separation science series

Chiral
Chromatography

SERIES EDITORS
R. P W. Scott, C. FE Simpson and E. D. Katz



Page i

Chiral Chromatography



Pege ii
SEPARATION SCIENCE SERIES
Editors: Raymond P.W. Scott, Colin Simpson and ElenaD. Katz

Quantitative Analysis using
Chromatographic Techniques
Edited by Elena D. Katz

The Analysis of Drugs of Abuse
Edited by Terry A. Gough

Liquid Chromatography Column Theory
Edited by Raymond P.W. Scott

Silica Gel and Bonded Phases:
Their Production, Propertiesand Usein LC
Edited by Raymond P.W. Scott

Capillary Gas Chromatography
Principles and Methods in Biotechnology
by David W. Grant

High Performance Liquid Chromatography:
Principles and Methods in Biotechnology
Edited by Elena D. Kratz

Tandem Techniques
by Raymond P.W. Scott

Chiral Chromatography
by Thomas E. Beesley and Raymond P.W. Scott



Page iii

Chiral Chromatography
by
Thomas E. Beedley
Advanced Separation Technology Inc., New Y ork, USA

and

Raymond P.W. Scott

Georgetown University, Washington DC, USA
and
Birkbeck College, University of London, UK

JOHN WILEY & SONS
Chichester - New York - Weinheim - Brisbane - Singapore - Toronto



Page iv

Copyright © 1998 by John Wiley & Sons Ltd.
Baffins Lane, Chichester
West Sussex PO19 1UD, England

National Chichester (01243) 779777
International (+44) 1243 779777

e-mail (for orders and customer service enquiries): cs-books@wiley.co.uk

Visit our Home Page on http://www.wiley.co.uk
or

http://www.wiley.com

All rights reserved. No part of this publication may be reproduced, stored in aretrieval system, or
transmitted, in any form or by any means, electronic, mechanical, photocopying, recording, scanning or
otherwise, except under the terms of the Copyright, Designs and Patents Act 1988 or under the terms of
alicence issued by the Copyright Licensing Agency, 90 Tottenham Court Road, London, W1P 9HE,
UK, without the permission in writing of the publisher.

Other Wiley Editorial Offices

John Wiley & Sons, Inc., 605 Third Avenue,
New York, NY 10158-0012, USA

Wiley-VCH Verlag GmbH, Pappelallee 3,
D-69469 Weinheim, Germany

Jacaranda Wiley Ltd, 33 Park Road, Milton,
Queendand 4064, Australia

John Wiley & Sons (Asia) Pte Ltd, 2 Clementi Loop #02-01,
Jin Xing Distripark, Singapore 129809

John Wiley & Sons (Canada) Ltd, 22 Worcester Road,
Rexdale, Ontario MOW 1L 1, Canada

British Library Cataloguing in Publication Data
A catalogue record for this book is available from the British Library
ISBN 047197427 7

Produced from camera ready copy supplied by the authors

Printed and bound in Great Britain by Bookcraft (Bath) Ltd

This book is printed on acid-free paper responsibly manufactured from sustainable
forestry, in which at least two trees are planted for each one used for paper production.



Page v

Preface

In the world of science, nothing invigorates the mind so much as to watch a concept develop from some
small seed of discovery to auniversally applicable technology. In the last four decades,
chromatography, the once mysterious and very crude technique, has grown into a very sophisticated and
reliable separation methodology. Over the last decade, the application of the accumulated knowledge to
the once esoteric field of chiral separations has made impressive advances particularly in the last three
years. The chromatography of enantiomers has required the preparation of highly structured phases,
which had to be designed to have a direct bearing on the nature and the chemistry of the materialsto be
separated. New terms had to be introduced and defined, such as three point interaction and inclusion
complexation to describe some of the new interactive mechanisms that were invoked. Aswill be
apparent from this book, however, the basic chromatography terms and the physical chemical principles
that determine that a chromatographic separation is possible remain the same. In dealing
comprehensively with the subject of chiral chromatography, a significant amount of theory must be
included, but we have tried to present thisin a manner that explains the interactions that takes place and
provides arational direction that can be taken to solve practical problems.

Having been involved in chromatography for many years (our combined experience extending over
three quarters of a century) we find it gratifying to see the very substantial increases in successful chiral
separations that are currently published in the field. Starting from the pioneering work of Gil-Av (1966)
and Bayer (1974) followed by that of Okamato and Pirkle and culminating with the recent, highly
innovative phases, introduced by Armstrong, chiral chromatography has now reached a high degree of
sophistication. The creation of the cyclodextrin phases and the introduction of the macrolytic antibiotics
by Armstrong has brought new incentives to the field and many new areas of application.

This book has been written to serve both the novice in the field and the experienced chromatographer.
In addition to giving detailed information on chiral separations, it also discusses the principles involved
in chiral selectivity and, for those new to the technique, describes the fundamentals of a
chromatographic separation and the essential apparatus needed to carry it out. To make the book as
complete as possible we have included chapters on preparative chiral chromatography and some basic
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information on chiral capillary electrophoresis and electro-chromatography. Finaly, to help readers
choose the correct phase system and operating conditions for their particular sample, we have
incorporated experimental selection schemes for the four major chiral stationary phases that are

commercialy available.

THOMAS. E. BEESLEY
RAYMOND P. W. SCOTT
NOVEMBER 1998
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Chapter 1—
An Introduction to Chiral Chromatography

An Historical Perspective

Until relatively recently, interest in chiral chemistry has been largely academic and, as a consequence,
has occupied arelatively minor position in the analytical chemistry syllabuses of most universities.
Despite the emphasis that has been placed on the recent advancesin chiral chemistry, optical isomers
have been know for many years and were first identified by Biot [1] in the early 1800s, and their
existence was established by the work of Pasteur [2] in 1848. Both van't Hoff [3] and Le Bel [4]
proposed the existence of the asymmetric carbon atom and used it to explain the cause of optical
rotation. However, it was Emil Fisher [5], who made the first serious attempts to relate the absolute
stereochemistry of optical isomers and determined the configuration of (+)-glucose for which he
received the Nobel prize. Fisher predicted that the (+)-isomer of glyceraldehyde was the D-isomer and
arbitrarily assigned the stereochemistry as;

CHO
H —={=——"]0H

D=i{+)=glyceraldehyde
CH,OH

Fisher's assumption was later proved correct by Bijovet [6] using X-ray crystallography. Thus, the
foundations of chiral chemistry were
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established. The study of stereochemistry progressed steadily, albeit relatively slowly, for some years.
However, about 1980, there was a sudden increase in the commercial interest in chiral substances,
particularly chiral drugs, and thisinterest proliferated very rapidly. This new enthusiasm was fostered
by the discovery that the respective physiological activity of the isomers of adrug could differ radically
and this was found to be true for many physiologically active compounds and, in particular,
physiologically active biotechnology products. However, the major stimulation arose from the
unfortunate birth defects initiated by one of the enantiomers of Thalidomide. This drug was
manufactured and sold as a racemic mixture of N-phthalylglutamic acid imide. However, the desired
physiologically activity was found to reside solely in the R-(+)-isomer and it was discovered, too late,
that the corresponding S-(-)-enantiomer was teratogenic and caused serious fetal malformations.

The thalidomide disaster evoked the interest of al pharmaceutical manufacturers and also the drug
regulatory committees. Research activity in the field of stereochemistry became almost frenetic. The
United States Food and Drug Administration recommended that each isomer of all new drugs should be
individually tested, forcing companies to address the possible problems associated with enantiomeric
mixtures. The demand for enantiomerically pure drugs rose rapidly and afew years ago (1993), the
world market in enantiomerically pure drugs exceeded $35 million, and of that total, nearly two thirds
were cardiovascular and antibiotic drugs. The mandate to test the different enantiomers of a drug
evoked the need for appropriate analytical procedures to separate and quantitatively assay them. A
decade ago, there were very few effective techniques available.

In early 1980, few commercial stationary phases for either gas chromatography or liquid
chromatography were available. Nevertheless, in 1966 Gil-Av et al., [7], had described the first chira
stationary phase for gas chromatography and in 1976 Sogah and Cram [8] introduced chiral crown
ethers as stationary phases. In 1978, Harada et al. [9]
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introduced the cyclodextrins as chiral separation agents and, in 1980, Armstrong [10] used the
cyclodextrins as mobile phase additives for chiral separations by thin-layer chromatography. Today, the
cyclodextrins are one of the more common chiral agents used in chromatography and electrophoresis
for the separation of enantiomers, although other reagents, such as those based on cellul ose, have found
many areas of application. However, to appreciate the difficulties involved in the separation of
enantiomers, and the mechanism by which they are selectively retained on chiral phases, some basic
understanding of chiral chemistry is necessary.

A Short Introduction to Stereochemistry

Stereochemistry is not primarily germane to the subject of this book, and it is not intended to discuss
the subject in any detail. Nevertheless, the basic concepts, definitions and conventions, currently used in
stereochemistry, will be considered to help those less familiar with the subject to understand the
separation technology that will be introduced and described in the subsequent chapters. Stereochemistry
Is the study of the three-dimensional structure of chemical compounds. |somers of the same substance,
that only differ in the spatial arrangement of their atoms are called stereoisomers. Certain stereoisomers
that differ only in their capacity for rotating the plane of polarized light passed through them, are
termed optically active, or chiral, and the isomers are called enantiomers. It follows, that as the subject
of this book pertains to the separation of chiral substances, the method used for measuring optical
activity needsto be briefly described.

Optical activity was originally measured by means of a polarimeter, the principle of which is depicted
infigure 1.1. Light from an appropriate source passes through a polarizer, typically consisting of a set
of crossed Nichol prisms, which produces a beam of plain polarized light usually polarized vertically.
The vertically polarized light then passes through a sample tube containing the optically active
substance. Thelight is rotated in the sample cell and transmitted with the plane of polarization turned
through an angle, the magnitude of which is determined by the nature of the substance and its
concentration in solution. The light then passes
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through a second polarizer that is adjusted by rotation, until the angle of the transmitted light isagain
returned to the vertical.

Light
Source

Vertically
Polarized
Lighi

Rotated
Light

Vertically
Polarized
Light

A

Polarizer

J

Sample Tube

f\ﬂﬂl}?fl‘/—-"’/'

Figure 1.1
The Basic Polarimeter

The angle through which the second polarizer isrotated is called the optical rotation of the sample.
Clockwise rotation of the polarized light by the sample is designated as (+) and anti-clockwise rotation
as(-). At this point, it is necessary to mention some apparently conflicting nomenclature. Traditionaly,
the (+) isomer has been designated asdextro (d) and the (-) isomer aslevo (I). However, as previously
mentioned, Fisher, in hiswork, arbitrarily defined the (+) isomer of glyceraldehyde as the D-isomer.
However, using the same notation, D-glutamic acid is actualy (1) or (-). It is clear that considerable
care must be taken when using the symbols (D), (L) and (d) and (I) and they can only be related to each
other after the actual rotation has been experimentally measured.

The specific rotation of a substance, [a], isgiven by:

o] - &

where isthe measured rotation,

(a)
(1) isthelength of the sample cell,

and (d) isthe concentration of the sample (g/ml), (if
the sampleis pure, d=r =density).
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This method is now rarely used and so the modern method of measuring optical activity needs to be
briefly discussed. Light consists of a sinusoidally changing electric field normal to, and in phase with, a
sinusoidally changing magnetic field. The plane of the electric vector in normal light, takes no
particular orientation, but in plane polarized light, the electric vector is either vertically or horizontally
polarized. If the electric vector transcribes a helical path, either to the right or left, the light is said to be
circularly polarized. A linearly polarized beam of light, can be considered to be the resultant of two,
equal -intensity, in-phase components, one left, and the other right, circularly polarized, or of two
orthogonal linear components at + 45°.

