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Foreword

It is now more than ten years since the late Andy Derome’s book “Modern
NMR Techniques for Chemistry Research” was published. 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.

J.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 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 and,
it may be argued, has provided the foundations on which modern organic
chemistry has developed. Modern 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 1 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 modern 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 published
‘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 application 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

2000+ Use of high-sensitivity superconducting probes?
Use of flow-injection NMR (‘tubeless’ NMR) in routine structural characterisation?
L7

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
modern NMR. By the end of the 1960s, the first commercial 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 begias, 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 lig-
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 instrumenis becoine
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 emeiging
method utilising flow-injection technology, and may in due course force the
demise of the NMR tube in routine structural characterisations 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.

Modern NMR spectroscopy is now a highly developed and technologically
advanced subject. With so many advauces in NMR methodology in recent years
it is understandably an overwhelming task for the research chemist, and even
the dedicated spectroscopist, to appreciate what modern NMR has to offer.
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This text aims to assist in this task by presenting the principal modern 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 modern
chemical research laboratory, and that an NMR spectrometer represents one
of the largest single investments in analytical instrumentation 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
modern developments in NMR spectroscopy in order to promote their chemical
or biochemical investigations. Even the most basic modern spectrometer is
equipped to perform a myriad of pulse techniques capable of providing the
chemist with a variety of data on molecular structure 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 modern 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 1
perceive to be the requirements of three major classes of potential readers:

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

e 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 instrument, and

e those who make use of spectrometers and are nominally responsible for
the day-to-day upkeep of the instrument (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 modern techniques
are available to assist them in their efforts. but otherwise feel they have little
concern for the operation of a spectrometer. Their data is likely to be collected
under fully-automated conditions, or provided by a central analytical facility.
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 instrumentation.
The third class of reader may work in a small chemical company or academic
chemistry department which has invested in NMR instrumentation 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
rudimentary understanding of how a spectrometer collects the data of inter-
est and how a sequence produces, say, the 2D correlation spectrum awaiting
analysis on your desk, can be enormously helpful in correctly 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 information 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, parttially 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, Foliowing 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 modern 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 tc 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 tc 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 iaey 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 couplings 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 sysiems. The practical implementation of both 1D and 2D
NOE experiments 13 described, including the newly developed pulsed field
gradient 1D NOE suethods. Rotating-frame NOE methods are also described
as these will inevitably take on ever greater importance in the world of
organic NMR as ‘niecest in larger molecules continues to grow in areas
such as host—guest complexes, oligomeric structures and so on. The final
chapter considers additional experimental methods which do not, on their own,
constitute complete NiMiR experiments but are the tools with which modermn
methods are consuucied. These are typically used as elements within the
sequences described in the preceding chapters and include such topics as
broadband decoupling, selective excitation of specific regions of a spectrum
and solvent suppress’an. Finally, the chapter concludes with a brief overview
of some newly esiabliched methods, including the separation of the spectra
of solutes based on their diffusion properties and the direct high-resolution
analysis of materiz's 722 ched to solid-state resins. At the end of the book is a
glossary of some of ¢ scronyms that permeate the language of modern NMR,
and, it might be argeed, 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. Qver 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!. 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.

a) el (<]
90% 1802
nuclide 1 I<.- A— I s A e fly B2
Radiofrequency .
pulses 90% 90y
nuclide 2

Field gradient )
pulses z-axis

Gz AA A

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 accovmt 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 muclide involved in the
experiment are presented on separate rows running lefi to right, in the order
in which they are applied. Most experiments nowadays involve protons, and
often one (and sometimes two) additional nuclides. In organic 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 so-called 22” or 180° 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

! 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 picture the general form of the
resulting spectrum.

