more detailed 
insight into fine structure; these equate to high-resolution slices through the 
related 2D experiment at the shift of the selected spin, for example the ID 
TOCSY experiment of Section 5.7.3. They may also benefit by being quicker 
to acquire and process, and demand less storage space. In short, such meth-
ods may provide faster and more detailed answers when a specific structural 
question is being addressed, and discussions on the use of selective pulses in 
high-resolution NMR have featured in a number of extensive reviews [32-35]. 

The basic approach to producing a selective pulse is to reduce the rf power 
and increase the duration of the pulse. By reducing Bi, the frequency spread 
over which the pulse is effective likewise diminishes. At the same time, the 
speed of rotation of vectors being driven by the rf also decreases meaning 
longer pulses are required to achieve the desired tip angle. The simplest 
selective pulse is therefore a long, weak rectangular pulse, by analogy with 
the usual rectangular hard pulse. Unfortunately, this has a rather undesirable 
excitation profile in the form of side-lobes that extend far from the principal 
excitation window (Fig. 9.10a), resulting in rather poor selectivity. The origin of 
the undesirable side-lobes lies in the sharp edges of the pulse which introduce a 
sine-like oscillation to the profile; notice the similarity with the 'sine wiggles' 
in spectra caused by the premature truncation of an FID (Section 3.2.3). These 
may be suppressed by smoothing the edges of the pulse (Fig. 9.10b), just as 
apodisation of the truncated FID reduces the wiggles, and such pulse shaping 
has given rise to a multitude of selective pulses with various characteristics 
that find use in modem NMR. A small selection of these are considered 

Time Frequency 

a) 

b) 
Figure 9.10. Schematic excitation 
profiles for (a) a low-power rectangular 
pulse and (b) a smoothly truncated 
shaped pulse. 
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Figure 9.11. Time domain profiles of 
some common shaped, selective 
excitation pulses. 

below, which have been chosen for their general applicability and/or otherwise 
desirable properties for high-resolution spectroscopy. 

9.3.1. Shaped soft pulses 

Associated with the use of selective pulses are a number of experimental 
factors that have a considerable bearing on the selection (and design) of a soft 
pulse. In short, the key features are its: 

• Duration 
• Frequency profile, and 
• Phase behaviour 

Soft pulses are typically 1-100 ms long, three orders of magnitude longer 
than hard pulses, which may have implications with regard to chemical shift 
and coupling evolution and to relaxation losses during the pulse. Therefore, 
it is desirable to have a soft pulse that is as short as possible but still able 
to deliver the desired selection. This selection is defined by the frequency 
bandwidth over which the pulse is effective. Ideally, the bandwidth profile 
should be rectangular, with everything outside the desired window insensitive 
to the pulse; such a profile is sometimes referred to [36] as the 'top-hat' for 
obvious reasons. The phase of the excited resonances should also be uniform 
over the whole excitation window, although in reality this can be difficult to 
achieve since off-resonance effects are severe with the weak Bi fields used. 
Unless corrected, this results in considerable phase distortion away from exact 
resonance that can be detrimental to multipulse sequences where the precise 
control of magnetisation is often required. These primary considerations are 
addressed below for some commonly encountered shaped pulses, whilst their 
practical implementation is described in Section 9.3.4. 

Gaussian 

IBURP2 

Half-Gaussian 

EBURP2 

Q5 
Gaussian 
Cascade 

REBURP 
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Figure 9.12. Absolute value frequency 
domain excitation profiles for (a) a 
rectangular pulse and (b) a Gaussian 
shaped pulse. 

b) 

500 0 500 Hz 

Gaussian pulses 
The original and experimentally simplest shaped pulse has the smooth 

Gaussian envelope [37] (Fig. 9.11). The (absolute-value) frequency excitation 
profile is also Gaussian, tailing away rapidly with offset and, although not an 
ideal top-hat profile, is clearly superior to the rectangular pulse (Fig. 9.12). 
Just outside the principal excitation window, magnetisation vectors also feel the 
effect of the pulse but tend to be driven back toward the starting position so 
experience no net effect, as can be seen in the trajectories of Fig. 9.13a. This 
figure also illustrates the problem of phase dispersion across the bandwidth 
for different offsets. For a pulse of phase x both the desired M^ and unwanted 
Mx components (absorptive and dispersive responses, respectively) are created 
by the pulse, producing a significant phase gradient which can be corrected in 
the simplest of experiments, but in general may be problematic. In addition, 
inverted responses are also generated (those terminating in the —y hemisphere) 
and thus the profile retains some undesirable oscillatory behaviour (this is 
hidden in Fig. 9.12 because an absolute-value display was used, but can be seen 
in Fig. 9.14 below) 

Better alternatives for the excitation of longitudinal magnetisation are the 
half-Gaussian [38] which, as the name suggests, is simply a Gaussian profile 
terminated at the midpoint, and the 270° Gaussian [39]. The half-Gaussian 
pulse does not produce negative side-lobes because vectors never reach the —y 
hemisphere, although it still generates a considerable dispersive component, 
Mx, as is apparent from the trajectories of Fig. 9.13b. The dispersive responses 
may be removed by a phase-alternated hard 'purge' pulse applied orthogonally 
to and immediately after the half-Gaussian. This cancels any M^ components, 
retaining only the desired M3; components and so removing the phase gradient. 

Figure 9.13. Simulated excitation 
trajectories as a function of resonance 
offset for (a) the Gaussian, (b) the 
half-Gaussian and (c) the Gaussian-270. 

a) b) c) 
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Figure 9.14. Simulated excitation 
profiles of selected shaped pulses (of 10 
ms duration); see Table 9.3. The 
inversion profiles (lower trace) were 
simulated with a 180(soft)-90(hard) 
sequence. 

IBURP2 

500 500 Hz 500 500 Hz 

The improved phase properties of this scheme gives rise to the name 'purged 
half-Gaussian' [40] (Fig. 9.14). The 270° Gaussian pulse equates to a net -90° 
rotation and is identical to the 90° pulse except for a three-fold amplitude 
difference. The interesting feature of this pulse is that for spins close to 
resonance it has a self-refocusing effect on both chemical shifts and coupling 
constants (Fig. 9.13c) and thus has better phase properties than the 90° Gaussian 
pulse (Fig. 9.14). As it does not require purging it is simple to implement and 
is the excitation pulse of choice when high selectivity is not critical. 

Pure-phase pulses 
More elaborate pulse shapes have been developed over the years which aim 

to produce a near top-hat profile yet retain uniform phase for all excited reso-
nances within a predefined frequency window. These operate without the need 
for purging pulses or further modifications, allowing them to be used directly 
in place of hard pulses. They are typically generated by computerised proce-
dures which result in more exotic pulse envelopes (and acronyms! Fig. 9.11) 
that drive magnetisation vectors along rather more tortuous trajectories than 
the simpler Gaussian-shaped cousins. Trajectories are shown in Fig. 9.15 
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Figure 9.15. Simulated trajectories of 
nuclear spin vectors as a function of 
resonance offset during the (a) EBURP-2 
90° excitation pulse and (b) the IBURP2 
180° inversion pulse. 

a) b) 

for two members of the BURP family of pulses (Band-selective, Uniform 
Response, Pure phase pulses) [41,42] namely the EBURP2 excitation pulse 
and the IBURP2 inversion pulse (see Section 9.3.4 and Table 9.3 below). 
Despite the globetrotting journeys undertaken, trajectories for all offsets within 
the effective window terminate close to the ideal endpoint with only small 
intensity or phase errors. The corresponding profiles for these pulses are also 
shown in Fig. 9.14 and illustrate the uniform, pure-phase behaviour (although 
experimentally these depend critically on accurate pulse calibrations). An ex-
perimental demonstration of selective excitation with the EBURP2 pulse is 
shown in Fig. 9.16 for two different excitation bandwidths. Interestingly, a dif-
ferent design approach has led to a similar family of pulses with largely similar 
properties, the so-called Gaussian cascades [43,44] (Table 9.3 and Fig. 9.11). 
As the name implies, these are composed of clusters of Gaussian pulses whose 
net effect is closer to the ideal than any single element, reminiscent of the 
composite hard pulses of Section 9.1. 

One feature of these more elaborate envelopes is that they have often 
been designed with a particular function in mind and may not perform well 
at anything else. For example, the EBURP pulses are 90^ excitation pulses 
designed to act on longitudinal magnetisation and will not perform as desired 
on transverse magnetisation. Likewise, selective 180° inversion pulses may not 
work as refocusing elements in the generation of spin-echoes. Those designed 
to act on any initial magnetisation state are referred to as universal pulses. 
More complex profiles also tend to be longer than their simpler counterparts 
for a given excitation bandwidth and tip angle, meaning relaxation effects may 
be problematic, particularly for the case of larger molecules or for very long. 

c) i 
JJU 

ULA_JL_ 
5.0 4.5 4.0 3.5 3.0 2.5 2.0 ppm 

Figure 9.16. Selective excitation with the 
EBURP2 band-selective pulse, using a 
pulse duration of (b) 14 ms and (c) 100 
ms. 
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Table 9.3. Properties of some shaped soft pulses 

Shaped pulse Application Bandwidth factor Attenuation factor/-dB Ref. 

Rectangular 

90" pulses 
Gaussian 
Purged half-Gaussian 
Gaussian-270 
EBURP2 
SNEEZE* 
UBURP 
G4 Gaussian Cascade 
Q5 Gaussian Cascade 

180" pulses 
Gaussian-180 
IBURP2 
REBURP 
G3 Gaussian Cascade 
Q3 Gaussian Cascade 

Universal 

Universal 
Excitation only 
Excitation only 
Excitation only, Pure-phase 
Excitation only, Pure-phase 
Universal, Pure-phase 
Excitation only. Pure-phase 
Universal, Pure-phase 

Universal 
Inversion only, Pure phase 
Universal, Pure phase 
Inversion only. Pure phase 
Universal, Pure phase 

1.1 

2.1 
0.8 
1.3 
4.9 
5.8 
4.7 
7.8 
6.2 

0.7 
4.5 
4.6 
3.6 
3.4 

7.7 
7.7 

16.7 
24.3 
26.6 
32.2 
25.4 
25.3 

13.7 
25.9 
28.0 
23.1 
22.4 

[37] 
[38,40] 
[39] 
[42] 
[57] 
[42] 
[43] 
[44] 

[37] 
[42] 
[42] 
[43] 
[44] 

Universal pulses act equally on any initial magnetisation state whereas excitation and inversion pulses are designed to act on longitudinal 
magnetisation only. The bandwidth factor is the product of the pulse duration. At, and the excitation bandwidth, Af, which is here defined as 
the excitation window over which the pulse is at least 70% effective (net pulse amplitude within 3 dB of the maximum; other publications may 
define this value for higher levels and so quote smaller bandwidth factors). Use this factor to estimate the appropriate pulse duration for the 
desired bandwidth. The attenuation factor is used for approximate power calibration and represents the amount by which the transmitter output 
should be increased over that of a soft rectangular pulse of equal duration. The Gaussian based profiles are truncated at the 1% level. 
* The SI^EZE pulse produces more uniform excitation of M^ than EBURP2. 

highly selective pulses. The influence of relaxation on their performance has 
been addressed [45,46] and more tolerant profiles suggested, such as SLURP 
[47]. 