The differential absorption of these two * 45° linear components in a medium is known as linear
dichroism. If thereis adifferentia velocity between the two + 45° linear components, when passing
through amedium (i.e. the refractive index of the medium to the two light components differ), then this
isknown as linear birefringence. In an analogous manner, the difference in the adsorption
characteristics of amedium to the left and right circularly polarized light, istermed circular dichroism
(CD). It follows, that the difference in refractive index of a substance to the two light components, is
called optical rotary dispersion (ORD), sometimes reported as specific optical rotation.

CD spectra are usually measured as the differential absorption of left and right circularly polarized
light, i.e. (A -A.) and isusually reported as the differential molar extinction coefficient (De), where:

(AL - Ag)

A = (g ~ER) :
C

where (1) isthe length of the cell (cm),

and (¢) isthe molarity of solute

The basic apparatus that is used for measuring circular dichroism is shown in figure 1.2 It consists of a
light source, alinear polarizer, a Fresnel rhomb that converts the linear polarized light to circularly
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polarized light, a sample cell, and finally an appropriate light intensity measuring device.

The rotation of the linear polarizer + 45°, to the appropriate Fresnel rhomb axis, induces the generation
of left or right polarized light.

Linear Polarizer

{Rochon Prism) Sample

Aty
N

Photo
Cell
Light Fresnel
Source Rhomb
Figure 1.2

The Basic Apparatus for Measuring Circular Dichroism

The modern form of the CD spectrometer is shown in Figure 1.3.

1100
T ITF U

T

Polarizer | Sample
Lizht .
Source Y| h t ensor
enochrameten Photoelastic
- Modulator
Chopper Filter
Figure 1.3

A Modern CD Spectrometer
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Light from a broad emission source passes through a chopper, and then to a monochromator that allows
light of a selected wavelength to be passed through afilter to the polarizer. The polarizer can be a
Rochon prism and the polarized light would then be passed through a photoel astic modulator (Pockels
cell), the function of which will be described below. The selected |eft or right circularly polarized light
Is then passed through the cell and the intensity of the transmitted light monitored by the sensor.

Polarization Modulation

The alternate production of left or right circularly polarized light, which is called polarization
modulation, is an essential process for CD measurement. Now, alinearly polarized light beam can be
said to be the resultant of two orthogonal, in phase, linear, light beams. Consider a block of isotropic
fused silicathat is rendered birefringent by pressure exerted along the (x) or (y) axis, as shown in figure
1.4.

Direction of
Propagation
7 of Light

R

Figure 1.4
Polarization Modulation

Under these condition the refractive indexes (n, and n ) will differ, and:

Ny # My

If the light beam passing through the block is oriented with its resultant axis at 45° to the pressure axis,
one of the components will travel faster
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through the medium than the other. If n_ > n, then the (x) component of the light beam will travel more
A

slowly. If the retardation is exactly (4 ) the emergent light beam will be right circularly polarized.

A3 T

If the retardation is ( Yor 4 , 4 , €tc.) then the emergent light beam will be left circularly
polarized. This an example of ageneral principle which wasfirst described by Brewster and given the
term photo elasticity. Electro-optic modulizers, that are used in some modern instruments, operate in a
similar way.

Practical Chiral Measuring Devices

A detailed description of acommercially available LC chiral detector will be given in the chapter 7.
However, some general comments on the properties of chiral detectors would be appropriate here.
Contemporary, chiral detectors are relatively insensitive and, consequently, there are no GC chiral
detectors commercially available at thistime. Capillary columns will only function with very small
charges and these types of column must be employed for the great majority of chiral separations, in
order to provide the necessary efficiency. Unfortunately, the sensitivity of chiral sensing systems,
investigated so far, have been inadequate for use with GC capillary columns. In contrast, after
considerable research and development, the sensitivity of LC chiral detectors has been improved to a
level where (although till relatively insensitive) they can often be used satisfactorily with
contemporary small particle LC chiral columns.

One commercially available detector isthe PDR Chiral detector that is manufactured by PDR-Chiral
Inc. The detector has a sensitivity of 25 micro degrees. The flow cell has a path length of 50 mm and a
volume of 56 pl. Thisisvery large compared with the normal UV sensor cell. which has avolume of 3
to 8 ul. Such alarge volume will cause early peaks, from columns packed with particle 5 um or less, to
merge with conseguent |oss of resolution. Later peaks, however, will be detected
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satisfactorily and, unfortunately, the large cell volume must be tolerated to achieve the necessary
sensitivity. The cell is constructed of Teflon and fused silica and the laser light source has a wavelength
of 675 nm. The PDR detector, at the time of writing this book, is claimed to be the, most sensitive chiral
detector commercialy available. Both positive and negative signals are produced, depending on the
direction of rotation. This means that the isomers need not be completely resolved to obtains a
guantitative estimation of individual enantiomers. An example of a separation monitored by the detector
isshown in figure 1.5.

Monitored by the PDR Chiral Detector

N D P ,IJE_ _ l,J _ |
Monitored by the UV Absorption Detector

L I |

A

Figure 1.5
The Separation of the Enantiomers of Dihydrobenzoin at Different
Resolution Monitored by the PDR Chiral Detector and the UV
Detector Courtesy of PDP-Chiral Inc.

The separation was carried out on a A Cyclodextrin-1 2000 AC column. The column eluent was
methanol/TEA(pH 4.4); separation A, 10/90 v/v, B, 30/70 v/v, C, 50/50 v/v and D pure methanol. The
upper set of chromatograms were monitored by the chiral detector and the lower by a UV detector at
254 nm. It is seen that when the enantiomers are will separated (chromatogram (A)) the positive a
negative peaks accurately
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follow the profile produced by the UV detector. At the other extreme, (D), when there is no separation,
the chiral detector gives no signal, as the rotation of the two isomers cancel each other out. Even when
the resolution is poor, (C), the detector gives, miseading, but clear negative and positive peaks.

At this point, it isimportant to describe the various ways the enantiomeric content of a mixture of
isomers is defined and measured. There are three definitions that the chiral chemist uses to describe a
product purity.

1. Optical Purity which is given by:

Optical Purity :[ @ 1100

o max |

where (&) has the meaning previously defined.

2. Enantiomeric Excess (e.e) which is given by:

-
. . R-5§
Enantiomeric Excess = | ( ) 104

_(R+3)

Where (R) and (S) represent the proportion of the respective isomersin the mixture.

3. Chromatographic Purity which is given by:

. | R
N v ¥ - .
Chromatographic Punty = {{R*S]]mﬂ
All three terms are used by chemists generally to describe the enantiomer content of a mixture, although
the enantiomeric excess may possibly be the criteria more commonly used.

To return to the subject of chiral chemistry, optical rotation was first discovered by Jean Baptiste Biot
in 1815 and, from his observations, some of the foundations of stereochemistry were laid down in the
work
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of Pasteur in 1848. In practice, Pasteur found that optically inactive sodium ammonium tartrate
contained two kinds of crystals, one type of crystal being the mirror image of the other. He separated
the two kinds of crystals by a somewhat |aborious process using alens and a pair of tweezers. He found
that the two crystal types rotated plane polarized light differently, one to the right (that is clockwise),
dextro (d) and one to the left, that is anti-clockwise), levo, (1), respectively. The reason for the existence
of the two types of tartaric acid is complex and requires some detailed discussion.

The bonds associated with the carbon atom are assumed to take the positions of the apexes of aregular
tetrahedron with the carbon atom situated at the center. Consider a carbon atom joined to four different
atoms or groups (e.g. lactic acid) and the structure being placed in front of a mirror as shown in figure

COO0OH Mirror COOH
H OH . HO H
CH, ' CH,
Figure 1.6

The Structure of Lactic Acid

It is seen that the molecules are not superimposable and are not interconvertable. It follows that they are
different substances although they have the same chemical formulas. These types of isomers are
optically active and these specific stereoisomers are called enantiomers. Other examples of enantiomers
are 2-methyl-butanol and sec-butyl chloride shown in figure 1.7.



H H
C,Hg C — CH,0H C, Hg C—CH,
[::IIS IJZI
2-Methyl-1-Butanol sec-Butyl Chloride
Figure 1.7

Structures of 2-Methyl -Butanol and sec-Butyl Chloride
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The structures shown in figure 1.7 can be simplified to identify the chiral center, and to display the
gpatial orientation of the bonds from the chiral carbon, using the simple convention depicted in figure
1.8. By convention, the horizontal bonds attached to chiral atom are assumed to be coming out of the
page, whereas the vertical bonds to the chiral atom are considered to be directed backward and behind

the plain of the paper.

Chiral Center Stereogenic
Center

C, Hs + CH,0H C, 5 +CI13
H
Cl

CH;
2-Methyl-1-Butanol sec-Butyl Chloride

Figure 1.8
Structures of 2-Methyl -Butanol and sec-Butyl Chloride
Depicted in the Convention that Identifies the Chiral Center
and the Direction of the Bonds to the Chiral Carbon

Other elements can produce chiral centers besides carbon, although their importance in industry and in
health studiesis not as great. The sulfur atom can produce chiral centers for example the sulfoxides,
sulfoximides, sulphonates and the sulfonium ion. An example of a chiral sulfur atom is given by the

following sulfoxide structure.
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0
|
O
Sulfoxide

In addition, enantiomers based on the element phosphorous are also possible for example phosphine,
phosphine oxide, phosphinates and the phosphonium ion.

0

|
O

Phosphine Oxide

0 —CH,
(CH 4)4C u—lfll—:qu-—i:H:.,
Cl 0

Crufomate (also called Ruelene or Montrel)

Similarly, there can be enantiomers based on nitrogen such as amine oxide and the ammonium ions.

CeHs CeH's
(Hf:moyr@(ﬂjimS CH,CH==CH,
CH:cH, @ 1- | 1- @ ‘o ceHs

i(+) and (-)-Methylallylphenylbenzylammonium lodide

All enantiomers have identical boiling points, densities, refractive indices and other physical properties,
except for their capacity to rotate the plane of polarized light. In addition, all enantiomers have identical
chemical
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properties except toward other enantiomers. Consequently, in achiral environment, such as a biological
system, specific reactions between enantiomers can be anticipated. For example, in some cases one
enantiomer (e.g. the (+) isomer) will readily react with another enantiomer whereas the (-) isomer will
not react at all. An example of thistype of selectivity is afforded by the mold penicillium glaucum.
Glucose (+) can be readily fermented and metabolized by penicillium glaucum yet (-) glucoseis
completely rejected. In asimilar way (-) ephedrine is the active enantiomer of the drug () ephedrine
but (-) ephedrine is not only inactive, its presence with the other isomer actually reduces the activity of
the (+) isomer. A particularly striking example of the contrasting interactivity and physiological effect
of different isomers are the enantiomers of carvone. Carvone (-) isthe compound that gives the
characteristic aromato Spearmint oil, whereas (+) carvone, its enantiomer, is the essential characteristic
constituent Caraway oil.

A mixture of the (+) and (-) enantiomersin equal proportionsis called a racemic modification
(racemate) and is optically inactive. The optical inactivity results from the rotation caused by one
enantiomer canceling out that produced by its complementary enantiomer. The racemic modification is
designated as (£) (e.g. (£) lactic acid). Asthe enantiomers of a substance have identical physical
properties, they cannot be easily resolved employing the usual separation techniques such as fractional
distillation. As aresult, the isolation of optical isomers often pose difficult separation problemsand it is
usually necessary to resort to some very specia techniques to achieve a satisfactory resolution: hence
the raison d'étre for this book.

The nature and structure of the substituent groups around the chiral atom determines the extent of
rotation. Different groups of very similar types will make very small contributions to the overall
rotation. For example, ethyl-n-propyl -n-butyl-n-hexyl methane, all containing hydrocarbon substituents,
as shown below,
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CH,CH,
CH3CH;CH,; CH, CH,CH;~—(C~—CH, CH, CH, CH,

"Hy CH, CH;4

will have a calculated specific rotation of 0.00001° which isfar lower than the present minimum level
of measurement.