Figure 1.2. Pulse sequence
nomenclature. (a) A complete pulse
sequence and (b) the reduced
representation used throughout the
remainder of the book.
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marked with an appropriate Greek symbol that is described in the accompa-
nying text. All 1f pulses also have associated with them a particular phase,
indicated by x, 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 (G,), 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 t. The symbols t; and t, are reserved for the time periods which
ultimately correspond to the frequency axes f; and f, of two-dimensional
spectra, one of which (t;) 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 modern 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:

o Through-bond interactions: scalar (J) coupling via bonding electrons.

o Through-space interactions: the nuclear Overhauser effect mediated through
dipole coupling and spin relaxation.

e 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 correlation 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.
Modern 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
Hy 14H 'H-'H COSY Proton J-coupling typically over 2 or 3 bonds. 5
! | | |
X——X
Hy 5 4Hy 5 4H 'H-'H TOCSY Relayed proton J-couplings within a coupled spin system. Remote 5
)I( )I(L_1 )l( protons may be correlated provided there is a continuous coupling

network in between them.

H ] H TH-X HM LT One-bond heteronuclear couplings with proton observation. 6
' | TH-X HSOO

X—X -

H J TH-X HvB Long-range heteronuclear couplings with proton observation. 6
)'(--L—'X Typically over 2 or 3 bonds when X = 13C.
J X-X COSY COSY only used when X-spin natural abundance > 20%. 5

X~ x X-X INALEZUATE Sensitivity problems when X has low natural abundance.

NOE 'H-'H NOE difference Through-space correlations. NOE difference only applicable to 8
v/-\ 1/2D NOESY ‘mid-sized’ molecules with masses ca. 1-2 kDa.

H H 1/2D RCESY
| l

X----- -X

NOE 'H-X NOE difference Sensitivity limited by X-spin observation. Care required to make 8
H 2D HOESY NOE:s specific in presence of proton decoupling.
I
X--——=X
exchange 1D saturation or inversion Interchange of spins at chemically distinct locations. Exchange must 8

A/_\B transfer be slow on NMR timescale for separate resonances to be observed.

> 2D EXSY Intermediate to fast exchange requires lineshape analysis.

The correlated spins are shown in bold type for each correlation, with X indicating any spin-/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 modern NMR methodology, thus:

o The indirect observation of heteronuclides via proton detection.

o The routine application of 2D methods on a daily basis.

o The application of pulsed field gradients for clean signal selection.

o 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 'H spectrum 1D Information from chemical shifts, coupling constants, integrals
2D 'H-'H correlation COSY Identify J-coupling relationships between protons
1D B¢ 1D, Carbon count and multiplicity determination (C, CH, CH,, CH3). Can often be
(with spectrum editing) (DEPT or APT) avoided by using proton-detected heteronuclear 2D experiments.
1D heteronuclide spectra 1D Chermical shifts and homonuclear/heteronuclear coupling constants
e.g. 3P, YFetc.
2D 'H-13C one-bond correlation HMQC or HSQC Carbon assignments transposed from proton assignments. Proton spectrum
(with spectrum editing) (with editing) dispersed by 3C shifts. Carbon multiplicities from edited HSQC (faster than

above 1D approach).

2D 'H-13C long-range correlation HMBC Correlations identified over two- and three- bonds. Correlations established
across heteroatoms e.g. N and O. Structural fragments pieced together.

Through-space NOE correlation 1D or 2D NOE 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 modern techniques,
anotbher recurring theme of this book. These points may be illustrated by
considering the role of conventional 1D carbon-13 spectra in the modern 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 'H-'*C 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 modern 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 applications, 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 /2. Those with I = 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, w, (Fig. 2.1) such that:

n=yP (2.1)

where the term vy is the magnetogyric ratio' which is constant for any given
nuclide and may be viewed as a measure of how ‘strongly magnetic’ this
1s. 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 By, strictly the magnetic flux density) the
microscopic magnetic moments align themselves relative to the field in a

! The term gyromagnetic ratio is also in widespread use for y, although this does not conform to
IUPAC recommendations [1].

Figure 2.1. A nucleus carries charge and
when spinning possesses a magnetic

moment, L.
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Figure 2.2. Nuclei with a magnetic
quantum number [ may take up 21 4 1
possible orientations relative to the
applied static magnetic field By. For
spin-'/2 nuclei, this gives the familiar
picture of the nucleus behaving as a
microscopic bar magnet having two
possible orientations, o and .