Implementing shaped pulses 
On modem high-resolution instruments the control of pulse amplitudes 

'on-the-fly' is a standard (if not, optional) feature. This is performed by a 
so-called waveform generator which controls the rf envelope prior to power 
amplification [48]. Typically the envelope is defined in a series of discrete 
steps as a histogram, with each element having a defined amplitude and 
phase. To provide a close match to the smooth theoretical pulse envelope, a 
sufficient number of elements must be defined, which is typically 256 (but 
is dependent upon the available waveform memories). Many pulse envelopes 
come predefined on modem instmments, allowing their direct implementation. 

9.3.2. DANTE sequences 

In the early days of selective excitation, spectrometers were not equipped to 
generate amplitude modulated rf pulses and the DANTE method (Delays Alter-
nating with Nutation for Tailored Excitation) was devised, [49] requiring only 
short, hard pulses. Although largely superseded by the amplitude modulated 
soft pulses, DANTE may still be the method of choice on older instmmentation 
or on those newer instmments which lack waveform generators. 

The basic DANTE sequence is composed of a series of N short hard pulses 
of tip angle a where a <^ 90°, interspersed with fixed delays, x, for free 
precession: 

DANTE: [a-r-]N or more correctly [T/2-a-T/2]N 

The total length of the selective pulse is the product Nttp where tp is the 
duration of each hard pulse, and the net on-resonance tip angle is the sum of 
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Figure 9.17. Simulated zig-zag 
excitation trajectories of nuclear spin 
vectors at different resonance offsets for 
the DANTE sequence. 30 pulses of 3° 
each were separated by delays of 0.33 
ms, producing an effective 10 ms 
selective pulse. 

the individual pulses. The effect of such a sequence is illustrated in Fig. 9.17. 
Following each hard pulse, spins are able to precess during the short delay 
r according to their offset from resonance before being pulsed once again. 
On-resonance trajectories show no precession and are thus driven directly 
toward the H-y axis whilst those close to resonance to follow a zig-zag path. If 
N is sufficiently large (typically >20) the result closely resembles the smooth 
path taken under the influence of a soft rectangular pulse of equivalent total 
duration, and similar selectivity results. 

Pulse 'shaping' in the DANTE approach is achieved by keeping the pulse 
amplitude constant but varying the duration of each hard pulse throughout 
the sequence to match the desired envelop. Thus for example, a Gaussian 
envelope may be emulated by varying pulse durations according to a Gaussian 
profile. Limitations with this approach arise when very small pulse durations 
are required (<1 [xs) since pulse transmitters are then unable to deliver the 
necessary precision. In such cases it may be necessary to add fixed attenuation 
to the transmitter output to allow the use of longer but more accurate hard 
pulses. 

The major difference between soft shaped pulses and DANTE methods is the 
occurrence of strong sideband excitation windows either side of the principal 
window with DANTE. These occur at offsets from the transmitter at multiples 
of the hard-pulse frequency, 1/x. They arise from magnetisation vectors that 
are far from resonance and which precess full circle during the x period. Since 
this behaviour is precisely equivalent to no precession, they are excited as if 
on-resonance. Further sidebands at ±2 /1 , 3/x and so on also occur by virtue of 
trajectories completing multiple full circles during x. Such multisite excitation 
can at times be desirable [50,51] but if only a single excitation window is 
required, the hard pulse repetition frequency must be adjusted by varying x to 
ensure the sideband excitations do not coincide with other resonances. 

9.3.3. Excitation sculpting 

Recent methods of selective excitation have combined shaped pulses with 
pulsed field gradients to produce experimentally robust excitation sequences 
with a number of desirable properties [34]. These sequences are based on either 
single or double pulsed field gradient spin-echoes (Fig. 9.18), which may be 
understood with reference to the single echo sequence (Fig. 9.18a). This may 
be represented Gi-S-Gi where S represents any selective 180"" pulse (or pulse 
train) and the bracketing gradients are identical. For those spins that experience 
the selective inversion pulse the two gradients act in opposition and thus refocus 
this selected magnetisation, hence this is known as a gradient-echo. Spins that 
do not experience this pulse, that is, those outside its effective bandwidth, only 
feel the cumulative effect of both gradients so remain fully dephased in the 
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Figure 9.18. Selective excitation 
sequences based on (a) a single and (b) a 
double pulsed field gradient spin-echo. 
The element S represents any selective 
180° inversion pulse or pulse sequence. 

a) 

H/X 

Gz 
Gi G^ 

b) 

^H/X 

Gi Gn 

transverse plane and thus unobservable. This single gradient-echo therefore 
achieves clean resonance selection according to the profile of pulse S. 

The phase profile of the selected resonance(s) is also dictated by the phase 
properties of the selective pulse S, which may not be ideal. Repeating the gra-
dient-echo once again (Fig. 9.18b, with a different gradient strength G2 to avoid 
accidental refocusing of the previously dephased unwanted magnetisation) 
exactly cancels any remaining phase errors and the resulting pure-phase exci-
tation profile depends only on the inversion properties of the selective pulse. 
Experimentally this is an enormous benefit because it makes implementation 
of the selective sequence straightforward and because the field gradients ensure 
excellent suppression of unwanted resonances. It is also very much easier to 
select (and design) a pulse with a desirable 'top-hat' inversion profile when its 
phase behaviour is of no concern. The resulting excitation profile of the double 
PFG spin-echo (DPFGSE) sequence is dictated by the cumulative effect of 
the repeated inversion pulses, resulting in a 'chipping away' of magnetisation 
by the series of gradient-echoes, hence the term excitation sculpting [28,52]. 
An example of the clean, pure-phase selective excitation that can be achieved 
with this sequence is illustrated in Fig. 9.19. This could represent the starting 
point for a variety of selective ID experiments, including TOCSY [53,54] and 
NOESY [52,55] (see for example the ID gradient NOESY experiment of Sec-
tion 8.7.2). The use of a second DPFGSE sequence after one transfer step leads 

c) 

Figure 9.19. Clean selective excitation 
with the double pulsed field gradient 
spin-echo sequence using a 40 ms 
Gaussian 180° pulse and gradients of 
0.07 :0.07:0.03:0.03 T m - i . 

b) 

a) 
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Figure 9.20. Experimental excitation 
profiles for the double pulsed field 
gradient spin-echo excitation sequences 
in which the element S is a 180° 
Gaussian pulse (truncated at 1%) of the 
duration shown. 

20 ms 
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to more elaborate 'doubly-selective' experiments [56] whilst a slight modifi-
cation produces an extremely effective solvent suppression scheme, described 
below in Section 9.4.3. In contrast, the shorter single-echo excitation may be 
more appropriate for the study of very large molecules where T2 relaxation 
losses can be significant. 

For use in the laboratory, it is convenient to choose a simple, robust 
inversion pulse as the element S, and the Gaussian pulse is well suited to 
routine use. Example excitation profiles for this are illustrated in Fig. 9.20 and 
offer guidance on selection of pulse duration for a desired excitation window. 
For proton spectroscopy, a Gaussian pulse of around 40 ms proves suitable for 
many applications. 

9.3.4. Practical considerations 

This section addresses some of the practical consequences of employing 
soft pulses which, in general, demand rather more care and attention in their 
implementation than hard pulses and so typically require operator intervention 
for their success. The general rule for soft pulse selection is to choose the 
simplest pulse that will provide the performance characteristics required. More 
complex pulses shapes, although providing improved profiles, tend to require 
greatest care in calibration and are thus rather more awkward to use. For 
example, the BURP pulses are extremely sensitive to pulse width miscalibration 
which leads to significant distortion of otherwise 'uniform' profiles [42]. From 
a purely practical perspective, the simple Gaussian pulses are most robust and 
easiest to employ and represent a suitable initial choice for many applications 
[32]. If very high selectivity is required, the pure-phase pulses (BURP or 
Gaussian cascade families) prove more suitable and the choice of a specific or 
a universal pulse (Table 9.3) becomes significant, according to the application. 

The excitation profile of soft pulses is defined by the duration of the pulse, 
these two factors sharing an inverse proportionality. More precisely, pulse 
shapes have associated with them a dimensionless bandwidth factor which is 
the product of the pulse duration. At, and its effective excitation bandwidth, Af, 
for a correctly calibrated pulse. This is fixed for any given pulse envelope, and 
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represents its time efficiency. It is used to estimate the required pulse duration 
for a desired effective bandwidth; Table 9.3 summarises these factors for some 
common pulse envelopes. Thus, an excitation bandwidth of 100 Hz requires a 
21 ms 90° Gaussian pulse but a 49 ms EBURP2 pulse; clearly the Gaussian 
pulse is more time efficient. 

Having determined the necessary pulse duration, the transmitter/7(9w^r must 
be calibrated so that the pulse delivers the appropriate tip angle. This procedure 
differs from that for hard pulses where one uses a fixed pulse amplitude but 
varies its duration. For practical convenience, amplitude calibration is usu-
ally based on previously recorded calibrations for a soft rectangular pulse (as 
described below), from which an estimate of the required power change is 
calculated. Table 9.3 also summarises the necessary changes in transmitter 
attenuation for various envelopes of equivalent duration, with the more elabo-
rate pulse shapes invariably requiring increased rf peak amplitudes (decreased 
attenuation of transmitter output). 

As an illustration, suppose one wished to excite a window of 100 Hz with a 
SNEEZE pulse and had previously determined that a soft 90° rectangular pulse 
of 10 ms required an attenuation of 68 dB. From the bandwidth factor, one can 
determine the pulse duration must be 58 ms. From the power ratio equations 
given in Section 3.5.1, one may calculate that a soft rectangular pulse of this 
duration requires 15.3 dB greater attenuation than the 10 ms pulse (20 log 
5.8), simply because it is longer. Table 9.3 shows that the SNEEZE envelop 
requires 26.6 dB less attenuation than a rectangular pulse of equal duration. 
The SNEEZE pulse therefore requires 11.3 dB (26.6-15.3) less attenuation 
than that of the reference 10 ms soft rectangular pulse, and the transmitter 
amplitude setting becomes 56.7 dB. Fine tuning may then be required for 
optimum results. 

Amplitude calibration 
The amplitude calibration of a soft pulse essentially follows the procedures 

introduced for hard pulses in Section 3.5.1 and the descriptions below assume 
familiarity with these. For soft pulses on the observe channel, the transmitter 
frequency should be placed on-resonance for the target spin and the 90° or 
180° condition sought directly by variation of transmitter power, staring with 
very low values (high attenuations) and progressively increasing (note there is 
a logarithmic not linear dependence on dB). If calibrations must be performed 
indirectly, for example on the decoupler channel of older instruments, a slight 
variation on the method of Fig. 3.52 (Chapter 3) for a 2-spin AX pair is used 
(Fig. 9.21a). In this an additional spin-lock pulse is applied to the observe chan-
nel during the soft pulse to decouple the AX interaction [58]. This collapse of 
the AX doublet means the soft pulse can be applied to the centre of the A-spin 
doublet. Variation of the transmitter power produces results similar to those of 
Fig. 3.53 (Chapter 3) when the 90° or 180° condition is satisfied. With mod-
em instrumentation, however, calibrations determined directly on the observe 
channel are equally valid if this is later used as the indirect (decoupler) channel 
in subsequent experiments, so bypassing the need for such indirect calibrations. 