Configuration Specifications

In order to completely define the structure of an enantiomer using the information so far described, itis
necessary to draw the structure of the molecule. This procedure can be clumsy and tedious and thus a
system of symbolsis necessary to provide the structural information in a concise and understandable
manner. The use of the symbols (R) and (S) (rectus and sinister) has been proposed by three chemists,
R. S. Cahn (the Royal Society of Chemistry), Sir Christopher Ingold (University College, London) and
V. Prelog (Eidgendssi che Technische Hochschule, Zurich) to describe the structure of an enantiomer,
and the format that they suggested has now been generally accepted. To define the structure two
rational procedures must be carried out in two steps.

Step 1 Following a set of sequence rules (which will be given later) a sequence priority is assigned to
the atoms or groups around the chiral atom. If there are only atoms attached to the chiral atom (e.g.
CHCIBrl) the priority will bein order of their atomic number (i.e. the priority sequence will bel, Br,
Cl, H).

Step 2 The moleculeis visualized so that the lowest priority atom or group points away from the viewer
into the paper. Labeling each atom or group in order of their priority sequence, if the decreasein
priority order is clockwise the substance is defined as (R) and if the decrease in priority sequence is anti
clockwiseit is defined as (S).
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Br Br
R 1 S

If both the conformation and the rotation are known then the compound can be specifically defined, e.g.
(S)-(+)-sec butyl chloride. A racemic mixture of sec-butyl chloride would be designated as (R,S)-sec-
butyl chloride. However, the designation of (R) and (S) should not be used in conjunction with (+) and
(-) unless it has been experimentally verified.

In most cases, chemical groups are attached to the chiral atom, not single monovalent atoms and so it
follows, that some sequence rules are necessary to determine the priority sequence. There are three rules
that can be applied to identify the priority sequence.

Rule 1. If all the atoms directly attached to the chiral atom are different, then the priority sequenceis
determined by the atomic number of each element.

eg
Cl H
He— C — 503 H Hﬂj—(‘.-—ﬂr
1 D
Priority Seguence Priority Sequence
1-Cl-5-H Br-C-D-H

Rule 2. If rule (1) can not produce alogical priority sequence then the next atom to that attached to the
chiral carbon isused in aprecisely similar manner.
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eg

H

CH,CHy — C —CH,4
Cl

Priority Sequence
Cl, C;Hg, CHy , H

The priority sequence starts with the element with the highest atomic number, i.e. chlorine and the
second is the ethyl group because the carbon has a carbon atom attached to it whereas the methyl has

only hydrogen atoms attached to it. The remaining priorities follow thefirst rule, i.e. the methyl group
and then hydrogen.

Another example illustrating the designation of the priority sequenceis as follows,

H
CH— C ¢ —CH,CH,
C

Priority Sequence
Cl, (CH ), CH, C,H;, H

Again, the chlorine atom, having the highest atomic number, has the highest priority followed by the
isopropyl group which has three carbon atoms attached to the first carbon atom bonded to the chiral
atom. The third priority isthe ethyl group that has only two carbons attached to first carbon atom
bonded to the chiral atom and the lowest priority position is obviously occupied by hydrogen.

Rule 3. Finadly, it is necessary to consider the manner in which double bonds are dealt with in the

priority sequence. If adouble bond, or triple bond, is present, the specific atom(s) attached to the double
bond are considered to be doubled or tripled respectively.
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[ C__T'
For example —— € =4 isconsidered equivalent to l Cand —C=Ajs
A C
— C—A

||

This concept can become quite complicated. Consider glyceraldehyde and the priority sequence of the
groups around the chiral atom.

considered equivalent to

Now H
H
—C—20
C—0O is equivalent to
H
H— C—OH |
—C —0

CH, OH L l

Glyceraldehyde

It can be seen that the O, O, H of the equivalent aldehyde group takes priority over the O, H, H, of the
CH,OH group Thus, the priority sequence of the groups around the chiral carbonis, OH, CHO, CH,OH,

H.

Diasterecisomers

If astereoisomer contains more than one chiral center, it is said to be a diasteroisomer. Even when the
diastereoisomer contains only two chiral centers the identification of the different structures can become
very complex. Consider 2,3 dichloropentane that contains two chiral centers.
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There are 4 apparent structures given below. Structure (1) isthe mirror image of structure (2) but the
two structures are not superimposable and thus structure (1) and (2) are enantiomers. Furthermore,
structure (2) can not be converted to structure (1) by any form of rotation and thus both (1) and (2) are
also optically active. In asimilar way structures (3) and (4) are mirror images, not superimposable and
not interconvertable by rotation, and thus they are enantiomers and optically active. However, structures
(3) and (4) are not mirror images of structure (1) and thus they are not enantiomers, but are only
diastereoisomers of structure (1). In asimilar way structures (3) and (4) are not mirror images of
structure (2) and thus these are also not enantiomers but are diastereoisomers of structure (2).

CH, CH,
H A | Cl H
Cl H H Cl
1 C, Hg 2 C, Hg
CH; CH,
H Cl Cl— H
H Cl Cl—— H
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Diastereoisomers have different chemical properties and thus can often be resolved by conventional
separation techniques. There are two other terms that need to be defined regarding diastereoi somers and

they are anomers and epimers.
Anomers

Consider the pair of aldoses, a-D-(+)-glucose and b-D-(+)-glucose depicted below. It is seen that the
two diastereoisomers, a-D-(+)-glucose and b-D-(+)-glucose, only differ in the configuration of the (H)
atom and the (OH) group about the first carbon atom, but have the same configuration about the rest of
the carbon atoms.

H— C-0H HO— C-H
H —— OH H——0H
HO——H |  HO——H
H—— OH H—— 0H
H H
CH;OH CH,OH
it-D=-(+)-Glucose B-D=-{+)-Glucose

A pair of diastereomeric aldoses that differ only in the configuration about the first chiral carbon are
called anomers.

Epimers

Consider the structures of the aldoses (+)-glucose(+)-mannose shown below. It is seen, that the two
diastereoisomers, (+)-glucose and (+)-mannose, only differ in the configuration of the (H) atom and the
(OH) group about the second carbon atom but have the same configuration about the rest of the carbon
atoms.



CHO
H——0H
CH,O0H
{+)-Glucose

CHO

HO ——H

CH,OH

(+)-Mannose
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A pair of diastereomeric aldoses that differ only in the configuration about the second chiral carbon are
called epimers. The more important nomenclature used in chiral chemistry is summarized in figure 1.9.

It should be emphasized that whereas all enantiomers are stereoisomers, not all sterecisomersare

enantiomers

[somers

Structural Isomers
Optically Inactive

Stereoisomers

Enantiomers
Optically Active

Diasteroisomers

l

Optically Active

Optically Inactive
(Geometric)

Figure 1.9
Nomenclature for Different Types of |somers

In this book, chromatography and electrophoretic techniques are mainly applied to the separation of

enantiomers, but the techniques are generally applicable to all types of isomers. In fact, the first

complete resolution of
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the mand p xylene was achieved by gas chromatography in 1958 using a packed column, 50 ft long.
Meso Structures

Consider the various possible structures of 2,3-dichlorobutane. It is seen that structures (1) and (2) are
neither superimposable or interconvertable by rotation and thus, are enantiomers and both are optically
active. Structures (3) and (4) are both superimposable and interconvertable and thus are neither
enantiomers, or optically active, and are identical in every way. Although structures (3) and (4) are not
chiral and cannot exist in enantiomeric forms, they contain, nevertheless two chiral centers. These types
of stereoisomers are called meso structures or compounds. Defined somewhat differently, meso
compounds are those where molecul es are superimposable on their mirror images even though they
contain chira centers.

CH; CHj,
H Cl Cl —H
Cl —] H H — 1 ]
1 CHj 1 CHj
CH, CH;,
H————CI Cl L H
H Cl Cl—— H
3 CH,4 4 CH;

A meso compound is inactive because the rotation caused by one chiral center is exactly offset by the
equal and opposite rotation produced by the other chiral center. It is often possible to recognize a meso
structure
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by the fact that one half of the molecule is the mirror image of the other half. This can be seen by
redrawing structure (3) of 2,3-dichlorobutane. It is seen that the groups round one chiral carbon atom is
the mirror image of the same groups round the second chiral carbon atom. Thisis clear in the diagram

of 2,3-dichlorobutane, as constructed, the plane of the hypothetical mirror shows one chiral carbon to be
the mirror image of the other.

As dready stated, because enantiomers have exactly the same physical properties (with the exception of
their capacity for rotating the plane of polarized light) they can be exceedingly difficult to separate. In
fact, with the exception of chromatographic and el ectrophoretic techniques, the effective isolation of
pure enantiomers can often only be achieved by exploiting the spatial differences between the
respective isomers.

CH;

H——Cl

__________

-----------------

Separation Techniquesfor Chiral Chemistry

The separation problems associated with the synthesis of pure enantiomers can often be circumvented
by forming the material from optically pure intermediates. This approach, however, only moves the
problem of purification to a point higher in the synthetic chain. A more common solution isto use a
biosynthetic procedure, and choose an organism (e.g. ayeast or bacteria) that will selectively cleave or
chemically ater one enantiomer only.
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There are also alimited number of mechanical separation procedures basically similar to that originally
used by Pasteur to separate the different tartaric acids. Such methods usually require the use of special
crystallization techniques, or the use of chiral additives such as cyclodextrin. These types of
crystallization procedures, however, can be somewhat tedious to operate and not usually applicable.
Nevertheless, alimited number of processes have been successfully established, where a concentrated
racemic solution is carefully maintained at a critical temperature and then seeded with one isomer only.
Under these conditions the crystals produced are almost entirely of that of a single isomer only.
However, these are rather special cases and the field of application for mechanical separation methods,
in genera israther limited.

The most successful method for separating enantiomersisto exploit the differential interactions that can
take place as aresult of their unique spatial orientation with those of athird enantiomer, which is
introduced into the system to induct specific selectivity. The use of the special spatial arrangement of an
enantiomer, to specifically interact with an enantiomeric reagent, and thus cause it to be selectively
retained in a chromatographic or electrophoretic system, is currently the most direct and technically
viable way to achieve the resolution of awide variety of optical isomers. The extremely high
efficiencies available from modern chromatographic and electrophoretic apparatus makes this approach
by far the most effective for analytical purposes. The precise mechanism responsible for the selective
retention of a specific enantiomer isvery complex, but, nevertheless, can be explained on a rational
basis and will be the subject of discussion in subsequent chapters.

For reasons given earlier, the separation and identification of stereoisomersin drugs, food additives, and
food can be very important analytical problems and chromatography has been shown to be very
effective in the analysis of such products. The use of gas chromatography for the separation of
stereoisomersis not nearly so common as liquid chromatography, but neverthel ess there are a number
of very effective
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optically active stationary phases that can be used in GC for the separation of volatile enantiomers.
More recently the use of electrophoretic techniques has also been very successful for separating
mixtures of enantiomers and examples of the use of the technique will be described in the later chapters
of the book.

Synopsis

The optical activity of certain substances was first noted by Biot in the early 1800s and the existence of
optical isomers was established by Pasteur in 1848. The concept of the asymmetric carbon atom hel ped
van't Hoff and Le Bel to explain the existence of optical isomers and Emil Fisher in the late 1880s
determined the configuration of (+)-glucose, for which he was awarded the Nobel prize in chemistry.
Later, Bijovet confirmed the work of Fisher by X-ray crystallography. Work in the field of
stereoisomers continued relatively slowly until about 1980 when the selective physiological activity of
the different optical isomers of drugs became recognized. The additional impact of the Thalidomide
disaster, forced work on stereoisomers to become a high priority. The United States Drug
Administration mandated the testing of the optical isomers of all drugs that could exist in enantiomeric
forms. This evoked a demand for analytical techniques, which were sadly lacking, despite earlier work
on chiral stationary phases and reagents by Gil-Av, Harada et al. and others. The most common
contemporary chiral agent for the separation of enantiomersis, without doubt, the cyclodextrins.
Optical activity is measured as the capacity of the substance to rotate the plane of polarized light.