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.

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

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

1H 99.98 400.0 1.0

H 0 426.7 1.28

13C 1.1t 100.6 176 x 1074
SN 0.37 405 3.85 x 107¢
g 100.00 376.3 0.83

2gi 47 79.5 3.69 x 10~*
3p 100.00 161.9 6.63 x 1072
77Ge 7.58 76.3 5.25 x 1074
13Rh 100.00 12.6 3.11 x 1075
3cq 12.16 88.7 1.33 x 1073
119gn 8.58 149.1 4.44 x 1073
1833y 14.40 16.6 1.03 x 1073
195py 33.80 86.0 336 x 103
207py 22.60 83.7 2.07 x 1073

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.

2 Assuming 100% >H labelling.

372
B -1 1 112
12
. 12
n
=12 =1 1=31

discrete number of orientations because the energy states involved are quan-
tised. For a spin of magnetic quantumn number I there exist 2I + 1 possible
spin states, so for a spin-'/2 nucleus such as the proton, there are 2 possi-
ble states denoted +'/2 and —'/2, whilst for I = 1, for example deuterium,
the states are +1, 0 and —1 (Fig. 2.2) and so on. For the spin-half nucleus,
the two states correspond to the popular picture of a nucleus taking up two
possible orientations with respect to the static field, either parallel (the a-state)
or antjparallel (the B-state), the former being of lower energy. The effect of
the static field on the magnetic moment can be described in terms of classical
mechanics, with the field imposing a torque on the moment which therefore
traces a circular path about the applied field (Fig. 2.3). This motion is referred
to as precession, or more specifically Larmor precession in this context. It is

\ Bo

/ 1l . 4(
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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 (o rad s~! or v Hz) is:

w = —yBg rads™!

or _.YB
V= 0 = —yByHz (2.2)
27

and is known as the Larmor frequency of the nucleus. The direction of motion
is determined by the sign of y 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:
hyBQ
2

where h is Plank’s constant. In other words, the resonant frequency of a spin
is simply its Larmor frequency. Modern 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 yg/yc = 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-'/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-!/2 nuclei in the applied static
field. As stated, the orientation parallel to the applied field, a, has slightly lower
energy than the anti-parallel orientation, §, so at equilibrium there will be an
excess of nuclei in the q state as defined by the Boltzmann distribution:

AE=hv= (2.3)

Nu _ car/igt (2.4)

Ng
where N g represents the number of nuclei in the spin orientation, kg 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* 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 My 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
magnetisaiion in the transverse (x—y) plane. Thus we can reduce our pictuse

15
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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 +z-axis.

Figure 2.5. The 1f pulse provides an
oscillating magnetic field along one axis
(here the x-axis) which is equivalent to
two counter-rotating vectors in the
transverse plane.

of many similar magnetic moments to one of a single bulk magnetisation
vector My 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 B, field to distinguish it from the static By field. This
rf is transmitted via a coil surrounding the sample, the geometry of which
is such that the B, 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.

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
B, 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
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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, vp. In this
representation the motion of one
component of the applied tf is frozen
whereas the other is far from the
resonance condition and may be ignored.
-V, o - 2V, (ignored) This provides a simplified model for the
description of pulsed NMR experiments.

T Figure 2.6. The laboratory and rotating
By

Laboratory Rotating
frame frame

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 tf vector and
hence the co-ordinate frame. Since this precessional motion was induced by
the static magnetic field By, 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

a) moving
e el

observer

apparently
static

b) observer

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. 6 is the pulse tip or flip
angle which is most frequently 90 or 180
degrees.

Figure 2.9. Following a 90° pulse, the
individual spin vectors bunch along the
y-axis and are said to possess phase
coherence.

zZ Mo z
— 6 -
et
X B1 y
90°pulse  z 180°puise =
B, y X B, Y y

events in the rorating frame 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 in an
NMR experiment.