Phase calibration 
Precise control of the relative phase between pulses is crucial to the success 

of many multi-pulse NMR experiments and some correction to the phase of 
a soft pulse may be required to maintain these relationships when both hard 
and soft pulses are to be applied to the same nucleus. When soft pulses are 
used on the observe channel the phase difference (which may arise because 
of the potentially different rf paths used for high and low power pulses) 
may be determined by direct inspection of two separate ID pulse-acquire 
spectra recorded with high- and low-power pulses but under otherwise identical 
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Figure 9.21. Soft pulse calibration 
sequences for (a) amplitude and (b) 
hard/soft phases differences for selective 
pulses applied on the indirect (decoupler) 
channel. SL is a spin-lock appHed to 
decouple A and X during the soft pulse. 

conditions. Using only zero-order (frequency-independent) phase correction of 
each spectrum, the difference in the resulting phase constants (soft minus hard) 
represents the phase difference between the high- and low-power rf routes. 
Adding this as a constant offset to the soft pulse phase should yield spectra of 
identical phase to that of the hard pulse spectrum when processed identically 
and this correction can be used in all subsequent experiments, provided the soft 
pulse power remains unchanged. 

If phase differences must be determined indirectly, the sequence of 
Fig. 9.21b is suitable in which an additional hard pulse is used on the in-
direct channel prior to the soft. When two 90° pulses are of the same phase 
their effect is additive and the sequence behaves as if a net 180° pulse has 
been applied to the selected spin, resulting in an inversion of the antiphase AX 
doublet. Similarly, two 180° pulses of similar phase behave as a net 360° pulse 
and have no effect on the doublet. 

9,4. SOLVENT SUPPRESSION 

Fortunately the majority of solvents used in organic NMR spectroscopy are 
readily available in the deuterated form. For proton spectroscopy in particu-
lar, this allows the chemist to focus on the solute spectrum, undisturbed by 
the solvent that is present in vast excess. Unfortunately, most molecules of 
biochemical or medicinal interest, notably biological macromolecules, must 
be studied in water and in order to observe all protons of interest within 
these molecules, including the often vitally important labile protons, protonated 
water must be employed as the solvent (containing 10% D2O to maintain the 
field-frequency lock). Whereas H2O is 110 M in protons, solute concentrations 
are more typically in the millimolar region and the lO'^-lO^ concentration dif-
ference imposes severe experimental difficulties which demand the attenuation 
of the solvent resonance. In addition, the recently developed area of LC-NMR 
often favours the use of protonated solvents for reasons of economy, also mak-
ing efficient and robust solvent suppression essential. At a more mundane level, 
when using D2O or MeOD for routine spectroscopy a considerable residual 
HDD resonance may remain which may limit the useable receiver amplification 
and appear aesthetically unappealing. 

The principal reason to suppress a large solvent resonance in the presence of 
far smaller solute resonances is so that the dynamic range of the NMR signals 
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lies within the dynamic range of the receiver and ADC (Section 3.2.6). Further 
concerns include the baseline distortions, ti-noise in 2D experiments, radiation 
damping and potential spurious responses that are associated with very intense 
signals. Radiation damping leads to severe and undesirable broadening of the 
water resonance which may mask the solute resonances. It arises because the 
intense NMR signal produced on excitation of the water generates a strong 
rf current in the detection coil (which ultimately produces the observed 
resonance). This current in turn generates its own rf field which drives 
the water magnetisation back toward the equilibrium position; if you like, 
it acts as a water-selective pulse. The loss of transverse magnetisation is 
therefore accelerated, producing a reduced apparent T2 and hence a broadened 
resonance .̂ In general, good lineshape is a prerequisite for successful solvent 
suppression and whilst efforts to optimise shimming pay dividends, the intense 
water singlet of H2O is ideally suited to gradient shimming (Section 3.4.4). 
Improved results have also been reported when microscopic air bubbles have 
been removed from the sample by ultrasonic mixing. 

The goal of solvent suppression is therefore to reduce the magnitude 
of the solvent resonance before the NMR signal reaches the receiver. This 
seemingly simple requirement has generated an enormous research area [59, 
60], emphasising the fact that this is by no means a trivial exercise. The more 
widely used approaches can be broadly classified into three areas: 

• methods that saturate the water resonance 
• methods that produce zero net excitation of the water resonance, and 
• methods that destroy the water resonance with pulsed field gradients. 

The following sections illustrate examples from these areas that have proved 
most popular but represent only a small subsection of available methods (see, 
for example. Chapter 2 of reference [61]). All schemes inevitably involve 
some loss of signal intensity for those resonances close to that of the solvent, 
and careful adjustment of solution conditions, the simplest being sample 
temperature, can prove useful in avoiding signal loses by shifting the water 
resonance relative to solute signals (Fig. 9.22). 

Figure 9.22. The temperature 
dependence of HDO (here partially 
suppressed). The shift corresponds to 
approx. 5 Hz/K at 500 MHz. Spectra are 
referenced to internal TSP. 
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^ A test for radiation damping involves detuning the proton coil and re-acquiring the proton 
spectrum. This degrades the rf coupling so reducing the back electromotive force (emf) and 
sharpening the water resoncince. 
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Figure 9.23. Solvent suppression 
schemes based on presaturation; (a) 
presaturation alone, (b) ID NOESY and 
(c) FLIPSY. Sequence (b) makes use of 
the conventional NOESY phase cycle 
whereas FLIPSY uses EXORCYCLE on 
one (or both) of the 180° pulses (i.e. 
pulse = jc, y, —X, -y, receiver = x, -x, 
X, —x). 
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9.4.1. Presaturation 

The simplest, most robust and most widely used technique is presaturation 
of the solvent [62]. This is simple to implement, may be readily added to 
existing experiments and leaves (non-exchangeable) resonances away from the 
presaturation frequency unperturbed. It involves the application of continuous, 
weak rf irradiation at the solvent frequency prior to excitation and acquisition 
(Fig. 9.23a), rendering the solvent spins saturated and therefore unobservable 
(Fig. 9.24). Invariably resonances close to the solvent frequency also experience 
some loss in intensity, with weaker irradiation leading to less spillover but 
reduced saturation of the solvent. Longer presaturation periods improve the 
suppression at the expense of extended experiments so a compromise is 
required and typically 1-3 s are used; trial and error usually represents the best 
approach to optimisation. Wherever possible the same rf channel should be 
used for both the presaturation and subsequent proton pulsing, with appropriate 
transmitter power switching. 

A feature of simple presaturation in protonated solutions (particularly with 
older probes which may also lack appropriate shielding of the coil leads [63]) 
is a residual 'hump' in the ID spectrum that originates from peripheral regions 
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Figure 9.24. Solvent presaturation (2 s) 
reveals a resonance at 4.75 ppm in (c) 
previously masked by the HDO 
resonance in (a) and its expansion (b). 
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of the sample that suffer BQ and Bi inhomogeneity. An effective means of 
suppressing this for ID acquisitions is the so-called NOESY-presat sequence 
which simply employs a non-selective ID NOESY with zero mixing time, or 
in other words, the first increment of a 2D NOESY experiment with Xm = 
0 (Fig. 9.23b). The usual NOESY phase-cycle suppresses the hump, but the 
sequence is restricted to acquisition with 90° pulses which is not optimal for 
signal averaging or spectrum integration. A recent variation, termed FLIPSY 
[64] (flip-angle adjustable one-dimensional NOESY, Fig. 9.23c), allows the use 
of an arbitrary excitation pulse tip angle 0 and is thus better suited to routine 
use. 

The principal disadvantage of all presaturation schemes is that they also 
lead to the suppression of exchangeable protons by the process of saturation 
transfer. In favourable cases solution conditions may be altered (temperature 
and pH) to slow the exchange sufficiently to reduce signal attenuation, but this 
approach has limited applicability. The methods presented below largely avoid 
such losses. 

9.4.2. Zero excitation 

The second general approach strives to produce no net excitation of the 
solvent resonance. In other words, the sequence ultimately returns the solvent 
magnetisation to the -\-z axis whilst at the same time placing all other mag-
netisation in the transverse plane prior to acquisition. Section 9.4.3 describes a 
related approach used in conjunction with pulsed field gradients. 

Jump-return 
To appreciate the principal behind zero excitation, consider the simplest 

example, the 'jump-return' sequence [65] 90;c-r-90_x which subsequently 
spawned many others. The transmitter frequency is placed on the solvent 
resonance and all magnetisation is tipped into the transverse plane by the first 
hard 90° pulse. During the subsequent delay x (typically a few hundred |xs 
long) all vectors fan out in the transverse plane according to their offsets, 
except that of the solvent which, being on-resonance, has zero frequency in the 
rotating frame. Thus, the solvent resonance is tipped back to the +z-axis as 
the second 90° pulse rotates the xy plane into the xz plane. The only remaining 
transverse magnetisation is the due-component of all vectors prior to the second 
pulse. Hence, this produces a sine-shaped excitation profile (Fig. 9.25a) with 
maximum amplitude at offsets from the transmitter frequency of ±.\/Ax Hz and 
with resonances either side of the transmitter displaying opposite phase (owing 
to their due orientations) but without additional phase dispersion. In practice 
this simple scheme produces a rather narrow null at the transmitter offset 
and a significant solvent resonance typically remains, so more sophisticated 
sequences have been investigated. 

Binomial sequences 
The binomial sequences aim to improve the zero excitation profile and 

provide schemes that are less sensitive to spectrometer imperfections. The 
series may be written 1-1, 1-2-1, 1-3-3-1 . . . and so on, where the 
numbers indicate the relative pulse widths, each separated by a delay T, and 
the overbar indicates phase inversion of the pulse. For off-resonance spins the 
pulse elements are additive at the excitation maximum so for example, should 
one require 90° off-resonance excitation, 1-1 corresponds to the sequence 45^^-
r-45_;c- Of this binomial series, it turns out that the 1-3-3-1 sequence [66] 
has good performance and is most tolerant of pulse imperfections by virtue of 
its symmetry [67]. The trajectory of spins with frequency offset l/2x from the 
transmitter for a net 90° pulse (1 = 11.25°) is shown in Fig. 9.26. During each 
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Figure 9.25. Simulated excitation 
profiles for (a) the jump-return sequence, 
(b) the 1-T and (c) 1-3-3-T binomial 
sequences. The jump-return sequence 
used T = 250 and the binomial 
sequences used x = 500 ixs. 
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X period the spins precess in the rotating frame by half a revolution so the effect 
of the phase inverted pulses is additive and the magnetisation vector is driven 
stepwise into the transverse plane. As before, the on-resonance solvent vector 
shows no precession so is simply tipped back and forth, finally terminating at 
the North Pole. 