M easurements are made by polarizing the light emitted from a source in an analyzer, and then passing it
through the sample contained in a cell. The rotated light is allowed to pass through a second analyzer,
which isturned until the plane of the light is the same as the incident on the sample cell. The angle the
anayzer isrotated is taken as the rotation of the sample. This method is now rarely used. The modern
method of measuring optical activity is by circular dichroism determinations. The circular dichroismis
taken asthe differential
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absorption of left and right circularly polarized light and is usually reported as the differential molar
extinction coefficient.

The enantiomeric content of a mixture is reported as either the optical purity, the enantiomeric excess or
the chromatographic purity. Each determination measures the specific content of one enantiomer
relative to that of the other. The type of stereoisomer can be identified by placing the structure in front
of amirror. If the molecules of the original and the image are not superimposable, then the specific
stereoisomers are called enantiomers. If, in addition, the structures are not interconvertable (i.e. the
image cannot be made identical to the original structure by rotation in the plane of the paper) then these
types of isomers are also optically active. All enantiomers have identical physical properties (with the
exception of their capacity for rotating the plane of polarized light) but may exhibit differing chemical
propertiesin diverse chiral environments. One optical isomer may readily react with another
enantiomer, whereas the other will not. An equal mixture of both optical isomerswill be optically
inactive and is called a racemic mixture. The type of atoms or groups around the chiral atom determines
the extent of rotation. Similar hydrocarbon chains contribute very small increments to the overall
rotation. The structure of the chiral substance can be defined as (S) and (R) but to determine which
demands some rather complicated rules. Firstly, a sequence priority is assigned to the atoms or groups
around the chiral atom. The molecule is then visualized so that the lowest priority atom or group points
away from the viewer into the paper. If the decrease in priority order is clockwise the substance is
defined as (R) and if the decrease in priority sequenceis anti-clockwise it is defined as (S). The priority
sequence is determined by a somewhat complex procedure established by the nature of the atoms
attached to the chiral atom, if necessary, the nature of the atoms attached to them, and the presence of
double or triple bonds. If a stereoisomer contains more than one chiral center it issaid to bea
diasteroisomer . Certain diastereoisomers have been given different terms, for example, in the case of
aldoses if the diastereoisomers differ in the orientation of the atoms around the first carbon atoms then
the stereoisomers are called anomers, if they differ in
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the orientation of the atoms around the second carbon atom, they are called epimers. Diastereoisomers
can assume a structure where the optical rotation of one chiral center exactly cancels that of the other;
such structures are called Meso Structures and the substances are called Meso Compounds. Due to
enantiomers having exactly the same physical properties, they are extremely difficult to separate by
conventional methods such as distillation. Pure enantiomers are usually prepared by exploiting their
unique spatial properties, where one isomer will react with another enantiomer, whereas the other will
not. The most effective separation techniques that can used for the analysis of enantiomers are
chromatography and electrophoresis. However, separation can only be achieved by using chiral agents
in the separation process. Some of the most effective chiral agents that can be used for this purpose are
the cyclodextrins, amino acids and their derivatives, proteins, linear and branched carbohydrates and the
macrocyclic glycopeptides.
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Chapter 2—
The Mechanism of Solute Retention

Enantiomers of a single substance are essentially chemically identical and only differ in the spatial
arrangement of chemical groups or atoms around a single atom, referred to as the stereogenic center or
the chiral center(s). Such differences impart mostly very subtle physical chemical variations between
the individual isomers and thus must be carefully exploited if a chromatographic separation of the
individual enantiomersisto be achieved.

The parameters that will determine how well a pair of chemically similar substances are separated in
any chromatographic system will be the relative retention of the two substances. The greater the
retention difference between any pair of solutes, the better will be the resolution, and the farther apart
they will appear in the chromatogram. Consequently, an algebraic expression for the retention volume
of a solute will show how retention is controlled and thus how the separation can be achieved or
improved. The chromatogram, which depicts the elution of the solutes from a column, is actualy a
graph relating the concentration of the solute in the mobile phase leaving the column to elapsed time.
However, asthe flow rate is constant, the actual relationship is a curve relating the concentration of
solute in the exiting mobile phase to the volume of mobile phase passed through the column. It follows
that an equation is required that will relate the concentration of the solute in the mobile phase leaving
the column to the volume of mobile phase that has passed through it. In figure 2.1, asimple
chromatogram shows the elution of a single peak. The expression f(v) will be the elution curve equation
which will be derived using the plate theory.
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Once the elution-curve equation is derived, and the nature of f(v) identified, then by differentiating f(v)
and equating to zero, the position of the peak maximum can be determined and an expression for the
retention volume (V) obtained. The expression for (V) will disclose those factors that control the
magnitude of solute retention.

Fiv)

Yolume Flow of Mohile Phase (v)

Figure 2.1
The Elution Curve of a Single Peak

ThePlate Theory

The plate theory assumes that the solute is, at al times, in equilibrium with the mobile and stationary
phase. Due to the continuous exchange of solute between the mobile and stationary phase as the solute
progresses down the column, equilibrium between the phases, in fact, isnever actually achieved. To
accommodate this non-equilibrium condition, atechnique originally used in distillation theory is
adopted, where the column is considered to be divided into a number of cells or plates. Each cell is
allotted afinite length, and thus, the solute spends a finite timein each cell. The size of the cell is such
that the solute is considered to have sufficient residence time to achieve equilibrium with the two
phases. Thus, the smaller the plate, the more efficient the solute exchange
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between the two phases in the column and consequently the more plates there are in a given column.
Said [1] developed the Martin plate concept [2], to derive the elution curve equation in the following
way. Consider the equilibrium that is assumed to exist in each plate,

then:

XS = KX]T[ I:L}

Where, (X)) and (X,) are the concentrations of the solute in the mobile and stationary phases,
respectively, and (K) is the distribution coefficient of the solute between the two phases.

It should be noted that (K) is defined with reference to the stationary phase; i.e. K = X /X thusthe
larger the distribution coefficient, the more the solute is distributed in the stationary phase. (K) isa
dimensionless constant and thusin gas/liquid and liquid/liquid systems, (X ) and (X ) are conveniently
measured as mass of solute per unit volume of phase. In gas/solid and liquid/solid systems an alternative
method of measurement could be, mass of solute per unit mass of phase.

Equation (1) merely states that the general distribution law applies to the system and that the adsorption
isotherm islinear. In fact, in both GC and LC, virtually all the solutes exhibit Langmuir type isotherms
between the two phases which, over awide concentration range, will certainly not be linear. However,
at the extremely low solute concentrations employed in most chromatographic separations, that portion
of the isotherm that is pertinent, and over which the chromatographic process is operating, will be very
closeto linear.

Differentiating equation (1):

dXs = KdXm (2)

Consider three consecutive platesin a column, the (p-1), the (p) and the (p+1) plates and let there be a
total of (n) platesin the column. The three plate are depicted in figure 2.2. Let the volumes of mobile
phase and stationary phase in each plate be (v_) and (v ), respectively, and the concentrations of solute

in the mobile and stationary phase in each plate
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be X, (p-1), X(p-1), X..(p), X.(p), X,(p+1), and X (p+1), respectively. Let avolume of mobile phase,
dV, pass from plate (p-1) into plate (p), at the same time displacing the same volume of mobile phase
from plate (p) to plate (p+1).

Plate Plate Plate
(p-1) ipl ip+l)
Mabile Maohile Maobile
Phase Phase Phase
l“;rn ‘Irl't “I—I'I"I
m(p-1) m{p) T mip+1)
Stationary Stationary Stationary
Phase Phase Phase
v v
"0’5 5 §
X
Xsip-l] sipl Xg{pm-ll
Figure 2.2

Three Consecutive Theoretical Platesin a Column

In doing so, there will be a change of mass (dm) of solute in plate (p) that will be equal to the difference
in the mass entering plate (p), from plate (p-1), and the mass of solute leaving plate (p), and entering
plate (p+1). Thus bearing in mind that mass is the product of concentration and volume, the change of

mass of solutein plate (p) will be:
dm= EKrn{p- 1) - Kmfp}Jdv} (3)
Now, if equilibrium is to be maintained in the plate (p), the mass (dm) will distribute itself between the

two phases, which will result in a change of solute concentration in the mobile phase of dX (p), and in
the stationary phase of dX (p).
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Then:

dm = vy dXs(p) + vm dXm(p) 4)
Substituting for dX (p) from equation (2):

dm = (v + Kvg} dXm(p) (3)
Equating equations (3) and (5) and rearranging:

A& {p) Xin (p-1)— K{p]

_ (6)
dv Vi TRy,

Now, it is mathematically convenient to effect a change of variable. The volume flow of mobile phase
will now be measured in units of (v, + Kv), instead of milliliters. Thus the new variable (v) can be

defined where;
v

i T @

The function (v, + Kv ), istermed the 'plate volume' and thus, for the present, the flow of mobile phase

through the column will be measured in ‘plate volumes' instead of milliliters. The 'plate volume' can be
defined as that volume of mobile phase that would contain al the solute that isin the plate at the
equilibrium concentration of the solute in the mobile phase. It is an important concept and is
extensively used in different aspects of chromatography theory.

Differentiating equation (7):

dv (8)
dv= —ououu
{"’m +K'-'S:|
Substituting for dV, from (8) in (6):

X ) _
dvy Xm {p-1)~ KT:P} )

Equation (9) isthe basic differential equation that describes the rate of change of concentration of solute
in the mobile phase in plate (p) with the
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volume flow of mobile phase through it. Thus, the integration of equation (9) will provide the equation
for the elution curve of a solute eluted from any plate in the column. A simple, algebraic solution to
equation (9) isgiven in Appendix 1, and the resulting elution curve equation for plate (p) is shown to
be:

X, e 'vh

p!

Xm (p) =

Where (X, isthe concentration of the solute in the mobile phase leaving
(n)) the(p)th plate

and (X,) istheinitial concentration of solute placed on the 1st plate of
the column

Thus, the equation for the elution curve from the (n) th plate, which is the last plate in the column (that
IS, the equation relating the concentration of solute in the mobile phase entering the detector to volume
of mobile phase passed through the column), is given by:-

X (100

minj =

Equation (10) is the elution curve equation from which much information concerning the
chromatographic process can be educed. Equation (10) is a Poisson function, but can be shown that, if
(n) islarge, the function approximates very closely to anormal Error function or Gaussian function. In
practical chromatography systems, (n) is always greater than 100, and thus, in linear chromatography,
(the adsorption isotherm range is linear) all chromatographic peaks will be Gaussian or nearly Gaussian
in shape.

The Retention Volume of a Solute

The retention volume of a solute is that volume of mobile phase that passes through the column
between the injection point and the peak
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maximum. It is therefore, possible to determine that volume by differentiating equation (10) and
eguating to zero and solving for (v)'

Restating equation (10):

e Yyl

J{m{m =Xq o
dxmln ) - "v"re Vav (n-1)
— X, :

dv n!

—v_.in-1)
— W
= X, —{(n—v)

n'
Equating to zero and solving for (v): n-v=0,0rv=n

At the peak maximum, (n) plate volumes of mobile phase have passed through the column. Now,
remembering that the volume flow is measured in 'plate volumes' and not ml, the volume passed

through the column in (ml) will be obtained by multiplying by the 'plate volume' (v, + Kv)). It follows
that, the retention volume (V) is given by:

"ﬁ'?'r = nivm + K"p‘ﬁ]
=nvmy +nKVg

Now, the total volume of mobile phase in the column, (V ), will be the volume of mobile phase per
plate multiplied by the number of platesi.e. (nv, ). In asimilar manner, the total volume of stationary
phase in the column, (V) will be the volume of stationary phase per plate multiplied by the total
number of plates, i.e. (nv),

Thus:

¥r=Vm+ KVg (11)
In practice, for an unretained peak eluted at the dead volume,(V,):
Vo= Vo) + VE

=Vm+VE (1
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where, (V ), isthe extra column volume contained in the injection system, connecting tubes and
detector cell. In many cases, (V ), may be sufficiently small to be ignored, but for accurate

measurements of retention volume the actual volume measured should always be corrected for the extra
column volume of the system and equation (11) should be put in the form,

YVi=V¥m+ KVs +VE (13)

Returning to equation (13), it is now possible to derive and equation for the adjusted retention volume,

V'):

V= Vr- Vg
Thus, from equations (12) and (13):
V=V + KVs + VE-(Vm + VE)
and:

Vi = KV (14)

To avoid any confusion, it should be reiterated that although the stationary phase is assumed to have a
volume and thus implies the stationary phaseis liquid, by replacing the volume of stationary phase with
mass of stationary phase, then the equations can be made appropriate for liquid/solid systems. However,
as already stated, the units of concentration must also be redefined in the measurement of (K).