Strictly one should use the different co-ordinate labelling scheme for the
laboratory and the rotating frames, such as x, y, z and x’,y’ and 7z’ 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 puise to
the sample. The ‘pulse’ simply consists of turning on rf irradiation of a defined
amplitude for a time period t,, and then switching it off. As in the case of the
static magnetic field, the 1f electromagneltic field imposes a torque on the buik
magnetisation vector in a direction that is perpendicular to the direction of the
B, field (the ‘motor rule’) which rotates the vector from the z-axis toward the
x—y plane (Fig. 2.8). Thus, applying the 1f 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 (y¥B;) and so the angle 6 through which the vector
turns, coiloquially known as the pulse flip or tip angle (but more formally as the
nutaiion angle), will be dependent on the amplitude and duration of the pulse:

0 = 360yB,t, degrees (2.5}

if the if was turned off just as the vector reached the y-axis, this would
represent a 90° pulse, if it reached the —z-axis, it would be a 180° puise,
and so on. Returning to consider the individual magnetic moments thai make
up the bulk magnetisation vector for a moment, we see that the 50° pulse
coiresponds 1o equalising the populations of the o and f states, as there is
now uo net z magnetisation. However, there is a net magnetisation in the x—y
plane, resulting from ‘bunching’ of the individual magnetisation vectors caused
by ilic application of the rf pulse. The spins are said ic possess phase coher-
ence ai this point, forced upon them by tie f pulse (Fig. 2.9). Note that
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90° z 90°
> v
X B1 Vv X
positive positive negative negative
absorption dispersion absorption dispersion

Figure 2.10. Excitation with pulses of
varying 1f phase. The differing initial

. .. . . . positions of the excited vectors produce
this equalising of populations is nor the same as the saturation of a resonance, NMR resonances with similarly altered

a condition that will be encountered in a variety of circumstances in this book. phases (here the -+y-axis is arbitrarily
Saturation corresponds again to equal spin populations but with the phases of  defined as representing the positive
the individual spins distributed randomly about the transverse plane such that  absorption display).
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 « 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 B, 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 4+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
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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.

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° pulse. We already know that in the rotating frame the precession
of the spins is effectively frozen because the B, frequency vy and hence the
rotating frame frequency exactly match the spin Larmor frequency. Thus, the
bulk magnetisation vector simply remains static along the +y-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 v, exactly matches the Larmor
frequency of the spins (the tf 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 v4 and vx Hz respectively, which differ
by v Hz. Following excitation with a single 90°, pulse, both vectors start in
the x—y plane along the y-axis of the rotating frame. Choosing the reference
frequency to be on-resonance for the A spins (vyp = va) means these remain
along the y-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 < v, 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



Chapter 2: Introducing high-resolution NMUR

z
Vx Va
X A
M A (static)
X My y
) S
+V Hz Vg +V V, Hz

frequency vy. 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 1/41] 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—vy 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 2.12. Chemical shifts in the
rotating frame. Vectors evolve according
to their offsets from the reference
(transmitter) frequency vg. Here this is
on-resonance for spins A (vy = va)
whilst spins X move ahead at a rate of
+v Hz (=vx — vp).
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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 1/4) s for doublets and triplets
respectively.

Figure 2.14. The basic spin-echo pulse
sequence.

Figure 2.15. Chemical shift evolution is
refocused with the spin-echo sequence.
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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 2A
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

A 180;

PRSI 'Y
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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 B)
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 « and § orientations, the two halves of the A doublet will
be of equal intensity (obviously there are not exactly equal numbers of a and B
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. . Figure 2.16. The influence of
The use of the 180° pulse instead of a 180° pulse in the above sequences (i cchoes on scalar coupling as
was employed to provide a more convenient picture of events, yet it is important  illustrated for two coupled spins A and
to realise that the refocusing effects on chemical shift and couplings described ~ X. (a) A homonuclear spin-echo (in
above would also have occurred with a 180°% pulse except that the refocused ~ Which both spins experience a 180°
vectors would now lie along the —y-axis instead of the +y-axis. One further fﬁgﬁ;ggﬁﬁ;éﬁ;ﬁgg?%g’ zvowe
feature of the spin-echo sequence is that it will also refocus the deleterious  jieronuclear spin-echo (in which only
effects that arise from inhomogeneities in the static magnetic field, as these may  one spin experiences a 180° pulse)
be viewed as just another contribution to chemical shift differences throughout  causes the coupling to refocus. If both

the sample. The importance of the spin-echo in modern NMR techniques can ~ heteronuclear spins experience 180°
pulses, the heteronuclear coupling

evolves as in (a) (see text).
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Figure 2.17. Time and frequency
domains share a simple inverse
relationship.
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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 modern 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:

+00

f(w) = [ f(t)e'* dt (2.6)

-0
where f(w) 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 ot + i sin t 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
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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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Figure 2.18. Fourier transformation of
time domain FIDs produces the
corresponding frequency domain spectra.



26

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.

High-Resolution NMR Techniques in Organic Chemistry
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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

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:

dM,  Mp-M,)

dt T,
where My is the magnetisation at thermal equilibrium, and T 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-'/2
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:

M, = Mp(1 — e ¥T1) (2.8)

as illustrated in Fig. 2.20. It should be stressed that T, is usually referred
to as the longitudinal relaxation time throughout the NMR community (and,

2.7
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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/T; represents the relaxation rate constant (s~') for this process.

For medium sized organic molecules (those with a mass of a few hundred)
proton T;s tend to fall in the range 0.5-5 s, whereas carbon T;s 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 5T, (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 T;s 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 T, 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 2.20. The exponential growth of
longitudinal magnetisation is dictated by
the time constant T and is essentially
complete after a period of 5T.
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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 —y-axis, so the
spectrum is inverted, whilst with longer
periods a conventional spectrum of
scaled intensity is obtained.

180
g

In essence, all one needs to do to determine T;s 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, T,. 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, T, following the initial inversion
(Fig. 2.22).

If  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 +y-axis to represent positive absorption. Repeating the
experiment with increasing values of t allows one to follow the relaxation of
the spins in question (Fig. 2.23). Finally, when 1 is sufficiently long (1o > 5T))
complete relaxation will occur between the two pulses and the maximum posi-
tive signal is recorded. The intensity of the detected magnetisation, M;, follows:

M, = My(1 — 29T (2.9)

where M, corresponds to equilibrium magnetisation, such as that recorded at
Too- 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 T,
from such an equation is to analyse a semi-logarithmic plot of In(Mg — M,)
vs. T whose slope is 1/T;. The most likely causes of error in the use of the
inversion recovery method are inaccurate recording of My 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.
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The quick T; 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 T;s,
accurate numbers will be of little use in experiment set-up. This ‘quick and
dirty’ method is sufficient to provide estimates of Ty and again makes use of the
inversion recovery sequence. Ideally the sample in question will be sufficiently
strong to allow rather few scans per t 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
Tnun)> DEcause at this point the population difference is zero (M, = 0). From the
above equation, it can be shown that:

Tull = T1 In2 (210)
hence
Thull
T = = 14431, (2.11)
In2

Thus, the procedure is to run an experiment with t = 0 and adjust (phase)
the spectrum to be negative absorption. After having waited >5 T, repeat the
experiment with an incremented t using the same phase adjustments, until the
signal passes through the null condition (see Fig. 2.23), thus defining tnun,
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 T’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 CDCl; ('H spectra,
aliphatic region only shown). Recovery
delays in the range 5 ms to 20 s were
used and the Ts (calculated from fitting
peak intensities as described in the text)
are shown for each resonance.
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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.

1 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 T, are considered in Section 2.5.

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

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 y-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 T,.

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 ‘shimming’
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 T, such that:

1 1 1

T; To  Taasy

where T, refers to the contribution from genuine relaxation processes and
Ty(aB,) 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 T, since a short T, corresponds
to a faster blurring of the transverse magnetisation which in turn corresponds

(2.12)

time
—_—-

.