Whilst maximum excitation occurs at ± l/2x Hz from the transmitter offset, 
further nulls occur at offsets of ibn/t (n = 1, 2, 3, . . . corresponding to 
complete revolutions during each x) so a judicious choice of x is required 
to provide excitation over the desired bandwidth. The excitation profiles of 
the 1-T and 1-3-T sequences are shown in Fig. 9.25b and c. Clearly the 
excitation is non-uniform, so places limits on quantitative measurements, and 
once again there exists a phase inversion either side of the solvent. Both provide 
an effective null at the transmitter offset and suppression ratios in excess of 
1000-fold can be achieved. 

When implementing this sequence it may be necessary to add attenuation 
to the transmitter to increase the duration of each pulse so that the shorter 
elements do not demand very short (<1 |xs) pulses (note the similarity with the 
requirements for the DANTE hard-pulse selective excitation described above). 
The binomial sequences can be adjusted to provide an arbitrary overall tip 
angle by suitable adjustment of the tip angles for each element. For example, 
inversion of all off-resonance signals can be achieved by doubling all elements 
relative to the net 90° condition. Exactly this approach has been exploited in the 
gradient-echo methods described below. 

Figure 9.26. The trajectory of a 
magnetisation vector during the 1-3-3-1 
binomial sequence. The trace is shown 
for a spin with an offset from the 
transmitter of + 1 / 2 T HZ, corresponding 
to the excitation maximum. 

9.4.3. Pulsed field gradients 

The most effective approach to date to solvent suppression is the destruction 
of the net solvent magnetisation by pulsed field gradients (PFGs), so ensuring 
nothing of this remains observable immediately prior to acquisition. The 
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Figure 9.27. Solvent suppression 
schemes employing pulsed field 
gradients based on (a) WATERGATE 
(single-echo) and (b) excitation sculpting 
(double-echo) principles. The pulse 
element S has zero net effect on the 
solvent resonance but inverts all others. 
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Figure 9.28. Two possible versions of 
the off-resonance inversion element S 
based on (a) a binomial-type hard pulse 
sequence and (b) a combination of soft 
and hard pulses. 

gradient schemes described here act on transverse magnetisation so are readily 
appended to existing one- and multi-dimensional sequences [68]. 

One popular approach, termed WATERGATE [69,70] (water suppression 
by gradient-tailored excitation) makes use of a single PPG spin-echo, G i - S -
Gi, (Fig. 9.27a) in which both gradients are applied in the same sense. The 
element S is chosen to provide zero net rotation of the solvent resonance but to 
provide a 180° inversion to all others. This results in the solvent magnetisation 
experiencing a cumulative dephasing by the two gradients leading to its 
destruction whilst all others are refocused in the spin-echo by the second 
gradient and are therefore retained. 

As apparent from the previous section, a binomial sequence has a suitably 
tailored profile for the element S, and the series 3a-9Qf-19Qf-19a-9Qf-3Q; 
(Fig. 9.28a, with 26a = 180° and a delay x between pulses, here termed 
W3 [71]) has a desirable off-resonance inversion profile for this purpose. 
The WATERGATE excitation profile for this is shown in Fig. 9.29a. Once 
again characteristic nulls also occur at offsets of ±n/x Hz, but between 
these the excitation is quite uniform and does not suffer the phase inver-
sion of the unaccompanied 90° binomials. More recently, extended binomial 
sequences have been shown to provide a narrower notch at the transmit-

a) 
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Figure 9.29. Simulated excitation 
profiles for WATERGATE using (a) the 
W3 and (b) W5 binomial-type sequences 
to provide a null at the solvent shift (i = 
500 |xs). 1000 0 1000 Hz 
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ter offset, so reducing the attenuation of solute signals close to the solvent, 
and have a wider region of uniform excitation [/]]. The improved profile 
of the so-called W5 sequence is shown in Fig. 9.29b. This sequence alas, 
lacks the elegant shorthand form of its predecessor and is thus represented 
7.8-18.5-37.2-70.0-134.2-1342-700-37^-18^-7:8, where each number 
represents the pulse tip angle in degrees. 

The element S may also be provide by a combination of hard and soft pulses 
[28,69] (Fig. 9.28b). Here, the soft pulses act only on the water resonance 
causing it to experience a net 360° rotation whilst all others undergo the 
desired inversion by virtue of the hard pulse. In this approach, the suppression 
profile is dictated by the inversion properties of the soft pulse combination, 
and off-resonance nulls no longer occur (although correction for any phase 
difference between the hard and soft pulses may be required). 

An improved approach to gradient suppression employs the method of 
'excitation sculpting' described in Section 9.3.3 and apphes a double PFG 
spin-echo instead of one [28]. This has the advantage of refocusing the 
evolution of homonuclear couplings and can produce spectra with improved 
phase properties and less baseline distortion. The elements S are exactly as 
above, except with the double-echo the suppression notch is wider since it is 
applied twice. The water suppression spectrum of the 2 mM sucrose in 90% 
H2O using this approach is shown in Fig. 9.30a and illustrates the impressive 
results now routinely available. The residual solvent signal can be further 
removed (Fig. 9.30b) by subtracting low-frequency components from the FID 
prior to Fourier transformation [72], which requires the transmitter frequency 
to be placed on the solvent resonance. The excitation sculpting sequence can 
also be readily tailored to achieved multi-site suppression [73,74]. 

One final point regarding PFGs is that their use in certain experiments for 
coherence selection also leads to solvent suppression without further modifica-
tion. For example, the DQF-COSY experiment inherently filters out uncoupled 
spins (i.e. singlets) and when PFGs are used to provide this filtering the singlet 
water resonance is also removed at source. In fact, the original publication that 
stimulated widespread use of field gradients in high-resolution NMR impres-
sively demonstrated such suppression [75]. Similarly, heteronuclear correlation 
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Figure 9.30. Solvent suppression with 
the excitation sculpting scheme using the 
approach of Fig. 9.28b with 4.1 ms 90° 
Gaussian pulses and gradients of 
0.1:0.1:0.03:0.03 T m ' ^ The sample 
is 2 mM sucrose in 9:1 H2O: D2O. In 
(b) the small residual solvent signal has 
been completely removed through 
additional processing of the FID (see 
text). 
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experiments such as HMQC and HSQC intrinsically select protons bound to, 
say, ^̂ C or ^̂ N and thus also reject water. Whilst these methods on their own 
are unlikely to prove sufficient for 90% H2O solutions (in which case the above 
gradient-echo methods may be appended), they are often sufficient for 'wet' 
D2O samples. 

9.5. RECENT METHODS 

This final section briefly considers two areas that have existed as NMR 
methods in their own right for over three decades, yet have only relatively 
recently come into use in mainstream high-resolution NMR. This transition has 
been prompted by technical developments in instrumentation, more specifically 
in probehead design. The first method employs so-called magic-angle spinning 
of (partially) fluid heterogeneous samples, a technique that has been used 
extensively over the years for solid-state materials and which demands very 
fast sample rotation, typically at many kilohertz. The second studies the 
self-diffusion properties of molecules in solution and relies on field gradient 
pulses to map their motion. 

9.5.1. Heterogeneous samples and MAS 

Recent years has seen a burgeoning interest in solid-phase organic synthe-
sis protocols for the production of combinatorial libraries of new molecules 
[76,77]. A challenging factor in this approach is the analysis of the newly syn-
thesised materials for which, ideally, direct structural analysis of the material 
would be carried out whilst still attached to the solid support and thus still 
available for further chemistry. The direct NMR analysis of such materials, 
even when solvated, is complicated by two principal factors which can severely 
degrade spectrum resolution: 

• restricted motion of the tethered analyte, and 
• physical heterogeneity within the sample. 

The restricted motion of the tethered analytes relative to that of free 
molecules in solution may mean that dipolar couplings, D, are not fully 
averaged to zero. These have a time-averaged angular dependence: 

D a r - ^ ( 3 c o s 2 e - l ) (9.2) 

where r is the intemuclear separation and 6 the angle between the static field and 
the intemuclear vector. For isotropically tumbling molecules in low-viscosity 
solutions, the angular term is averaged to zero as the molecule freely rotates 
so dipolar couplings are not observed. When motion is sufficiently restricted, 
some residual dipolar coupling may be reintroduced, which will contribute 
to broadening of the NMR resonances. The use of long linker chains allows 
greater motion of the terminal analyte in solution and can therefore reduce 
this effect. A potentially greater problem lies in the sample heterogeneity. 
Solutions containing solid phase resins, usually in the form of beads, suffer 
from local field inhomogeneity at the bead-solvent interfaces due to magnetic 
susceptibility differences and this leads to severe line broadening (Fig. 9.31a). 
Although some success has been reported with carbon-13 gel-phase NMR 
[78,79], these deleterious effects mean high-resolution spectra of solvated 
resins cannot be obtained with conventional solutions probes, a particular 
problem for proton spectroscopy. 

Magnetic susceptibility has a similar angular dependence to that above, and 
line-broadening from both dipolar couplings and susceptibility discontinuities 
can be eliminated by rapid rotation of the sample about the so-called 'magic 
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Figure 9.31. (a) The conventional ^H 
spectrum of the analyte 9.1 bound to 
TentaGel resin beads solvated in DMSO 
and (b) the MAS (2 kHz) spectrum of 
the same sample. One tenth of the mass 
of the sample in (a) was used in (b) and 
both were collected in 16 transients. The 
large truncated signals arise from the 
resin itself (reproduced with permission 
from reference [81]). 
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angle' 0 = 54.7°, such that the above angular term becomes zero and the overall 
molecular motion emulates that in solution. This magic angle spinning (MAS) 
(Fig. 9.32) has long been used in solid-state NMR spectroscopy to average 
the effects of chemical shift anisotropy [80] and has now become a standard 
technique for the direct analysis of resin-bound entities. The substantial gain 
in resolution and hence sensitivity provided by MAS over a conventional 
solutions probe is illustrated in Fig. 9.31 [81]. The MAS spectrum shows a 
three-fold signal-to-noise gain yet uses one tenth of the sample relative to 
the conventional solution spectrum, and has considerably greater information 
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Figure 9.32. Magic angle spinning 
involves rapid rotation of a sample 
inclined at the magic angle of 54.7° to 
the static field. 
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content. To achieve such results, samples are typically spun at rates of 2-5 kHz, 
in purpose-built rotors requiring access to the appropriate high-resolution MAS 
probehead [82] and spin regulation hardware. The full range of high-resolution 
one- and two-dimensional techniques can now be applied to resin-bound 
samples under MAS conditions for the complete, non-destructive identification 
of new synthetic products [83-86]. The influence of various solvent and 
resin combinations has also been investigated and shown to have considerable 
bearing on the quality of spectra one obtains [87]. 