Consider the retention volume of two solutes (A) and (B):

Vray = Vm + KayVs +VE (15)
and:
Ve = Vm + KmyVs + VE (16)

Furthermore, the corrected retention volumes will be:
Vipay = KaVs (1n

and:

Ve = Ke)Vs (18)
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It follows that for the two solutes (A) and (B) to be separated:

K Vs <> KB)WVS and KiaVS # Kig)VS
Consequently either:

Vgiar <= Vsim)

or.

Kia) <> K(B)

Itis clear that the magnitude of (K) and (V) determines the extent of separation. Thus, to achieve the
separation of amixture of solutes either, (1) the distribution coefficient (K) of all the solutes must be
made to differ, or (2), the amount of stationary phase (V ), available to each component of the mixture,
must be made to differ, or (3), (which is the method frequently used to ensure the separation of
enantiomers) is to make appropriate adjustments to both the values of (K) and (chirally selective) the
values (V).

It follows, that having identified the primary factors that govern retention (i.e. the size of (K) and (V ),
it is now necessary to recognize those parameters that control the magnitude of the distribution
coefficient itself, and the volume of available stationary phase in a column. However, before discussing
distribution coefficient control, two other retention parameters should be described, the capacity ratio of
apeak and the separation ratio of a peak pair.

The Capacity Ratio of a Solute

The capacity ratio of a solute (k') was introduced early in the devel opment of chromatography and was
used as an alternative means of identifying a solute as the measurement eliminated the effect of flow
rate. The capacity ratio was defined as the ratio of the distribution coefficient of the solute to the phase
ratio (@) of the column. In turn, the phase ratio of the column was defined as the ratio of the volume of
mobile phase in the column to the volume of stationary phase in the column.
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Thus:

¢ - K%
1I|"'I!I'I'l

and:

k' = vllf
l||""1'|'|

Note that (V) isthe volume of mobile phase in the column and not V, the total dead volume of the
column.

Consequently, in practice:

W
K= 1 19
VooV, (19)

Both (V,,) and (V) will vary between different columns and may vary between different solutes, dueto
the differing exclusion properties of solid stationary phases and supports. Thus, some caution must be
shown in comparing (k') values for the same solute from different columns and for different solutes on
the same column.

In calculating (k), the value taken in practice is often the ratio of the corrected retention distance (time),
(i.e. the distance in centimeters on the chart, between the dead point and the peak maximum, or the time
as measured by a computer) to the dead volume distance (time), (i.e. the distance in centimeters on the
chart, between the injection point to the dead point on the chromatogram, or the equivalent time interval
as measured by the computer). This cal culation assumes the extra column dead volume is not
significant which unfortunately, in many cases will not be true. It follows that (k') values calculated in
thisway will bein error and, unless corrected for extra column volume, should not be used for solute
identification.

The Separation Ratio

As previously discussed, the capacity ratio of asolute, (k'), wasintroduced to develop a
chromatographic measurement, simple to calculate, independent of flow-rate and one that could be used

in solute identification. Although helpful, the capacity ratio is so dependent on the accurate
measurement of extra column volume and on very limited solute
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exclusion by the support and stationary phase, that it isless than ideal for solute identification. An
alternative measurement, called the separation ratio (a). For two solutes (A) and (B), the separation
ratio was defined as:

Yy KapVs Ky

0'!\;‘]1 -

; = — == (20)
Vieey KV Keg

It is seen that the separation ratio is independent of all column parameters and depends only on the
nature of the two phases and the temperature. Thus, comparing data from two different columns,
providing the same phase system is used in each, and the columns operated at the same temperature,
then any two solutes will have the same separation ratio on both columns. The separation ratio will be
independent of the phase ratios of the two columns and the flow rates. It follows, that the separation
ratio of a solute can be used more reliably as a means of solute identification.

A standard substance is often added to a mixture and the separation ratio of the substance of interest to
the standard is used for identification. In practice the separation ratio is taken as the ratio of the
distances in centimeters between the dead point and the maximum of each peak or, if computer data
processing is employed, distances are replaced by the corresponding times.

The Thermodynamic Properties of the Distribution Coefficient

There are two ways of describing solute distribution between two phases, (1) by thermodynamical
argument and (2) by molecular interactions. The thermodynamic argument is particularly important
with respect to the separation of enantiomers, as the primary separation function in all chiral separations
islargely entropic in nature.

Classical thermodynamics provides an expression that relates the change in free energy of a solute when
transferring from one phase to the other as a function of the equilibrium constant which, in the case of



chromatographic retention, will be the distribution coefficient (K). The expression is as follows:

RTIn K = -AGg

where (R) isthe gas constant,

(T) isthe absolute temperature,

and (DG,) isthe Standard Free Energy Change.

Now:

AG, = AH, — TAS,

where (DH,) isthe Standard Enthalpy Change,

and (DS) isthe Standard Entropy Change.

Thus:

Lk - [AHo _ ASg an
T TURT R

or,

K =2¢ RT R .
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It isseen that if the standard entropy change and standard enthal py change for the distribution of any

given solute between two phases can be calculated, then the distribution coefficient (K) and,
consequently, its retention volume can also be predicted. Unfortunately, these properties of a
distribution system are bulk properties, that include, in a single measurement, the effect of all the

different types of molecular interactions that are taking place between the solute and the two phases. As
aresult it is often difficult to isolate the individual interactive contributionsin order to estimate the
magnitude of the overall distribution coefficient, or identify how it can be controlled. Nevertheless,
there are a number of ways in which this can be done and, in any event, the thermodynamic approach

can provide valuable information with regard to the nature of the distribution.

Rearranging equation (1):

_AH, A4S,

1 K —
. RT R
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Bearing in mind:

V' o= KWVg
ny o= AHe ASy InV, (22)
RT R '

Itis seen that acurverelating In(V') to T should give astraight line, the slope of which will be
proportional to the standard enthal py change during solute transfer. In asimilar way, the intercept will
be related to the standard entropy change and, thus, the dominant thermodynamic contribution to any
specific distribution system can be identified from such curves. Such curves are called van't Hoff curves
and an example of two van't Hoff curvesrelating log(V') against 1/T for two different types of
distribution systems are shown in figure 2.3.

However, before discussing the contribution of enthalpy and entropy to the distribution coefficient and,
thus, retention, the sign convention for the standard entropy, (DS) and the standard enthalpy, (DH)
needs to be defined. When the solute molecule is held by molecular forces in the stationary phase its
entropy has been reduced as, in the mobile phase, where the molecular interactions were weaker, it has
agreater freedom of movement and could behave in amore random manner. It follows that as the
entropy of the solute is reduced, the standard entropy change (DS) must be negative. Asthe moleculeis
held on the stationary phase by intermolecular forces, energy has been used during the interaction and
thus the standard enthal py must also be negative. If (DH) is negative then the first term in equation (22)
will be positive in practical systems. Likewise, if (DS) is also negative then the second term in equation
(22) will be found to be negative in practical systems. This means that the enthal py terms and entropy
terms oppose one another, the enthal py term increasing retention and the entropy term reducing
retention.

;"LH:

RT
Infigure 2.3, it is seen that distribution system (A) has a large enthalpy value - A and alow

entropy contribution A The
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-

AH, J
]'{ ]' . . . . .
large value of A means that the distribution is predominantly controlled by molecular forces.
Energy Driven + (Entropically Driven
Distribution Distribution

System A

z

=11]

=

-

- .+

/T
Figure 2.3

The van't Hoff Curves for Two Different Distributions Systems

The soluteis preferentially distributed in the stationary phase as aresult of the interactions of the solute
molecules with those of the stationary phase being much greater than the interactive forces between the
solute molecules and those of the mobile phase. Because the change in enthalpy is the major
contribution to the change in free energy,

the distribution, in thermodynamic terms, is said to be "enerqy driven".

In contrast, it is seen that for distribution system (B) there is only a small enthalpy change -
but in this case a high entropy contribution
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88,y ]
5
[ R B . This means that the distribution is not predominantly controlled by molecular forces.
The entropy change reflects the loss of randomness or freedom that a solute molecul e possessed when
transferring from one phase to the other. The more random and the greater freedom the solute molecule
has, to move in a particular phase, the greater its entropy in that phase. In system (B), the large entropy
change indicates that the solute molecules are more restricted, or less random, in the stationary phase
than they were in the mobile phase. Because the standard entropy is negative, thisloss of freedom is
responsible for a reduced distribution of the solute in the stationary phase and, thus, diminished solute

retention. Inasmuch as the change in entropy in system (B) is the major contribution to the change in
free energy,

the distribution, in thermodynamic terms, is said to be "entropically driven".

Chiral separations, or separations dominated by size exclusion are examples of entropically driven
systems. For example, one enantiomer may fit more closely to the stationary phase surface, or interact
more proximately with the stationary phase molecules, and thus its freedom will be more restricted, and
its movements less random. However, chromatographic separations need not be predominently
"energetically driven” or "entropically driven”; in fact, very few are. In most cases, retention has both
"energetic" and "entropic” components which, by careful adjustment, can be made to achieve very
difficult and subtle separations. For example, if, asaresult of its unique configuration, one enantiomer
can interact more close with the surface, and in doing so come closer to an energetically interacting
group, both the enthalpy and entropy of the distribution will be changed. As a consequence, the
separation of one isomer from its corresponding enantiomer will be achieved by both energetic and
entropic contributions to the standard free energy of distribution. The energetic contribution would,
however, be adirect result of the primary entropic difference between the two enantiomers.
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It isinteresting to note that in the majority of distribution systems met in gas chromatography, the slope
of the van't Hoff curves are positive and the intercept negative. The negative value of the intercept
means that the standard entropy change of the solute has resulted from the production of aless random
and more orderly system during the process of distribution. More important, this entropy change
reduces the magnitude of the distribution coefficient. This means that the greater the forces between the
molecules, the greater the energy (enthalpy) contribution, the larger the distribution coefficient and the
greater the retention. In contrast, any reduction in the random nature of the molecules or an increased
amount of order in the system, reduces the distribution coefficient and attenuates the retention. Thus, in
the majority of distribution systems met in gas chromatography, the enthal py and entropy changes
oppose one another in their effect on solute retention. In fact, there is considerable parallelism shown
between the standard entropy and standard enthal py of a series of solutes for a given distribution
system.

16}

-AS (cal/mole deg.)
=

2 3 4 5
-AH (kcal/maole)

&l]i-n-ﬂrt}'lether [0 Di-r-Octylthioether

) Di-n-Octylmethylamine

Figure 2.4
Graph of Standard Free Entropy against Standard Free
Enthal py for and Ether, Thioether and Amine.
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This relationship between entropy and enthalpy has been reported many times in the literature. An
example of agraph relating (DH) to (DS), produced by Martire and his group [3-7] is shown in figure
2.4. From atheoretical point of view thisrelationship is to be expected. Any increase in enthal py
indicates that more energy is used up in the association of the solute molecule with the molecules of the
stationary phase. This means that the intermolecular forces are stronger and thus the stationary phase
molecules hold the solute molecules more tightly. In turn, thisimplies that the freedom of movement,
and the random nature of the solute molecule, are also more restricted which resultsin alarger change
in standard entropy. It follows that, unless other significant retentive factors are present, any increase in
standard enthalpy is usually accompanied by a corresponding increase in standard entropy. It should
also be noted that if a particular enantiomer suffers areduction in freedom or randomness, relative to
that of another in the distribution system then, providing the energy changes are the same for both
isomers, the isomer that experiences the greater entropy change will be eluted first.