J

<



Chapter 2: Introducing high-resolution NMR

short T, long T,
Jast relaxation 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, Avy,
(Fig. 2.26) of

Avy, = (2.13)

T}

For most spin-'/2 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 T, measure-
ments directly from these. However, nuclei with spin > /2 (quadrupolar nuclei)
may be relaxed very efficiently by interactions with local electric field gradients
and so have broad lines and short T,s 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, T, can never be longer than T;. However, additional
mechanisms may also operate to reduce T, so that it may be shorter. Again,
for most spin-1/2 nuclei in small, rapidly tumbling molecules, T, and T, have
the same value, whilst for large molecules that tumble slowly in solution (or for
solids) T is often very much shorter than T| (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 f 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 T, 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.

2.4.4. Measuring T, with a spin-echo sequence

The measurecment of the natural transverse relaxation time T, 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 2.25. Rapidly relaxing spins
produce fast decaying FIDs and broad
resonances, whilst those which relax
slowly produce longer FIDs and
narrower resonances.

Figure 2.26. The definition of the
half-height linewidth of a resonance.
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Figure 2.27. Spin-echo sequences

for measuring T relaxation times.

(a) A basic spin-echo, (b) the
Carr—Purcell sequence and (c) the
Carr—Purcell-Meiboom-Gill (CPMG)
sequence.

Figure 2.28. The spin-echo refocuses
magnetisation vectors dephased by field
inhomogeneity.
z
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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 2t as the echo forms (Fig. 2.29a). However, during the 21 time period,
some loss of phase coherence by natural transverse relaxation also occurs, and
this is nor 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 T, 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 T, would be to repeat the sequence
with increasing t 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 t 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).
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A better approach to determining T>, which minimises the effect of diffu-
sion, is to repeat the echo sequence within a single experiment using a short
T to form multiple echoes, the decay of which follow the time constant Tj.
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 27, so if this is kept short relative to the rate of diffusion (typically
1 < 100 ms) such losses become negligible. The intensity of the echo at
longer time periods is attenuated by repeating the —t—180-t— 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. 2.27¢) 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).

T> 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 T;. In reality,
the determination of T, 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 T»
measurements are even less widespread than those involving Ty. Fortunately,
from the point of view of performing practical day to day spectroscopy,
exact T, values are not important and the value of T, (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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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 T, relaxation
of magnetisation (dashed line).
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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 T relaxation.

even echo

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

T, 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 T, 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. Ammonium 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% H,0O (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.
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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 ate able to do this, the dipole—dipole, chemi-
cal shift anisotropy, spin rotaticn 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 underiying mechanisms, which can be found in
physical NMR texts {7], but or the manper in which the spectra are affected
by these mechanisms and how, as a result, different experimental conditions
influence the observed spectrum.

2.5.1. The path to relaxation

The fundamental requirem=nt for longitudinal relaxation of a spin-'/2 nu-
cleus is a time-dependent mageetic 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

a)

;

"""" T L A DA EARSAAASEAARERARY EARASRARL SESEARAREY LAAMRRARA) ERAARREN) ASAREARN M
25 24 23 22 21 20 19 18 17 16 15 14 ppm

Figure 2.31. The CPMG sequence
performed on the pentapeptide
Leu-enkephalin 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
T, relaxation period 21n.

Tyr-Gly-Gly-Phe-Leu

2.2

Figure 2.32. The T; filter. The broad
resonances of polystyrene (Mr = 50,000)
in (a) have been suppressed in (b)
through T»-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 1D proton
spectrum of 8 mM reduced arginine
vasopressin in 90% H,0/10% D,0, pH
= 2.75 containing 0.2 M NH,O0H. (b)
The same sample recorded with the
CPMG sequence using a total relaxation
delay period of 235 ms (reproduced with
permission from [6]).

8 7 6 5 4 3 2 ppm

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, 1., 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(»), and may
be viewed as being proportional to the probability of finding a component of
the motion at a given frequency, w (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

21,

Hw) = ———
(@) 1 + w?t?

(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 wy indicated in Fig. 2.34a the corresponding graph of
T, 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 (T 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 wg initially increases but then falls away
once more for slow tumbling so the T; 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 (T, = T;) 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 wq 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 T
curve differs markedly from that for T (Fig. 2.35). Thus, for slowly tumbling
molecules such as polymers and biological macromolecules, T, relaxation
times can again be quite long but linewidths become rather broad as a result of
short T;s.