9.5.2. Diffusion-ordered spectroscopy 

The study of molecular diffusion in solution offers insights into a range of 
physical molecular properties including molecular size, shape and aggregation 
states, and NMR-based measurements have been applied to many areas of 
chemistry for over three decades [88]. Different mobility rates or diffusion 
coefficients may also be used as the basis for the separation of the spectra 
of mixtures of compounds in solution, this procedure being referred to as 
diffusion-ordered spectroscopy or DOSY. The application of NMR diffusion 
measurements to the separation of small-molecule mixtures in this way is a 
relative newcomer to high-resolution NMR and is a developing area that is 
sure to find increasing use in the research laboratory, so is briefly introduced 
in this section. All modem NMR-based diffusion measurements rely on the 
application of pulsed field gradients to map the physical location of a molecule 
in solution and have recently been made possible on conventional high-res-
olution NMR spectrometers through the provision of actively shielded PFG 
probeheads. Molecular diffusion is then characterised along the direction of 
the applied field gradient, which is typically along the z-axis of conventional 
gradient probeheads. 

The PFG spin-echo 
The basic scheme for the characterisation of diffusion is the pulsed field 

gradient spin-echo [89] (Fig. 9.33a). In the absence of gradient pulses, this will 
refocus chemical shift evolution such that the detected signal is attenuated only 
by transverse relaxation during the 2r period. When pulsed field gradients are 
employed, complete refocusing of the signal will only occur when the local field 
experienced by a spin is identical during the two gradient pulses. Since a field 
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Figure 9.33. Basic sequences for 
measuring molecular diffusion based on 
(a) the PFG spin-echo and (b) the PFG 
stimulated-echo. The diffusion during the 
period A is characterised by a series of 
measurements with increasing gradient 
strengths. 

b) 
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* 8 -

Gi 



Chapter 9: Experimental methods 369 

gradient is used, the local field is spatially dependent, meaning this refocusing 
condition is only met if the spin remains in the same physical location when 
the two PFGs are applied. If the molecule were to diffuse away from its initial 
position during the diffusion delay A, then the local field experienced during 
the second PFG would not exactly match that of the first and only partial 
refocusing of the signal would occur (Fig. 9.34). The detected signal would 
therefore be attenuated by an amount dictated by how far the molecule moved 
during the period A, and hence by its diffusion coefficient. To characterise 
diffusion rates, it is possible to progressively alter the delay A, the length of 
the gradient pulses or the strength of the gradient pulses and to monitor the 
corresponding signal decay. However, changes made to the overall length of the 
echo sequence will introduce additional complications arising from increasing 
relaxation losses, so it is universal practice to increase gradient strengths whilst 
keeping all time periods invariant. Whilst T2 relaxation losses still occur in this 
case, they are constant for all experiments and thus do not contribute to the 
progressive signal attenuation that is monitored (Fig. 9.35). 

The observed signal intensity, I, for the basic PFG spin-echo experiment is 
given by: 

I = Ioexp 
^-2x 

-{yhGyT> A - -
3 

(9.3) 

where IQ is the signal intensity at zero gradient strength, G is the gradient 
strength, D is the diffusion coefficient and the delays A and 8 are as in 
Fig. 9.33. Plotting ln(I/Io) vs. G ,̂ for example, yields a linear plot whose slope 
is proportional to D (Fig. 9.36) and since the constants y, 8 and A are known, 
the diffusion coefficient may be calculated. 

The PFG stimulated'echo 
The PFG spin-echo sequence above is limited in practice by the afore-

mentioned relaxation losses and is now little used for diffusion measurements. 
Because magnetisation is transverse during the diffusion period, these losses are 
dictated by the transverse (T2) relaxation rates which themselves increase with 
molecular size. Since larger molecules require longer diffusion periods to move 
significant distances, the use of long A delays (which are typically in the region 
of 10 ms to 1 s) can lead to unacceptable signal-to-noise degradation. In the 

Acetone Isomenthol 

V4-": A 

A ~ ' B 

Figure 9.34. A schematic representation 
of signal attenuation through molecular 
diffusion. The local field experienced by 
molecule A during the first gradient 
pulse (molecules shown in black) does 
not precisely match that experienced 
during the second gradient pulse 
(molecules shown in grey) due to 
diffusion during the delay A. The signal 
of A does not fully refocus and its 
response is attenuated. Greater 
attenuation is observed for the faster 
moving molecule B due to the greater 
difference in local fields it experiences 
during the two gradient pulses. 

Figure 9.35. Diffusion-weighted proton 
spectra from a mix of acetone, TMS and 
isomenthol in CDCI3 at 298 K. The 
diffusion delay A was 30 ms and 
gradient strengths were progressively 
increased from 0.025 to 0.25 T m"^ in a 
bipolar LED sequence [90,91]. 

TMS 

— 1 — I — 1 — 

2.0 
"n ' ' '—'—\—^ 
1.5 1.0 0.5 

—\—^ 
0.0 

Increasing 
gradient 
strength 

ppm 



370 High-Resolution NMR Techniques in Organic Chemistry 

Figure 9.36. Diffusion plot for the 
decays shown in Fig. 9.35, including the 
decay data for the residual CHCI3 of the 
solvent. The slopes indicate relative 
mobility rates of 1.0: 1.3 : 1.5 : 1.6 for 
isomenthol: TMS : acetone: chloroform. 

ln(I/Io) 

G^fT^m^ 

fsomenthol 

TMS 

Acetone 
CHCI3 

stimulated-echo sequence [92] (Fig. 9.33b) magnetisation is longitudinal during 
the diffusion period, by virtue of the second 90° pulse, meaning the sequence is 
now limited by slower longitudinal (Ti) relaxation rates instead. Following the 
diffusion period, the magnetisation is returned to the transverse plane by the 
third 90° pulse for refocusing and detection. All recently introduced diffusion 
sequences [90,91,93] are derived from this basic stimulated-echo sequence, for 
which variations on equation Eq. 9.3 must be employed. 

2DD0SY 
Once diffusion coefficients have been determined from appropriate data-

fitting routines, it becomes possible to use these data to generate a diffusion 
dimension within a pseudo-2D spectrum [93-96]. Since each resonance for a 
given molecule should be associated with the same diffusion coefficient, these 
may be dispersed along the diffusion dimension of a DOSY plot (Fig. 9.37). 
This diffusion-based spectrum editing can also be applied to conventional two-
dimensional sequences, yielding pseudo-3D plots [97]. The editing of mixtures 
of small molecules in this way is experimentally very demanding because of 
the need to resolve small differences in similar diffusion coefficients, and the 
technical difficulties associated with this have been discussed in some detail 
[93]. Nevertheless, this clearly has great potential for the direct analysis of 
mixtures from a wide variety of sources and is clearly an area for future 
development. 

Figure 9.37. The 2D diffusion-ordered 
spectrum (DOSY) of a mixture of 
glucose, adenosine 5'-triphosphate (ATP) 
and sodium dodecyl sulphate (SDS) 
micelles in D2O. The horizontal axis 
displays the conventional proton 
spectrum which is dispersed along the 
vertical dimension by individual 
diffusion coefficients (reproduced with 
permission from reference [95]). 
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Appendix 

Glossary of acronyms 

Acronym/term Translation Section 

ACOUSTIC Alternate compound 180s used to suppress transients in the coil (for quadrupolar 
nuclei) 

APT Attached proton test (spectrum editing) 
BIRD Bilinear rotation decoupling 
BURP Band-selective, uniform-response, pure-phase (selective) pulse 
CAMELSPIN Cross-relaxation appropriate for minimolecules emulated by locked spins (aka 

ROESY) 
COLOC Correlation through long-range coupling 
COSY Correlation spectroscopy 
CPD Composite pulse decoupling 
CPMG Carr-Purcell-Meiboom-Gill T2-dependent spin-echo sequence 
CSA Chemical shift anisotropy 
CYCLOPS Cyclically-ordered phase-sequence (for suppressing quadrature artefacts) 
DANTE Delays alternating with nutation for tailored (selective) excitation 
DEPT Distortionless enhancement by polarisation transfer (spectrum editing) 
DIPSI Decoupling in the presence of scalar interactions 
DOSY Diffusion-ordered spectroscopy 
DPFGSE Double pulsed field gradient spin-echo (selective excitation) 
DQF-COSY Double-quantum filtered correlation spectroscopy 
EXORCYCLE Phase cycle to suppress 'ghost' and 'phantom' artefacts in spin-echo sequences 
EXSY Exchange spectroscopy 
FID Free induction decay 
FLIPSY Flip-angle adjustable one-dimensional NOESY (solvent suppression) 
FLOPSY Flip-flop mixing sequence (for total correlation spectroscopy) 
GARP Globally-optimised, alternating phase, rectangular pulses (for broadband decoupHng) 
HEHAHA Heteronuclear Hartmann-Hahn spectroscopy 
HETCOR Heteronuclear correlation 
HMBC Heteronuclear multiple bond correlation 
HMQC Heteronuclear multiple quantum correlation 
HOESY Heteronuclear Overhauser effect spectroscopy 
HOHAHA Homonuclear Hartmann-Hahn spectroscopy (aka TOCSY) 
HSQC Heteronuclear single-quantum correlation 
INADEQUATE Incredible natural-abundance double-quantum transfer experiment 
INEPT Insensitive nuclei enhanced by polarisation transfer 
J-MOD J-modulated spin-echo 
LP Linear prediction 
MAS Magic angle spinning 
MLEV Broadband decoupling cycle from Malcolm Levitt 
MQF Multiple-quantum filter 
NOE Nuclear Overhauser effect 
NOESY Nuclear Overhauser effect spectroscopy 
PENDANT Polarisation enhancement nurtured during attached nucleus testing (spectrum editing) 

4.5 

4.3.2 
6.3.3 
9.3.1 

6.5.2 
5.2 
9.2 
2.4.4 
2.5.3 
3.2.5 
9.3.2 
4.4.3 
9.2 
9.5.2 
9.3.3 
5.6.2 
7.2.2 
8.7.4 
2.2.2 
9.4.1 
9.2 
9.2 
5.7 
6.5.1 
6.4 
6.3.1 
8.9 
5.7 
6.3.2 
5.8 
4.4.2 
4.3.1 
3.2.3 
9.5.1 
9.2 
5.6.2 
8.2 
8.7 
4.4.4 
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Acronym/term Translation Section 

PFG Pulsed field gradient 
RIDE Ring-down delay sequence (for quadrupolar nuclei) 
ROESY Rotating-frame Overhauser effect spectroscopy 
SEFT Spin-echo Fourier transform (spectrum editing) 
SPFGSE Single pulsed field gradient spin-echo (selective excitation) 
SPT Selective population transfer 
SUSAN Spin decoupling employing ultra-broadband inversion sequences generated via 

simulated annealing (broadband decoupling sequence) 
TOCSY Total correlation spectroscopy 
TPPI Time-proportional phase incrementation 
Tr-ROESY Transverse rotating-frame Overhauser effect spectroscopy 
WALTZ Wideband, alternating-phase, low-power technique for zero-residual splitting 