In figure 2.5, curves are shown relating Log(k') against /T for two pairs of enantiomers. The data has
been curve fitted to alinear function and thus the enthal py and entropy contributions are extracted as
the slope and intercept of each curve.

Thus:

Log(k'y) =40, and Log(k ;) = 42—,

where (y 1) and are the slopes of the curves for enantiomer (1) and

vy 2) enantiomer (2),
and (f 1) and are the intercepts of the curves for enantiomer (1) and
f2) enantiomer (2).

When k', = k', Then:

Wy W T=Y1-¥2

= ———0n 2
T -0 =-f-0p or T=gl=2  (23)

It isseen that if the enthal pies and entropies differ for two enantiomer pairs, there will always be a
temperature where they elute coincidentally and can not be separated. From the curves and intercepts
giveninfigure
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2.5, the temperature for coincident retention of the two phenyl ethanol enantiomersis 432°K or 159°C

and for the methylpiperidine enantiomers is 433°K or 160°C which agrees excellently with the curves
showninfigure 2.5

Column Length M m
Column LD. 250
Helium at 40 p.s.i.

-1 T T T T
2.ME-03 2.40E-03 2.50E-03 2.60E-03 2.70E-03 2.80E-03

The Reciprocal of the Absolute Temperature

¥ = 7543.3469x - 17.85824 r = 0.9995 O
¥y = T832.0144x - 185209 r = 09996 o
¥y = 7672.2940x - 189782 r = (9992 0O

o]
1l

B399.1860x - 20,6568 r = 0.9990 A

Figure 2.5
Curves Relating Log(k") against /T for Two Pairs of Enantiomers
Data Generated by Heng Liang Jin of ASTEC INC.

Now, assume that in order to separate apair of enantiomers, a separation ratio of (a) isrequired.
Assuming,y1* y2andf1? f2, it
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is now possible to calculate the temperatures at which a separation ratio of (2) can be realized.

Now:

Thus

In{ee) = Infk')-Inik's)

= B2 o (p)-0y) (24)
Therefore:
Y- W )
= : 25
In(oeh+( da —0) (25)

Equation (25) allows the temperature to be calculated at which the separation ratio between the solutes
would be ().

From equation (24):

o= et (hi-02) (26)

Thus, the separation ratio that will be obtained for the solute pair can be calculated for any temperature.
This equation will be used in chapter 5 to cal culate the minimum column length necessary to complete
the separation in the minimum time.

The Availability of the Stationary Phase

The volume of stationary phase with which the solutesin a mixture can interact (V, in equation (11) is
not simply related to the total volume of stationary phase in the column. The stationary phase available
to the solute will depend on whether the stationary phase is a porous solid, having pores of size
commensurate with the molecular dimensions of the solutes, or whether the stationary phaseis chiral
and can offer greater
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depth of interaction to one enantiomeric solute, than to the another. If the stationary phase is contained
in, or on, a porous solid, for example, some solutes (by way of illustration those of smaller molecular
Size) can penetrate and interact with more stationary phase than larger molecules which are partially
excluded. As a consequence, the retention will be partly controlled by size exclusion. If, however, the
stationary phase has chiral components, then the amount of stationary phase with which any solute can
interact will also depend on the chirality of the solute molecule and how closely it can fits to the chiral
surface and can interact with neighboring dispersive or polar centers.

In size exclusion chromatography, retention is not exclusively controlled by the size of the solute
molecule, it will still be controlled by the magnitude of the molecular interactions between the solute
molecules and those of the two phases. Only if the magnitude of the forces between the solute and both
phases is the same will retention depend solely on the pore size distribution of the stationary phase. The
larger molecules, being partially or wholly excluded, will elute first and the smaller molecules elute
last. It is also important to appreciate that, even if the dominant retention mechanism is controlled by
molecular forces, if the stationary phase or supporting material has an appropriate porosity, exclusion
will still play a part in retention. There are a number of different media available for exclusion
chromatography, the two most common being silica gel and macroporous polystyrene divinylbenzene
resins.

It should aso be pointed out that in LC many chiral stationary phases are bonded to porous supports
such as silica. Consequently, in achiral separation, molecular forces, exclusion and chiral selectivity
may all contribute to the retention of a particular enantiomer.

There are anumber of ways of effecting the separation of a mixture of enantiomers and these will be
discussed later in this book. In LC, many racemic mixtures can be separated using ordinary reverse
phase columns by adding a suitable chiral reagent to the mobile phase. If the materia is
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adsorbed strongly on the stationary phase then selectivity will reside in the stationary phase, if the
reagent is predominantly in the mobile phase then the chiral selectivity will remain in the mobile phase.
Examples of some suitable additives are, camphor sulphonic acid (8) and quinine (9). Chiral selectivity
can also be achieved by bonding chirally selective compounds to silica, in much the sameway as a
reverse phase. An example of the use of thistype of stationary phase is afforded by the use of bonded
cyclodextrins in the separation of some Warfarin isomers, an example of which is shown in figure 2.6.
The column was 25 cm long and 4.6 mm in diameter packed with 5 micron CYCLOBOND 1. The
mobile phase was approximately acetonitrile/methanol/glacial acetic acid/triethylamine:90/10/0.2/0.2

viIviviv. It is seen that an excellent separation has been achieved with the two isomers completely
resolved.

Figure 2.6
The Separation of Warfarin Isomerson a
CYCLOBOND Column
Courtesy of ASTEC Inc.

This separation is an impressive example of an entropically driven distribution system where the
normally random movements of the solute
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molecules are restricted to different extents, depending on the spatial orientation of the substituent
groups. These retentive mechanisms will be discussed in detail in later examples.

Synopsis

In order to obtain an expression for the retention volume of a solute, the equation for the elution curve
of a substance must be educed. The elution curve equation is derived from the plate theory, which
premises that the column consists of a number of theoretical plates in which equilibrium between the
solute and the two phases is assumed to occur in each plate. A mass balance is applied to a plate, and
from this the differential equation for the change of concentration of the solute in the plate, with the
flow of mobile phase through it, is obtained. The integration of this equation provides the elution curve
equation. Differentiating this equation and equating to zero discloses an expression for the retention
volume of a solute, which is shown to depend on the distribution coefficient of the solute between the
two phases, and the volumes of stationary and mobile phase in the column. Having obtained an
expression for the retention volume of a pair of solutes, then it is shown that their separation will
depend on the relative magnitudes of their distribution coefficient with respect to the stationary phase,
and the relative amount of stationary phase available to the two solutes. If the retention volumeis
corrected for the column dead volume, an expression for the capacity ratio and separation ratio can be
derived, both of which can also be used for solute identification. By thermodynamic argument, the
distribution coefficient can be separated into enthal pic and entropic components, both of which
contribute to retention. An increase in the standard enthalpy of distribution contributes to an increasein
the distribution coefficient, and a consequent increase in retention. An increase in the standard entropy
of distribution usually contributes to a decrease in both the distribution coefficient and retention. The
standard free enthalpy and standard free entropy correlate in the majority of GC separations. It can be
shown that if the enthalpy and entropy of two solutes differ, then there is a particular temperature at
which the two solutes coelute. It can also be shown that the separation ratio of the two
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solutes increases as the temperature diverges from the temperature of coelution. There will be two
temperatures at which any two solutes exhibit a specific separation ratio and these temperatures can be
calculated from the standard enthal pies and standard entropies of the two solutes. In practice either
temperature may be outside the practical temperature range over which the column can be operated and
so only one temperature may be practically useful. The retention of a solute is directly related to the
volume of stationary phase available and thisis rarely the same as the total amount of stationary phase
present in the column. The available stationary phaseis limited by the porosity of the support (only
those molecules small enough to enter the pores can interact with the stationary phase) and the chiral
characteristics (spatial arrangement) of the stationary phase. Only those molecules having the
appropriate spatial arrangement will achieve close interaction with the stationary phase molecules or
surface. Conversely, those solute molecules of opposite chirality will be partially hindered from close
interaction with the stationary phase or surface, and experience reduced interaction. Retention depends
on (1), the magnitude of the interactive forces between the molecule and the two phases, (2) the change
in the random nature of the solute molecule when it transfers from one phase to the other, and (3) the
availability of the stationary phase, which will depend on the exclusion properties of the support and the
chiral nature of the surface.
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Chapter 3—
Molecular I nteractions

In order to learn how to achieve the selectivity required to resolve a pair of enantiomorphs, the
mechanism of retention must be fully understood. This means that the molecular forces that control
retention must be defined, their mode of action identified, and their effect on the distribution coefficient
(K) examined. The magnitude of (K) depends on the relative affinity of the solute for the two phases.
Consequently, the stationary phase must be chosen to interact strongly with the solutes to achieve a
separation (i.e. the intermolecular forces between solute and stationary phase must be relatively large).
In contrast, the interactions between the solute molecules and the mobile phase should be chosen to be
relatively weak, to allow the stronger forces to dominate in the stationary phase and produce the
required retention and selectivity. Thiswill naturally occur in GC, as the probability of interaction
(collision between solute and gas molecules) isvery small compared with that in aliquid, and due to the
small mass of the mobile phase molecules, the strength of any interactions that do occur will be
extremely weak. Thiswill not be true in LC, and the mobile phase must be chosen so that the type of
interactions that take place with the solute will be weaker than those that take place between the solute
and the stationary phase. Thiswill become clearer when the different types of molecular interactions are
understood.

All intermolecular forces are electrical in nature. Although gravitational and magnetic forces between
molecules may exist, they are many orders of magnitude weaker than the electrical forces and for the
purposes of
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solute retention in chromatography can be ignored. There are three different basic types of
intermolecular forces, dispersion forces, polar forces and ionic forces. All interactions between
molecules are composites of these three different types of molecular force although, individually, they
can vary widely in strength.

Dispersion Forces

Dispersion forces were first described by London [1], and for this reason were originally called
‘London's dispersion forces. However, over the years London's name has been dropped and they are
now simply referred to as 'dispersion’ forces. They arise from charge fluctuations throughout a molecule
resulting from electron/nuclei vibrations. They are a statistical effect and alittle difficult to appreciate.
Many years ago Glasstone [2] gave a good description of dispersion forces and suggested that;

"although the physical significance probably cannot be clearly defined, it may be imagined that an instantaneous
picture of a molecule would show various arrangements of nuclei and electrons having dipole moments. These
rapidly varying dipoles when averaged over a large number of configurations would give a resultant of zero.
However, at any instant they would offer electrical interactions with another molecule resulting in interactive
forces".

Dispersion forces occur between all types of molecules but are typically, and specificaly, those that
occur between hydrocarbons and are responsible for the fact that hexane, at S.T.P., isaliquid boiling at
68.7°C and is nhot agas. In biotechnology and biochemistry, dispersive interactions are often referred to
as 'hydrophobic' or 'lyophobic' interactions, apparently because dispersive substance such as the
aliphatic hydrocarbons do not dissolve readily in water. The interpretation of the biochemical termsfor
molecular interactions will be discussed later.

The theoretical treatment of molecular interactions is extremely complicated and the mathematics can
become cumbersome. In the
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following discussion, certain simplifying assumptions are made that are only approximate and, thus, the
expressions given below, for both dispersive forces and polar forces, will not be exact. Nevertheless,
they will be sufficiently precise to allow the parameters that control the different types of interaction to
be identified.

As afirst approximation, the interaction energy, (U,), involved with dispersive forces has been
calculated to be:

3 2
Up =- hVﬂ{?
4r

where () isthe polarizability of the molecule,
(n,) isacharacteristic frequency of the molecule,

(h) isPlank's constant,

and (r) isthe distance between the molecules.

The dominant factor that controls the dispersive force is the polarizability (a) of the molecule, which,
for substances that have no dipoles, is given by:

D-1 4
= = —T N
D+2

where (D) isthe dielectric constant of the material,

and (n) isthe number of molecules per unit volume.

If (r) isthe density of the medium and (M) is the molecular weight, then the number of molecules per
unit volume is Nr /M where (N) is Avogadro's number.