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

The most important relaxation mechanism for many spin-'/2 nuclei arises
from the dipolar interaction between spins. This is also the source of the
tremendously important nuclear Overhauser effect and further discussions on
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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 o, the corresponding
T curve is shown in (b) as a function of
molecular tumbling rates (inverse
correlation times, t.). The Ty curve is
field dependent because wy is field
dependent and the minimum occurs for
faster motion at higher fields (dashed
curve in (b)).

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

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-'/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 o-pinene (Fig. 2.23) all have longer T;s 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 T; 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? centres, as it can for
spin-'/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(III) acetylacetonate, Cr(acac)s, for organic
solvents or manganese(Il) 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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range since these posses the greatest shift anisotropy, for example '°F, 3!P 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
By. For example, the selenium-77 longitudinal relaxation rate in the selone
2.3 was shown to be linearly dependent on B2, 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 'H-
"7Se 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
"7Se 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-'/2
195Pt nuclei existing in one of two states, a and B, 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).

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

2.3
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Figure 2.37. The ethene proton
resonance of the platinum complex 2.4 in
CDCl3 at 80 and 400 MHz showing
broadening of the 9Pt 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 /2 (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 > '/2 are summarised in Table 2.3. Whilst the direct observation of these

Table 2.3. Properties of selected quadrupolar nuclei

Isotope Spin Natural abundance Quadrupole moment NMR frequency Relative sensitivity

(V) (1072 m?) (MHz)
24 1 0.015 28 x 1073 61.4 1.45 x 10~¢
6L 1 7.42 —8.0 x 107 58.9 6.31 x 1074
’Li 32 92.58 —4 x 1072 155.5 027
rog 3 19.58 85 x 102 43.0 3.93 x 1073
g 3/ 80.42 4.1 x 10~2 128.3 0.13
4N 1 99.63 1.0 x 1072 28.9 1.01 x 1073
70 52 0.037 —2.6 x 1072 54.2 1.08 x 1073
BNa 32 100 0.10 105.8 9.27 x 102
7A1 2 100 0.15 104.2 0.21
338 3 0.76 —55x 1072 30.7 1.72 x 1073
3ql 3 75.73 -0.1 39.2 3.55 x 1073
e I 24.47 -79 x 1072 32.6 6.63 x 1074
¥Cco 2 100 0.38 94.5 0.28

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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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-'/2 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-!/2
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); is less
than 1 Hz whereas that for NMejs is nearer to 80 Hz. Linewidth changes in !'B
spectra (I = 3/2) have been used in the identification of tetrahedral boronic acid
complexes at the active site of B-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 p-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 2.38. Quadrupolar nuclei lack the
spherical charge distribution of spin /2
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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Figure 2.39. The !'B NMR spectrum
(128 MHz) of dansylamidophenylboronic
acid 2.5 (a) as the free trigonal boronic
acid (Aviy, 580 Hz) and (b) as the
tetrahedral complex with the active site
serine of the P99 B-lactamase from
Enterobacter cloacae (Awvy, 160 Hz).
Spectra are referenced to external
trimethylborate (adapted with permission

from [11)).
e
e

2.5

B(OH),

Figure 2.40. The carbon-13 spectrum of
CDCl; reveals coupling to deuterium but
not to chlorine-35 or chlorine-37.

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, T, and T, 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-'/2 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-'/2 nuclei, by virtue of their
mutual scalar coupling. Coupling to a quadrupolar nucleus of spin I produces,
in theory, 21 + 1 lines so, for example, the carbon resonance of CDCl; appears
as a 1:1:1 triplet *H has I = 1) by virtue of the 32 Hz '*C-2H 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 CDCl; 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 = %2) is quenched by the
very rapid relaxation of these spins (Fig. 2.40). Similarly, the proton resonance
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of CHCl; is a sharp singlet despite the presence of the neighbouring chlorine
atoms.