(broadband decoupling sequence) 
WATERGATE Water suppression through gradient tailored excitation 
WATR Water attenuation by transverse relaxation 
WURST Wideband, uniform rate and smooth truncation (broadband decoupling sequence) 

5.5 
4.5 
8.8 
4.3.1 
9.3.3 
4.4.1 
9.2 

5.7 
5.3.1 
8.8 
9.2 

9.4.3 
2.4.4 
9.2 



Index 

coupling 43 
2DEXSY 327 
linewidths 41 

satellites in ^^C spectra 211 
satellites in ^H spectra 116, 224, 228, 

244 
satellites, selecting 228, 243 

14N 

coupling 44 
linewidths 41 

15N 

INEPT 136, 137 
HSQC 233 

backward linear prediction 144 

RIDE 144 

180° pulse 18 
195pt 

field dependence, satellites 39 

19F 

coupling to ^̂ B 43 
quantitative 55 

ID NMR, see One-dimensional NMR 

'Jcc 
measuring 214 
typical values 216 

'JCH 

typical values 128, 226 

typical values 248 
29Si 

HMBC 249 

2D NMR, see Two-dimensional NMR 

coupling 42 
lock 85-87 

3-(trimethylsilyl)propionate 
shift reference 78 

^^CHMQC 237 
^IPCOSY 159 
^^FeHMQC 238 
decoupling 124 

3D NMR, see Three-dimensional NMR 

57Fe 

^IPHMQC 238 

^^Se 
CSA relaxation 39 

90° pulse 18 

Absolute-value 
display, 2D 161, 164, 173, 268 
gradient spectroscopy 183 

Absorption mode 19 

Acetylisomontanolide 

i^C INADEQUATE 214 

ACOUSTIC 111, 144 

Acoustic ringing 143 
Acquisition parameters 

2D NMR 170-172 

Acquisition time 54-56 
2D NMR 170-172 

Acronyms 

glossary 373, 374 

Active coupling 192-194 

ADC, see Analogue-to-digital converter 

ADEQUATE 217 

Adiabatic 
decoupling 347, 348 
pulses 348 

Aliasing 53, 62 
2D NMR 163 
folded signals 62, 163 
wrapped signals 62, 163 

Alkynes, unusual behaviour 
DEPT 142 
HMQC/HSQC 227 

AUylic coupling 
in COSY 199 

Alumina, activated 76 

Amplitude modulation 150, 161, 178 

Analogue filters 53, 54 

Analogue-to-digital converter 47, 52, 
65-70 

overload 66 
resolution 65 

Andrographolide 
DQF-COSY 196 
NOEs 300 
NOESY 315 

Anisotropy 
in chemical bonds 38 

Antiphase 
splittings, in COSY 162, 192-197 
vectors 21 

Apodisation 57, 70 

APT, see Attached proton test 

Artefacts 
axial peaks 167 
clipped FID 66 
ghosts 266 
phantoms 266 
quad images 64, 168 
SPT 131,309 
subtraction 307 
ti-noise 168,234,247 
truncated FID 56 

ASTM 

test sample 107, 108 

Attached proton test 111,128 

Audio frequencies 51,61 

Axial peaks 167 

B 

Bo, static magnetic field 13, 49 
inhomogeneity 30, 46 
optimising 87-94 

Bi, rf magnetic field, transmitter 18, 49 
calibrating 95-98 
inhomogeneity 341-343 

B2, rf magnetic field, decoupler 346, 347 
calibrating 98 

Bandpass filter 52, 53 

Bandwidth 
decoupling 347 
excitation 344 
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Bar magnet analogy 14, 38 

Beff, effective rf field 49, 342, 348 

Benzene 
test sample 107 

Bicycle dynamo 129 

Bilinear rotation decoupling 235 
HMQC 234-236 
HETCOR 254,255 
J-resolved spectroscopy 263 

BIRD pulse, see Bilinear rotation 
decoupling 

Bloch-Siegert shift 98,118 

Boiling points 

deuterated solvents 76 

Boltzmann distribution 15, 129, 280 

Boronic acids 41 

Broadband decoupling 120, 346-348 
of proton spectra 267, 269, 272 

Bulk magnetisation vector 15 

BURP pulse 350,352-354 
excitation trajectory 353 

Butanol 
i^C INADEQUATE 213 

Calibrations 
decoupler pulses 97 
pulsed field gradients 99-104 
pulse widths 94-99 
radiofrequency fields 95, 98 
shaped pulses 358, 359 
temperature 104 

CAMELSPIN, see ROESY 

Carbopeptoids 
COSY 156-158 
HMBC 250 
HSQC, i^N 233 
TOCSY 202,211 
Tr-ROESY 331 

Carousel analogy 
rotating frame 17 

Carr-Purcell sequence 33 

Carr-Purcell-Meiboom-Gill sequence 
33,34 

Chemical exchange 
acidic protons 77 
EXSY 326-328 
solvent attenuation 34 

Chemical shift 
anisotropy 38, 39 
early observations of 2 
refocusing 22-24 
visualising in vector model 20, 21 

Chemical shift anisotropy relaxation 38 

Chloroform 
test sample 106 

Chromium(III) acetylacetonate 38, 113, 
216 

Cleaning, NMR tubes 80 

Clipping, FID 66 

Coherence 174-178 
double-quantum 175, 189, 212 
multiple-quantum 176 
order 175 
phase- 18, 175 
single-quantum 175 
transfer pathways 177, 178 
zero-quantum 175, 317 

Coherence transfer 174-178 
echoes, 2D 165 
in COSY 155 
in TOCSY 203 

Coherence transfer pathways 177, 178 
in COSY 177 
inDQF-COSY 189 
in HMQC 226 
inHSQC 229 
in INADEQUATE 212 
inNOESY 316 

COLOC 254 

Composite pulse decoupling 120, 
346-348 

schemes for 346, 347 

Composite pulses 51,310,341 -345 
broadband decoupling 346-348 
inversion versus refocusing 344, 345 
properties of, selected 344 
spin locks 208, 347, 348 

Conformational averaging, of NOE 303, 
304 

Constant-time experiments 255 

Contour plot 153, 166, 174 

Cooley-Tukey algorithm 
fast Fourier transform 24 

Correlation spectroscopy, COSY 
153-160, 187-201 

gradient selected 182, 190 
interpreting 156-159, 192-197 
phases in 162, 189 
small coupUngs 199, 200 
which method? 188, 189 

Correlation time, Xc 36, 283 

COSY, see Correlation spectroscopy 

COSY-45, see COSY-P 

COSY-60, see COSY-P 

COSY-90 148, 153, 188 

COSY-P 148, 158, 188, 197-199 
geminal versus vicinal couplings 198 

Coupling constants 
fromDQF-COSY 194-197 
in cyclohexanes 196 

CPMG, see Carr-Purcell-Meiboom-Gill 

Crosspeak 155, 159, 160 
disappearance, in COSY 194 
tilting, in COSY 198 

Cross-polarisation 201 

Cross-relaxation 281, 288, 306 
rates 282,289,302 

Cryo-probes 83 

CSA, see Chemical shift anisotropy 
relaxation 

Cyclodextrins 
NOESY 325 
ROESY 333 

Cyclohexanes 
couplings, from COSY 196 

CYCLOPS 64 
in 2D NMR 168,215 

D 

D2O exchange 77 

DANTE 354,355 

excitation sidebands 355 

dB scale 95 

Decimation 69 
Decoupler 

calibrating 97-99 
gating 119, 121 
leakage 119 
radiofrequency 47 

Decoupling 116-124,346-348 
adiabatic 347, 348 
bandwidths 120,347 
basis of 117 
broadband 120, 124, 346, 347 
composite pulse 120, 346, 347 
gated 121 
heteronuclear 120, 124 
homonuclear 117 
selective 117, 121 

Degassing 
NOE 289,337 
techniques for 80 

Delayed-COSY 148, 188, 199, 200 

DEPT H I , 139-142 
editing with 140 
optimising sensitivity 142 
sequence 139 

DEPT-Q 111, 141,143 

Detection 51-56,59-63 
2D NMR 149 
single channel 59 
two channel, quadrature 60-63 

Deuterated solvents 
changing 77 
properties 76 

Developments, in NMR 1-4 

Diagonal peak 155, 159 

Diastereotopic protons 
^H-^^C correlations 225 

Difference spectroscopy 118 
NOE 306-313 
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Diffusion 
coefficient 369, 370 
losses 32, 186 
ordered spectroscopy 368-370 

Digital filters 69 

Digital resolution 54, 55 

Digital signal processor 52, 69 

Digitisation 51, 65 
2DNMR 170-172 
noise 66 

Digitiser, see Analogue-to-digital converter 

Dilute spins 
correlating 211-218 

Dioxane 
shift reference 78 
test sample 107 

Dipolar interactions 
coupling 38, 277, 280, 282-285, 366 
electrons 38 

Dipole-dipole relaxation 37, 38, 282-285 

DIPSI-2 209,347 

Directional coupler 85 

DOSY 368-370 

Double difference phase-cycle 229 

Double pulsed field gradient spin-echo 
355-357 

IDNOESY 320 
IDTOCSY 211 

Double-quantum filter 
ID 191 
2D 189-192 
INADEQUATE 212,215 

DPFGSE, see Double pulsed field gradient 
spin-echo 

DQF, see Double-quantum filter 

DQF-COSY 148, 188-197 
multiplet structures 192-196 
sequence 189 
versus COSY 188, 190, 191 

Drying, samples 76 

DSP, see Digital signal processor 

Dummy scans 171 

Duty cycle 119 

Dwell time 52 

Dynamic range 65-70, 359 

E 

EBURP, see BURP pulse 

Echo-antiecho method 184 

Eddy currents 186 

Editing 
ID proton spectra 242 
background suppression 34 
by molecular size 34, 368, 370 

heteronuclear 2D correlations 239, 240 
multiplicity 125-129, 138-143, 239, 

240 
T2 filter 34 

Electric field gradients 41 

Enantiomeric excess 
improving accuracy 55, 56, 116 

Equilibrium 

establishing 26, 27 

Equilibrium NOE, see Steady-state NOE 

Ernst angle 112 

Ethanediol 
temperature calibration 104 

Ethanol, first high-resolution ^H spectrum 
1 

Ethylbenzene 
test sample 107 

Ethylene glycol, see Ethanediol 

Evolution time 
2DNMR 149 

Excitation bandwidth 50, 342, 357 

Excitation profiles 49, 345, 351, 352 
binomial pulses 363 
inversion 345 
shaped pulses 351, 352 

Excitation sculpting 355-357 
IDNOESY 320 
solvent suppression 365 

Excitation trajectories 
binomial pulses 363 
composite pulses 343 
DANTE 355 
imperfect pulses 342 
shaped pulses 351, 353, 355 