Thus:

=T N = (D-D M =
3 D+ p

where (P) is called the molar polarizability.
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It is seen that the molar polarizability is proportiona to M/r, the molar volume; consequently,
dispersive forces (and thus "hydrophobic" or "lyophobic forces") will be related to the 'molar volume' of
the interacting substances. A diagrammatic representation of dispersive interactionsis shown in figure
3.1. Dispersive interactions occur where there is no localized charge on any part of the molecule, just a
host of fluctuating, closely associated charges that, at any instant, can interact with instantaneous
charges of an opposite kind situated on a neighboring molecule.

Two Molecules Interacting
and Held Together as a

Charge Fluctuations - the Result of Dispersive Forces
Source of Dispersive Forces
and Dispersive Interactions -t = = F = F =+ =+
+-4+-4+-+-4+-+ -
l -+ -+ -+ -+ -+ -+

Figure 3.1
Dispersive Interactions

Polar Forces

Polar interactions arise from electrical forces between localized charges residing on different parts of
the molecul e that result from permanent or induced dipoles. Polar interactions cannot occur in isolation,
but must be always be accompanied by statistically generated dispersive interactions. Polar interactions
can vary widely in strength, depending on the magnitude of the charges on each dipole. The forces can
be very strong and result in molecular associations that approach, in energy, that of aweak chemical
bond. Examples of such instances are 'hydrogen bonding' and in particular the association of water with

itself. Conversaly, very
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weak polar interactions can occur such as those arising between induced dipoles.

Dipole-Dipole I nteractions

The interaction energy (U,) between two dipolar moleculesis given, to afirst approximation, by:

2
2op”
rf1

U, =

where (a) isthe polarizability of the molecule,
(1) isthe dipole moment of the molecule,

and (r) isthe distance between the molecules.

The energy is seen to depend on the square of the dipole moment, which can vary in strength over a
wide range of values. Unfortunately, the numerical value of the dipole moment, taken from bulk
measurements of dielectric constant over arange of temperatures, does not always give an indication of
the strength of any polar interactions that it might have with other molecules. Water, for example, an
extremely polar molecule, has a dipole moment of only 1.76 Debyes. In asimilar manner the dipole
moment of methanol, another extremely polar substance, has a dipole moment of only 2.9 Debyes.
Unusually, low values for the dipole moments of strongly polar substances can result from electric
interaction between the two dipoles due to molecular association and/or from internal electric field
compensation, that can occur when more than one dipole is present in the molecule. For example, water
associates strongly with itself by very strong polar forces or 'hydrogen bonding' which reduces the net
dipole character of the associated molecules, when determined from bulk external electrical
measurements made on the substance. Methanol also associates strongly with itself in asimilar manner.
In many cases, the electric field from one dipole opposes that from the other, resulting in areduction in
the net field as measured externally. Consequently, bulk properties would not reflect the true value for
the dipole moment of the individual dipoles. Another molecule,
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however, approaching a water or methanol molecule would experience the uncompensated field of the
single dipole and interact accordingly.

An example of the internal compensation of two dipoles affecting the magnitude of the overall apparent
dipole moment, as calculated from bulk measurements of dielectric constant, is the low dipole moment
of dioxane, 0.45 Debyes. Compared with a dipole moment of 1.15 Debyes for diethyl ether, which
theoretically should be about half that of dioxane, it is seen that there is strong internal compensation
between the dipoles from each of the ether groups. Again, however, another molecule, approaching one
ether group of the dioxane molecule would experience the uncompensated field of that single dipole
and, again, interact accordingly. Consequently, dioxane although having the low dipole moment of 0.45
isstill avery polar material that is miscible with water. These examples, clearly indicate that
considerable caution must be taken when attempting to relate the magnitude of polar interactions with
the dipole moments of the molecules concerned.

Now, the polarizability of a substance that contains no dipolesis likely to give an indication of the
strength of the dispersive interactions that might take place with another molecule. In contrast, due to
possible self-association or internal compensation, the dipole moment of a substance, determined from
bulk dielectric constant measurements, will not always give an indication of the strength of any polar
interaction that might take place with another molecule. A diagrammatic impression of a dipole-dipole
interaction is shown in figure 3.2.

The dipolesinteract directly as would be expected, but it isimportant to appreciate that behind the
dipole-dipole interaction is the dispersive interaction from the charge fluctuations on both molecules.
The net molecular interaction will, therefore, be a combination of both. Dispersive interactions are the
only interactions that can occur in the absence of any other. All other types of interaction, polar and/or
ionic, will occur in conjunction with dispersive interactions. Examples of some substances that have
permanent dipoles and exhibit polar interaction with other molecules are alcohols, esters, ethers,
amines, amides, nitriles, etc.
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Charge Fluctuations - the
Source of DNspersive Forces
and Dispersive Interactions

-+ -+ -+-F+-+-+
e R R B e =

-t -t -+t +

Two Molecules Interacting
and Held Together as a
Result of Dispersive Forces

Figure 3.2
Polar Interactions; Dipole-Dipole-Interactions

Dipole-Induced-Dipole I nteractions

Certain compounds, such as those containing the aromatic nucleus and thus (p) electrons, are
polarizable. When such molecules come into close proximity with a molecule having a permanent
dipole, the electric field from the dipole induces a counter dipole in the polarizable molecule. This
induced dipole acts in the same manner as a permanent dipole and the polar forces between the two
dipoles result in interaction between the molecules. Aromatic hydrocarbons are typically polarizable
compounds and an example of their separation using induced dipole interactions to affect retention and
selectivity will be given later. A diagrammatic impression of a dipole-induced dipole interaction is
shown in figure 3.3. Just as dipole interactions must take place coincidentally with dispersive
interactions, so are induced dipole interactions always accompanied by dispersive interactions. Thus,
aromatic hydrocarbons can be retained and separated solely on the basis of purely dispersive
interactions, for example in GC using an-alkane stationary phase. Alternatively, they can be retained
and separated by combined induced-polar and dispersive interactions using a polyethylene glycol
stationary phase. Molecules need
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not exhibit one type of polarity only. Phenyl ethanol, for example, will possess both adipole as aresult
of the hydroxy! group and be polarizable due to the aromatic ring. More complex molecules can have

many different interactive groups.

Molecule Exhibiting Both Charge
Fluctuations and an Induced Dipole

-t -t -F-F+-+-+
{W+-+-+-+-+-+ —{—J

-4 -+ -+-+-+-+

Molecules Interacting Both by Dispersive Forces
from Charge Fluctuations and
Polar Forces from Indoced Dipole-Dipole
Interactions

Figure 3.3
Polar Interactions: Dipole-Induced Dipole Interactions

| onic Forces

Polar compounds, although possessing dipoles, have no net charge on the molecule. In contrast, ions
possess a net charge and consequently can interact strongly with ions having an opposite charge. lonic
interactions are exploited in ion exchange chromatography, where the counter ions to the ions being
separated are situated in the stationary phase. In a similar manner to polar interactions, ionic
interactions are always accompanied by dispersive interactions and usually, also with polar interactions.
Nevertheless, in ion exchange chromatography the dominant forces controlling retention usually result
from ionic interactions. lonic interaction is depicted diagramatically in figure 3.4. A molecule can have
many interactive sites comprised of the three basic types, dispersive,
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polar and ionic. Large molecules (for example biopolymers) can have hundreds of different interactive
sites throughout the molecule and the interactive character of the molecule as awhole will be
determined by the net effect of al the sites. If the dispersive sites dominate, the overall property of the
molecule will be dispersive which the biotechnol ogists call "hydrophobic" or lyophobic".

If dipoles and polarizable groups dominate in the molecule, then the overall property of the molecule
will be polar, which the biotechnologists call "hydrophilic" or lyophylic". These terms are not based on
physical chemical arguments, but have evolved largely in the discipline of biology. They have
important significance to biologists and biochemists and therefore deserve some discussion.

Molecule Exhibiting Both Charge
Fluctuations and a Nef positive Tonic
Charge

-+-+-+-+-+-+J

Ao ndpadodsde
R VI S pparaprt

Molecules Inmteracting Both by Dispersive Forces
from Charge Fluctuations and Ionic
Forces from Interactions Between Net Charges

+-+-+-+-+-+
R
+ot -ttt -t l
b b=t T
R N ST SRR
-t et -ttt -
Figure 3.4

lonic and Dispersive Interactions

Hydrophobic and Hydrophilic Interactions

The term "hydrophobic" is a most unfortunate term in that it implies some form of molecular repulsion,
which, of course, outside the van der Waals radii of amolecule, isimpossible. The term "hydrophobic

force",
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literally meaning "fear of water" force, is an aternative to the well -established term, dispersive force.
The author is not aware of how the use of thisword for molecular interactions originated, but it may
have been provoked by the immiscibility of a dispersive solvent such asn-heptane with a very polar
solvent such as water. The reason that n-heptane and water are immiscible is not because water
molecules repel heptane molecules. They are immiscible because the forces between two heptane
molecules and the forces between two water molecules are much greater than the forces between a
heptane molecule and a water molecule. Thus, water molecul es and heptane molecules interact very
much more strongly with themselves than with each other.

Water has, in fact, asmall but finite solubility in n-heptane, and n-heptane has a small but finite
solubility in water. Although water-water interactions and hydrocarbon-hydrocarbon interactions are
much stronger than water-hydrocarbon interactions, the latter does exist and are sufficiently strong to
allow weak solution to take place. However, despite the strong interactive force between hydrocarbon
and hydrocarbon, at normal temperatures, asmall fraction will randomly acquire sufficient kinetic
energy to break the association and part. Thus, in a saturated solution of any hydrocarbon in water,
equilibrium occurs when the probability of two hydrocarbon molecules colliding and interacting will
be equal to the thermodynamic probability of another pair gaining sufficient energy to part. Asthe
latter is very small, so must the saturated concentration of heptane in water (which determines the
probability of collision) also must be small. Hence the very low mutual solubility of water and
hydrocarbons. The term "hydrophilic force", literally meaning "love of water" force, appears to have
been introduced merely as the complement to "hydrophobic”. It is equivalent to the term polar, and
polar solvents are hydrophilic solvents because they interact strongly with water or other polar solvents.

The reasons for the introduction of the terms "lyophobic” (meaning fear of lye) and
"lyophilic" (meaning love of lye) are alittle more obscure and to some extent are irrelevant, asthey are
essentially alternatives to the terms hydrophobic and hydrophilic. The terms originated in the early
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days of the soap industry when soap was prepared by boiling a vegetable oil with an alkaline solution
obtained from leaching 'wood ash’ with water. The alkaline product from the wood ash was a crude
solution of sodium and potassium carbonates called "lye". On boiling the vegetable oil with the lye, the
soap (sodium and potassium salts of long-chained fatty acids) separated from the lye due to the
dispersive interactions between the fatty acid alkane chains and were thus called "lyophobic”. It follows
that "lyophobic”, from a physical chemical point of view, would be the same as "hydrophobic”, and
interactions between hydrophobic and lyophobic materials are dominantly dispersive. The other product
of the soap-making industry was glycerol, which, being strongly polar, remained in the lye and was
consequently termed "lyophilic". Thus, glycerol mixes with water because of its many hydroxyl groups,
isvery polar and henceis a"hydrophilic" or "lyophilic" substance.