The appearance of the spin-'/2 nucleus spectrum is therefcre 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 *NH; is an unusually sharp 1:1:1 triplet
(Fig. 2.41, "N has I = 1) and the fluorine spectrum of !'BF; is a sharp 1:1:1:1
quartet (Fig. 2.42, ''B has I = %2) . 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 2.41. The 'H spectrum of
ammonium nitrate in DMSO (a) before
and (b) after acidification. In (b) the
NH; ion dominates and the induced
symmetry reduces the 14N quadrupolar
relaxation rate and reveals the 'H-'*N
one-bond coupling constant (51 Hz).

Figure 2.42. The '°F spectrum of
sodium borofluoride in D;0O. The ”BF;
ion produces the even quartet ('"BI=
3/>, 80% abundance, J = 1.4 Hz) and the
'OBE, 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 modern 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

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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modern 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 deletcrious
effects on spectra, notably around the base of resonances (Fig. 3.3). Whilst
such artefacts have lesser significance to routine 1D 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 generaily been a UNIX based
system linked to the spectrometer via a suitable intertace but the trend for
some manufacturers scems 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 peripberals may also be added to the instrament, 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 nomenciature stems from the early
devclopments of NMR spectrometers when the additional channel was only capable of providing
‘noise decoupling’, usually of protons.
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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).
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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 modern laboratory. Whilst the study of biological
macromolecules no doubt benefits from the greater sensitivity and dispersion
available, problematic smal} or mid-sized molecules are often better tackled
through the use of the appropriate modern 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 instrument, 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 structure elucidation.
For many cases commonly encountered in the chemical laboratory a lower
field instrument of modern specification is sufficient to enable the chemist
to unleash a myriad of modern pulse NMR experiments on the samples of
interest and subsequently solve the problem in hand. A better understanding
of these modern 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 spectrum artefacts or corrupted 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 modern 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 spectrum 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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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
s 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, modern NMR instruments are designed to deliver high-power
90° pulses closer to 10 ws, rather than the hundreds predicted from the above
arguments. This is to suppress the undesirable effects that arise when the pulse
f 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 B, field toward the x—y plane during
the pulse. Those spins that are off-resonance will, in addition to this B; field,
experience a residual component AB of the staric By field along the z-axis of
the rotating frame for which:

vAB =yAB = AvHz (3.1)

27
where Av represents the offset from the reference frequency. The vector sum of
B, and AB is the effective field B experienced by an off-resonance spin about
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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).
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Figure 3.5. Excitation of magnetisation
for which the 1f is on-resonance (a)
results in the rotation of the bulk vector
about the applied rf field, B,. Those
spins which experience off-resonance
excitation (b) are instead driven about an
effective rf field, Besr, which is tipped out
of the x—y plane by an angle 6, which
increases as the offset increases.

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

Resonance
offset 1.0

0. .
[y 8 0.6

Sigie

which it rotates (or more correctly, nutates) (Fig. 3.5). This is greater than B
itself and is tilted away from the x—y plane by an angle 6, where

AB
tan9 = B, 3.2)

For those spins further from resonance, the angle 6 becomes greater and the
net rotation toward the x—y plane diminishes until, in the limit, 6 becomes 90°.
In this case the bulk magnetisation vector simply remains along the +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 +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 B g 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 ps) to ensure that excitation and inversion is reasonably uniform over
the relatively small frequency ranges encountered in 'H NMR spectroscopy.
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a) b)

However, for nuclei that display a much greater frequency dispersion, such
as '3C 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
Digitised
signal
2000 Hz
200,002,000 Hz

NMR signal

Radio-frequency Audio-frequency
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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
+yB; Hz in steps of 0.2¥B; (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.

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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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).

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

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 tf 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 !
- 2SW

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

(3.3)

spectral width
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Figure 3.11. The Nyquist condition. To
correctly characterise the frequency of an
C) : NMR signal it must be sampled at least
twice per wavelength, it is then said to
fall within the spectral width. The
Aliased 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.

b)

Correct

a)

Correct

bw

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