EXORCYCLE 215, 266, 321, 361 

Experiment selection, guidelines for 8-12 

Exponential 
decay 71, 106 
multiplication 70, 71 
recovery 26, 27 

EXSY 278,316,326-328 
exchange rates 327, 328 
mixing time 327 
sequence 316 

Extreme narrowing Hmit 36, 285, 306 

fi ,2DNMR 8, 149 

f2, 2D NMR 8, 149 

Field-gradient pulses, see Pulsed field 
gradients 

Filling factor 224 

Filtering 
ID proton spectra 242, 243 
low-pass, HMBC 246 

noise 53, 54 
sample solutions 80 

FLIPSY 362 

FLOCK 256 

FLOPSY-8 347 

Folding, see Aliasing 

Fourier transformation 
complex 60, 61 
introduction, to NMR 2 
in 2D NMR 151, 173 
mathematical expression 24 
real 60,62 

FRED™ 216 

Free induction decay 20 

Freeze-pump-thaw method 81, 337 

Frequency domain 24 

Frequency labelling 150-152 

Frequency sweep 
adiabatic 348 

G 

Gadolinium 
triethylene-tetraamine-hexaacetate 
216 

GARP 347 

Gated decoupling 121, 122 
in J-resolved spectroscopy 260 
inverse 115, 121,288 
power 121 

Gaussian pulse 350-352, 354 
ID NOESY 321 
cascades 350, 352-354 
semi-selective HMBC 250 

Gel-phase NMR 366 

Geminal couplings 
in COSY 158, 198 

Gradient echo 
gradient calibrations 100-103 
selective excitation 355-357 
shimming 93 
signal selection 179-183 

Gradient image profiles 93, 102 

Gradient shimming 92-94 

Gradient-accelerated spectroscopy, see 
Gradient-selected spectroscopy 

Gradient-enhanced spectroscopy, see 
Gradient-selected spectroscopy 

Gradient-selected spectroscopy 178-187 
advantages and limitations 185 

Gramicidin-S 
TOCSY 205,208 
NOESY 324 

Gyromagnetic ratio, see Magnetogyric 
ratio 
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H 

Hard pulse 49, 348 

Hartmann-Hahn match 201, 204 
inROESY 329 

Heating, rf induced 120, 342 

HEHAHA 205 

Heisenberg Uncertainty principle 
pulse excitation 48 
relaxation 26 

HETCOR 221,252-254,273 
homonuclear f i decoupling 254 

Heterogeneous samples 366-368 

Heteronuclear multiple-bond correlations 
proton detected 244-251 
X-detected 254-256 

Heteronuclear single-bond correlations 
proton detected 224-243 
BIRD selection 234-236 
breakthrough in HMBC 246 
gradient selection 231-234 
HMQC 224-229 
HSQC 229,230 
hybrid experiments 238-243 
X-detected 251-254 

History of NMR 1-4 

HMBC 221,244-251 
applications 248-251 
semi-selective 250 
sequence 245 

HMQC 221,224-229 
edited, multiplicity 239 
for X-Y correlations 237 
sequence 225 
TOCSY 241 
versus HSQC 224,229 

HOESY 278, 335, 336 
mixing time 336 
sequence 335 

HOHAHA, see TOCSY 

Homospoil pulse 185 

HSQC 221,229,230 
edited, multiplicity 239 
TOCSY 241 

Hybrid experiments 238-243 

HYSEL 240 

IBURP, see BURP pulse 

Imaginary spectrum 24, 162 

Imaging 
gradient shimming 93 

INADEQUATE 148,211-218 
ID, measuring Jcc 213 
2D 212,213 
implementing 215 

proton detected 216-218 

INEPT 111, 132-139,217 
editing with 138, 139 
in ^H-X correlations 229, 252 
multiplet intensities in 135 
optimising sensitivity 134 
refocused 133-136 
signal averaging 137 

INEPT+ 135 

INEPT-INADEQUATE 216-218 

Inhomogeneity 
Bo field 30,46 
Bi field 341-343 

INSIPID 217 

Instrumentation 45-48 

Integration 38, 114-116 

Interferogram 150 

Inverse spectroscopy 222-224 

Inversion recovery 
for measuring Ti 27-30 
inBIRD-HMQC 235,236 
sequence 28 

Isochromats 32 

Isotropic mixing, see Spin-lock 

I-spin, inNOE 279 

J-modulated spin-echo 111,125-128 
2D analogue, J-resolved 260-262 
editing in HSQC 239 

J-resolved spectroscopy 259-274 
heteronuclear 259, 260-267 
homonuclear 267-273 
indirect homonuclear 273, 274 

Laboratory frame of reference 16 

Larmor 
frequency 15 
precession 14 

LC-NMR 3, 148, 359 

Leu-enkephalin 
IDDQF 191 
DQF-COSY 194 

Ligand exchange, EXSY 327 

Linear prediction 57-59 
backward 59, 144 
forward 58 
in 2D NMR 58, 59, 173 

Line-broadening functions 70, 71 

Lineshape 
2D 161-163, 165, 166 
absorption mode 19 

defects 90 
dispersion mode 19 
Gaussian 72 
Lorentzian 31,72,116 
tests 106, 107 

Linewidth 
half-height 31 

Lock 
optimising 86 
parameters 86 
system 85-87 

Longitudinal spin relaxation 26-30, 281 

Long-range COSY, see Delayed-COSY 

Long-range couplings 
^H-^^C 123, 244, 254, 263-265 
inCOLOC 254 
in COSY 159, 199 
in HMBC 244,245,248 
measuring "JCH» J-resolved 263-265 

Low-pass J-filter 246 

LP, see Linear prediction 

M 

Magic angle spinning 366-368 

Magic-cycle, decoupling 346 

Magnetic field. Bo 13 
optimising 87-94 

Magnetic flux density 13 

Magnetic moment 
molecular 39 
nuclear 13 

Magnetic susceptibiUty 
matched NMR tubes 79 
sample preparation 79, 366 

Magnetogyric ratio, y 13, 129, 222 

Magnets, superconducting 2, 45, 46, 
progress 46 
shielded 3 

Magnitude calculation 165 

Manganese(II) chloride 38 

Marine alkaloids 205, 323 

MAS, see Magic angle spinning 

Matching 

probehead 83 

MAXY 240 

Melting points 
deuterated solvents 76 

Menthol 
INEPT-INADEQUATE 218 
J-resolved 261 

Methanol 
temperature calibration 104 

Mixing 
2D NMR 149 

Mixing time, tm 
in NOES Y 318 
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inROESY 305,329 
inTOCSY 202,204,206 

MLEV-16 209,346,347 

MLEV-17 208, 347 

Molecular sieves 
drying samples 76 

Monochromatic radiation 
pulsed excitation with 48, 342 

Mosher's acid derivatives 
ee determinations 55 

Multiple-quantum coherence 174-176 
DEPT 139 
HMQC 226 
simpUfied picture 176 

Multiplets 
visualising in vector model 22 

Multiplicities from 
DEPT 138-143 
HMQC/HSQC 239,240 
INEPT 125-129 
J-resolved spectroscopy 261, 262 

N 

Natural abundance 
of quadrupolar nuclei, selected 40 
of spin-V2 nuclei, selected 14 

NMR spectrometer, schematic 45 

NOE difference 278, 306-313, 335 
heteronuclear 335 
optimising 307-313 
quantifying enhancements 312 
SPT artefacts 309 
subtraction artefacts 307 

NOE, see Nuclear Overhauser effect 

NOESY 278,313-323 
ID, gradient 320-322 
compUcations with 317 
crosspeaks, origins 317 
intemuclear separations 319 
mixing time, optimum 318 
presat 362 
sequence 316 

Noise 
filtering 53 
digitisation- 66, 68 
quantisation- 66, 68 

N-type 
echoes 165 
pathway 177, 183 
signals, 2D 164, 165, 177, 178, 183 

Nuclear Overhauser effect (see also 
Steady-state NOE; Transient NOE; 
Rotating frame NOE) 37, 277-337 

applications, examples 296-301, 
323-326, 332-334 

conformational averaging 303 
cross-relaxation 81, 282, 288, 306 
definition 279 
distance dependence 283, 285, 287 

experimental aspects 336, 337 
field strength dependence 286, 287 
heteronuclear 136, 287, 335, 336 
homonuclear 279,285 
initial rate approximation 302, 303 
internuclear separations 303, 319, 320 
introduction of, to NMR 2 
kinetics 302, 303 
leakage of 289 
molecular motion 285-287 
negative 281, 288, 293 
positive 281 
sensitivity enhancement 2, 136 
steady-state 277, 279-301, 306-313 
rotating frame 286, 304-306, 328-334 
transient 277, 301-304, 313-328 

Nuclear spin 13 

Nutation angle 18 

Nyquist condition 52, 53 
2D NMR 170 
oversampling 68 

o 
Off-resonance 

effects 49,341,342 
excitation 362 

One-dimensional NMR 
techniques 111-145, 191, 210, 213, 

242, 307, 320, 332 

On-resonance 
excitation 20,48,49 

Oversampling 68-70 
decimation 69 

Overview, of modem NMR methods 8-12 

Palladium phosphine complexes 
iH{iH} decoupled 272 
iH{3ip} decoupled 124 
HETCOR 253 
NOESY 325 
ROESY 334 

Paramagnetic relaxation 34, 38 
agents for 38, 113 
NOE, quenching 289,337 
removing O2 80, 337 

Pascal's triangle 193 

Passive coupling 192-194 

PENDANT 111,142,143 

PEG spin-echo, diffusion 368 

PEG stimulated echo, diffusion 369 

Phantom 
in gradient calibrations 101 

Phase 
correction, ID 73, 74 
correction, 2D 174 

coherence 18, 175 
real and imaginary data 24 

Phase cycling 63-65, 179 
axial peak suppression 167 
CYCLOPS 64, 168 
double-difference 229 
EXORCYCLE 266 
multiple-quantum filtration 190 

Phase errors 
aliased signals 62 
correction 73-75, 174 
zero and first order 73 

Phase modulation 164, 178 
in J-resolved spectroscopy 268 

Phase-sensitive 
display, 2D 161, 162, 166 
gradient spectroscopy 183 

Phase-sensitive detector 61 

Phase-twist lineshape 165, 166 
in J-resolved spectroscopy 268 

Polarisation transfer 130-132 
in COSY 155, 160 
versus NOE, sensitivity 136 

Population differences 15, 18, 19 
equalising 18 
inverting 19 

Population inversion 19, 130-132 

Pre-acquisition delay 
phase errors 74 
quadrupolar nuclei 143 

Precession 
gyroscope 15 
nuclear, Larmor 14, 15 

Preparation 
2D NMR 149 

Probeheads 47, 82 
acoustic ringing 143 
actively shielded 187 
broadband 47, 83 
cryogenic 83 
inverse 83, 224 
magic angle spinning 368 
micro 82 
nano 82 
Q-modulation 337 
selective 47 
sizes 47, 82 
tuning and matching 83-85 

Processing parameters 
2D NMR 172 
general scheme, 2D 173 

Propagation, magnetisation 
with spin-lock 204, 208 

Protocol, for structure confirmation 10 

Pseudo-diagonal 213 

P-type 
anti-echoes 165 
pathway 177, 183 
signals, 2D 164, 177, 178, 183 

Pulse excitation 18-20,48-51 
bandwidth 50,349 
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tip or flip angle 18 
vector model 18-20 

Pulse imperfections 
Bi inhomogeneity 341-343 
compensating for 341-345 
excitation trajectories 342 
inHSQC 229 
off-resonance effects 49, 341-343 

Pulse sequence nomenclature 7 

Pulse width 
calibration 94-99 
definition 49 
miscalibration 341 

Pulsed field gradients 178-187 
implementing 186 
introduction of, to NMR 3 
in high-resolution NMR 184-186 
shimming with 92-94 
signal selection 179-182 
symbols used for 7 

Pulses 
gradient 179-183 
hard, rf 49,354 
shaped/selective, rf 348-354 
soft, rf 49,348-354 
symbols used for 7 

Pure-phase pulse, shaped 352-354 

Q 

Q3, shaped pulse 352 

Q5, shaped pulse 352 

Q-modulation 337 

Quad-images 63-65, 168 
compensating for, CYCLOPS 64, 168 

Quadrature detection 59-63 
ahasing 62, 163 
echo-antiecho method, 2D 184, 233 
images 63-65 
in 2D NMR 161-166 
States method, 2D 162 
TPPI method, 2D 162 

Quadrupolar nuclei 
coupling with spin-V2 nuclei 42, 43 
linewidths 40 
natural abundance of, selected 40 
observing 143 
sensitivity 40 

Quadrupolar relaxation 40-43 
NOE, quenching 289 

Quantitative NMR 114-116 
i^F 55 

R 

Radiation damping 85, 360 

Radio-frequency pulses {see also Pulses) 
symbols for 7 

Real spectrum 24, 162 

REBURP, see BURP pulse 

Receiver 45 

gain 66, 67 

Receiver imbalance 

compensating for, CYCLOPS 64 

Recovery delay, see Relaxation delay 

Reference compounds 77, 78 

Reference deconvolution 169 

Reference distances, NOE 320 

Referencing spectra 
internal 77 
external 78 
S scale 78 

Refocusing 

chemical shifts 22-24 

Relative sensitivity 
of spin-V2 nuclei, selected 14 

of quadrupolar nuclei, selected 40 

Relaxation 25-44 
free induction decay 20 
longitudinal 26-30 
mechanisms 35-44 
spin-lattice 26 
spin-spin 31 

transverse 30-35 

Relaxation delay 111-114 

Relayed-COSY 200,201 

Relaying of information 

inTOCSY 203-205 

REPAY 240 

Repetition rate 
Ernst angle 112 
optimum, in ID NMR 112-114 
optimum, in 2D NMR 172 

optimum, with 90° pulse 114 

Resolution 

tests 106, 107 

Resolution enhancement 71-73 

linear prediction 57-59 

RIDE 

quadrupolar nuclei 111, 144 

Robotic sample changer 48 

ROE, see Rotating frame NOE 

ROESY 278,328-334 
ID 332 
compensated 332 
complications with 329-332 
crosspeaks, origins 331 
mixing time 305, 329 
sequence 329 
spin-locks 329-331 

transverse, Tr- 331 

Rotating frame NOE 304-306, 328-334 
appearance in TOCSY 207 
appHcations, examples 332-334 
false 330,331 
mixing time 305 

spin-lock 305,329-332 

Rotating frame of reference 16-18 

Rotaxanes 
NOESY 325 

Saccharides 
HSQC, edited 240 
HSQC-TOCSY 242 
J-resolved 269 

Sample preparation 75-81,360 

Sample spinning 46, 337 
2D NMR 169 
introduction of, to NMR 2 
shimming 88 
sidebands 90 

Sampling, data 52-56 
sequential 62, 162 
simultaneous 61, 162 

Satellites 39, 116, 211, 224, 228, 244 

Saturation 19,38, 113 
transfer 293,311,362 

Sealing tubes 81 

SEFT 125 

Selective detection 69 

Selective excitation 49, 348-359 
DANTE 354,355 
gradient echoes 355-357 
shaped pulses 351-354 

Selective population inversion 131 

Selective population transfer 131, 132 
artefacts 131,309 

Sensitivity 129, 130, 222-224 
enhancement 70, 71 
heteronuclear correlations 222 
optimising, in ID NMR 112-114 
oversampling 69 
tests 107, 108 

Sequential assignment, peptides 323, 324 

Shaped pulse 349-354 
bandwidth factor 354, 357 
calibrating 358, 359 
DANTE 355 
Gaussian 350-352 
properties of, selected 354 
pure phase 352-354 

Shift correlation 
chemical exchange 326-328 
dipolar couplings 313-320 
heteronuclear couplings 221-256 
homonuclear couplings 147-218 
overview 10 

Shim coils 46, 88 

Shimming 46, 87-94 
automatic 89 
defects 90 
gradient 92-94 
on theHD 91 

Signal averaging 67, 68 
NOE difference 307-309 

Signal-to-noise ratio 
measuring, tests 107, 108 
in signal averaging 67, 68 
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Single-channel detection 59, 62 
TPPI 162 

SNEEZE, shaped pulse 354, 358 

Soft pulse (see also Shaped pulse) 49, 
349-354 

Solvent suppression 359-366 
binomial sequences 362, 364 
via chemical exchange 34 
jump-return 362 
presaturation 361 
pulsed field gradients 363-366 
test sample, sucrose 109, 365 

Solvents 75,336,359 

Spectral density 36, 283 

Spectral width 52 

Spectrum editing 125-143 
with spin echoes 34, 35, 125-129 

Spin coupling 

visualising in vector model 21-24 

Spin quantum number, I 13, 40 

Spin rotation relaxation 39, 40 

Spin-diffusion 293, 294, 303 
Spin-echoes 21-24 

experimental observation 31 -34 
homonuclear 23, 203 
heteronuclear 23 
in J-resolved spectroscopy 260 
in spin-locks 203 
J-modulated 125-129 
T2 measurement 31-34 
visualising in vector model 21 

Spin-lattice relaxation, see Longitudinal 
spin relaxation 

Spin-lock 347,348 
in ROESY 305, 329-332 
inTOCSY 203,347 

Spinning sidebands 90 

Spin-spin relaxation, see Transverse spin 
relaxation 

Spin-spin-coupling 

early observations of 2 

Spontaneous emission 27 

S-spin, inNOE 279 

Stacked plot 153, 166 

States method 
2D quad detection 162 
axial peaks 167 

Steady-state 
2DNMR 171 
magnetisation 112, 113 

Steady-state NOE 279-301 
appUcations, examples 296-301 
distance dependence 287, 290 
indirect, 3-spin 291 
measuring 306-313 
multispin system 288-294 
origin 279 
spin-diffusion 293 

summary of, key points 294-296 
two-spin sys em 279-288 
ver5M5 transient NOE 313 

Steroids 
NOESY 325 
ROESY 332 

Stimulated emission 27 

Strong coupling 
in J-resolved spectroscopy 266, 270 
spin-locks, TOCSY 203 

Sucrose 
test sample 109, 365 

Superconducting magnets, see Magnets 

Supercritical fluids 
as NMR solvents 41 

Super-cycle, decoupling 346 

SUSAN 347 

Symmetrisation 
in COSY 169 
in J-resolved spectroscopy 268 

Symmetry 
in complexes 41 
quadrupolar lineshapes 41 

t i ,2DNMR 8, 149 
noise 168,233,247 

Ti, relaxation time constant 
definition 26 
dependence on tumbling rates 283, 

284 
measuring 27-30 

T2, relaxation time constant 
definition 30 

t2, 2DNMR 8,149 

T2, relaxation time constant 
definition 30 
measuring 31-34 

Temperature calibration 
high, ethanediol 104 
low, methanol 104 

TentaGel resin 367 

Tests, spectrometer 105-109 
gradient linearity 102, 103 
lineshape 106, 107 
resolution 106, 107 
sensitivity 107, 108 
solvent suppression 109 

Tetramethylsilane 77 

Three-dimensional NMR 
DOSY 370 
schematic sequence 152 

Three-spin effects, NOE 291-293 

Tilting 
of J-resolved spectra 268 
within COSY crosspeaks 198 

Time domain 24 
extension, linear prediction 57-59 
extension, zero-filling 56, 57 

Time profile 
of shaped pulses 350 

Time proportional phase incrementation 
2D quad detection 162 
axial peaks 167 

TMS, see Tetramethylsilane 

TOCSY 148, 188,201-211 
ID, selective 210 
applications 205-208 
breakthrough in ROESY 329-331 
gradient-selected 209 
HMQC/HSQC 241 
implementing 208 
mixing schemes for 346-348 
sequence 202 
spin-locks 202, 347 

TOE, see Truncated driven NOE 

Top-hat profile 350,352 

TPPI, see Time proportional phase 
incrementation 

Transient NOE 277, 301-304, 313-328 
applications, examples 323-326 
initial rate approximation 303 
internuclear separations 303, 319 
interpreting, comments 322 
mixing time 301, 314-316, 318, 319 
versus steady-state NOE 313 

Transition probabihties 281 

Transitions 
directly connected 197 
remotely connected 198 

Transmitter 
attenuation 95, 96 
radiofrequency 47 

Transverse magnetisation 
observable 18-20 
loss of 30,31 

Transverse spin relaxation 30-35 

Trim pulses 208 

Triple-quantum filter 196 

Tr-ROESY 331 

Truncated driven NOE 301 

Truncation artefacts 56, 57 
sine wiggles 57, 71, 173 
suppressing 57, 70, 73 

TSP, see 3-(trimethylsilyl)propionate 

Tubeless-NMR 3 

Tubes 78-80 
cleaning 80 
sapphire 41 
sealing 81 
susceptibility matched 79 

Tumbling rates 
in solution 36-43, 282-287 
correlation time 36, 283 

Tuning 
probehead 83-85 
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Two-dimensional NMR 
introduction, to NMR 3 
introduction to 148-153 
practical aspects 160-174 
schematic sequence 152 

u 
Ultrasonic mixing 360 

Universal pulse, shaped 353 

Vector model 16-24 

Vibrations, floor 47 

Vicinal couplings 

in COSY 158, 198 

Volume integrals, 2D 319 

Volumes 
NMR samples 78,79 

Water 
temperature dependence 360 

WATERGATE 364 

WATR 34 

Waveform generator 354 
Window functions 70-73 

2D NMR 165, 166, 172-174 
exponential multiplication 70, 71 
Gaussian multiplication 71 
Lorentz-Gauss transformation 71 
matched filter 71 
resolution enhancement 71-73 
sensitivity enhancement 70, 71 
sine-bell 73, 165 
Traficante 72 
trapezoidal 73 

WURST 348 

X 

XCORFE 256 

X-Y heteronuclear correlations 237, 238 

Zero-filling 56, 57, 173 
2D NMR 171-173 

z-filtration 209 

a-pmene 
i^C spectra 122 
Proton Tis 29 

P-peptides 

ROESY 333, 334 

y, see Magnetogyric ratio 

Xm, see Mixing time 

Xnull 

inversion recovery 29 

w 
WALTZ-16 209,346,347 Zero-crossing, NOE 286, 304, 305 
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