From aclassical physical chemical point of view, these alternative terms describing molecular
interactions are somewhat impertinent, and confusing, and perhaps should be avoided by those not
involved in the biological sciences. Nevertheless, as they are extensively employed in biotechnology to
describe the interactive character of a molecule, their meaning needs to be appreciated. The use of a
more general term to describe the interactive property of a biomolecule can be understood if one
considers the character of abiopolymer, for example a polypeptide. The peptide will contain alarge
number of different types of amino acids, each having different interactive groups. All will exhibit polar
interactions with the carbonyl and amide groups but each amino acid will contribute its own unique
interactive character to the peptide. An attempt to illustrate the interactive character of two polypeptides
iIsmadein figure 3.5. The molecular dimensionsin figure 3.5 have no significance and the spatial
arrangements are imaginary; the intent is solely to illustrate how the overall interactive character of a
large molecule is made up from the individual contributions from the different chemical groups. The net
character, resultant from al the groups, can be dispersive (hydrophobic) or polar (hydrophilic), which
will determine their overall interaction with their environment. As an example, the peptide (A) might be
considered to be the hexapeptide:
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| euci ne-al ani ne-phenyl al anine-leucine-al anine-phenylalanine

{A) The Interactive Character of a "Hydrophobic"
Macromolecule Depicted Diagramatically

Long Aliphatic Chains Offering Aromatic Nucleus Offering
Strong Dispersive Interactions Induced Dipole Interactions

Leucine . Peptide Links Offering
i:l:rlllilll: Polar Interactions

Alanine
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Short Aliphatic Chains Offering _
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(B) The Interactive Character of a "Hydrophilic"
Macromolecule Depicted Diagramatically
Short Aliphatic Chains Offering

Peptide Links Offering Weak Dispersive Interactions
Polar Interactions
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Arginine T

Polar Groups (OH) Offering
Strong Polar Interactions

Figure 3.5
Examples of Hydrophobic and Hydrophilic Molecules
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It is seen that there is a preponderance of aliphatic chains present: long chains contributed by the two
leucine fragments, short chains contributed by alanine fragments. The only polar groups are the peptide
bonds themselves and the two aromatic rings from the phenylal anine fragments that could produce
induced dipoles. It follows that the overall character of the hexapeptide islikely to be dispersive and
thus, the peptide would probably be defined as hydrophobic or lyophobicin nature.

In contrast, the lower peptide (B) might be considered to be the heptapeptide,
arginine-glycine-serine-glycine-threonine-glycine-serine

or of similar composition. It is seen that there is now a preponderance of polar groups present, hydroxyl
groups contributed by the two serine and threonine fragments together with the peptide bonds
themselves. The very short aliphatic chains contributed by glycine fragments (CH, groups) will only
provide weak dispersive interactions. The arginine also provides potential ionic interactions with the
free amine group. It follows that the overall character of the heptapeptide islikely to be polar, and thus
the peptide would probably be defined as hydrophilic or lyophilic in nature.

The terms hydrophilic and hydrophobic are more often used to describe the overall interactive character
of alarge molecule as opposed to the individual group interactions. Nevertheless they are basically
alternative terms that have been adopted to describe a predominance of polar and dispersive interactive
properties in a molecule respectively.

Molecular Interactionsin Mixed Phases

A phase of specific polarity can be simulated by mixing two substances having different polarities to
provide the desired composite interactive properties. This procedure was examined in considerable
detail by Purnell who published a number of papers describing the properties of
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mixed stationary phasesin GC (Purnell et al. [3], Laub and Purnell [4] and Laub [5]).

These workers examined the effect of mixed stationary phases on solute retention in GC during the late
1970s and early 1980s. They found that, for awide range of binary mixtures, the corrected retention
volume of a solute was linearly related to the volume fraction of either one of the two phases. These
results produced considerable controversy which still persistsin many contemporary academic circles.
The major point of argument arose from the fact that as the corrected retention volume, and thus the
distribution coefficient, was linearly related to the volume fraction of either phase, this meant the
distribution coefficient waslinearly controlled by the volume fraction of the stationary phase
component and not exponentially related to it. This does not seem to be surprising, as the volume
concentration will control the probability of interaction and thus if the concentration is doubled, the
probability of interaction will be expected to double and also the distribution coefficient. However, this
linear relationship only holds for binary mixtures. It will be seen that for ternary mixtures, that result
from associations of the stationary phase components with one another, the relationship breaks down.

In terms of an expression for solute retention, the results of Purnell and his co-workers can be given as
follows:

Vipay = KaaVg +Kp(l-0)Vs

where V'r isthe retention volume of the solute on a mixture of
(AB) stationary phases (A) and (B),

(K,) isthedistribution coefficient of the solute with respect
to the pure stationary phase (A),

(Kg) isthedistribution coefficient of the solute with respect
to the pure stationary phase (B),

(V) isthetotal volume of stationary phase in the column

and is the volume fraction of phase (A) in the stationary
(a) phase mixture.
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That is

Viiag) = aV'a + (1-o)V'g (13)

where isthe retention volume of the solute on the same
(V',) volume of pure phase (A)

and (V',) isthe retention volume of the solute on the same
volume of pure phase (B)

Rearranging equation (13):
Viap = a(V'a -V'B) + Vg (14)

Thissimple relationship is depicted in figure 3.6.
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Figure 3.6

Graph of Corrected Retention Volume against Volume
Fraction of Stationary Phase

Purnell experimentally further validated the above equation by the following three experiments.

First, the two fractions of stationary phase were mixed, coated on some support, and packed into the
column; second, each of the two fractions were coated on separate aliquots of support and then the
coated supports
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mixed and packed in a column; third, each fraction was coated on a support and the appropriate quantity
packed into separate columns and the columns joined in series.

Stationary Phases A and B
Mixed and Coated on the
Support

Stationary Phases A and B [
Coated on the Supports 3
and then Mixed

Stationary Phases A and B o
Coated on Individual Supports |
and then packed into Separate [:

Columns

(Pumel] experimentally demonstrated that the retention volume of a given solute was the
same an all three column systenms)

Figure 3.7
Alternative Methods for Combining Volume Fractions of Stationary Phase in GC

The results verified that the same retention volume for a given solute was obtained on all three column
systems. The results from these experiments are depicted in figure 3.7.

As aready discussed, this simple relationship, unfortunately, was found not to be universal and broke
down where strong association occurred between the two phases [6,7]. If there is strong association
between the individual components (A and B) of the mixed phase e.g.,

A+B = AB

then the stationary phase would no longer be a binary mixture but would also contain the associate of
the two phases as a third component. Thus,
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the ssmple linear relationship between retention and volume fraction of one component of the mixture
would not be expected to hold.

The simple, linear relationship between volume fraction of one component of a binary mixture and the
retention volume of a solute, where there is only weak interaction between the individual components,
again, isto be expected. The volume fraction of each phase will determine the probability that a given
solute molecule will interact with a molecule of that phase, in much the same way as the partia pressure
of asolute in a gas, determines the probability that a solute molecule will collide with a gas molecule.
For those phase systems that give a linear relationship between retention volume and volume fraction of
stationary phase, it is clear that the linear functions of the distribution coefficients could be summed
directly, but their logarithms could not. The results of Purnell indicate that when thereislittle, or only
weak, interaction between the components of a binary mixture used as a stationary phase, the solute
retention or distribution coefficient islinearly, not exponentialy, related to the stationary phase
composition.

It would seem that stationary phases of intermediate polarities can easily be constructed from binary
mixtures of two phases one, strongly dispersive and one strongly polar, provided that the two
components do not interact strongly with each other. Furthermore, if there is interaction between the
components, then, in GC, the procedure of Purnell can be used, using two columns connected in series
each containing the appropriate quantity of stationary phase. Asthe individual stationary phase
components are kept apart, no phase interaction can occur and the simple relationship between retention
and volume fraction of stationary phase will hold. This procedure has not been used extensively in
commercia columns, athough it is probably the easiest and most economic method of fabricating
columns having carefully adjusted intermediate polarities. This technique might be particularly useful
for the separation of certain chiral isomers where an appropriate stationary phase comprising a pure
substance proved difficult to identify and molecular interactions between the individual components of
the
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stationary phase did not allow the expected chiral selectivity to be realized.

The same linear relationship between mobile phase composition and retention was noted by Katz et al.
[7] for binary mixturesin LC. However, in LC the situation is more complicated, and if strong
association occurs between the mobile phase components, the relationship becomes nonlinear.
Unfortunately, the technigue of using the two columns procedure of Purnell isimpractical for mixed
mobile phasesin LC. Furthermore, as the solvents most commonly used are water, methanol,
acetonitrile and tetrahydrofuran, and all form strong associates, the use of the linear relationship
demonstrated by Katz et al. is severely limited. An example of the linear relationship between volume
fraction of one component of two binary mixtures and retention is shown in figure 3.8. The linear
relationship is clearly demonstrated and it is seen that the distribution coefficient (which controls
retention) can be adjusted to any selected value by choosing the appropriate mixture of the two solvents.
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Figure 3.8
Graphs Relating Distribution Coefficient to Solute Retention
for n-Pentanal
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If one solvent is replaced by achiral additive, retention will not be linearly related to additive
concentration unless the additive is present at extremely low concentrations where the adsorption
isotherm islinear. The effect of chiral additives on solute retention will be discussed below.
Unfortunately, the linear relationship also breaks down completely when strong molecular association
takes place between the components of the binary mixture. The mobile phase now becomes aternary
mixture, the composition of which isnot smply related to the original concentrations of the
unassociated solvents in the mixture. An example of such curves are given in figure 3.9.

It should be pointed out, that although the relationship between distribution coefficient and methanol
concentration is not linear, neither isit logarithmic; a graph of log (distribution coefficient) against
methanol concentration gives a shallow curve. In order to obtain an explicit function for the retention of
asolute in terms of the original methanol concentration, it is necessary to determine the equilibrium
constant for the association of water and methanol. Thiswas carried out by Katz et al. [7] using
refractive index and density data for different methanol/water mixtures and an expression for the
retention of the solute was proposed.
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Graphs Relating Distribution Coefficient to Methanol
Concentration
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Chiral Additives

In liquid chromatography, chiral additives are frequently used with the mobile phase, and their direct
effect on the differential retention of a pair of enantiomers can be very complex and difficult to
calculate (although not impossible if sufficient datais available). The addition of an additive to the
mobile phase changes both the interactive character of the mobile phase and the stationary phase, as the
additive is distributed between the two phases in exactly the same way as a solute. The additive,
however, is present at much higher concentrations than the solute and thus the isotherm is not linear. In
order to understand the effect of an additive to the interactive nature of the stationary phasein LC, itis
necessary to develop the Langmuir Isotherm which will provide an equation that describes the surface
coverage by the chiral agent, in terms of its concentration in the mobile phase.

Consider 1 cmz2 of stationary phase surface carrying an adsorbed layer of chiral agent, at a concentration
(C) g.cm?, in contact with aliquid containing (C,)g of chiral agent per cm- of the solvent mixture. Let

the molecular weight of the chiral agent be (M), and the area covered by the chiral agent molecule when
adsorbed on the surface, be (S). This situation is depicted in figure 3.10.

i

Figure 3.10
The Adsorption of a Chiral Reagent on the Surface of a Solid
Stationary Phase

Assuming a mono-layer of solvent isformed on the surface, the area of exposed surface (y ), isgiven
by:
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w=1—LﬁS3‘*’5 (14)

where (N) is Avogadro's Number

Now the number of molecules (N,), leaving the surface will be proportional to the concentration of

adsorbed molecules and a constant (b), where (b) isthat fraction of the adsorbed molecules that acquire
sufficient kinetic energy to overcome the molecular forces holding the molecules to the surface, i.e.:

N1 = BCs

The number of molecules striking and adhering to the exposed surface (N ,), will be proportional to the
concentration of chiral agent in the mobile phase, the unexposed area of surface and another constant
(a). It follows that,

N, = af1- SSNsle

im

M

Now, under equilibrium conditions, the number of molecules leaving the surface will equal the number
of molecules striking the surface and adhering,

ie:

or,

o _ Cg

i = ¢ =K (15)
[i"'aﬁct“

where (K) isthe net, effective distribution coefficient of the chiral agent between the stationary phase
and a solution of the chiral agent in water at a concentration (C ).
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In practice, this means that if a neat sample of chiral agent isinjected on to a column as a solute, when
the mobile phase consists of an aqueous solution of the agent, at concentration (C,_), then, the

magnitude of its retention volume will be determined by the distribution coefficient (K);

1
NS s
g + Wcm

K

where g = b/a = the desorption-adsorption coefficient of the solvent.

Now, if the reverse phase is considered to be packed into a column and operated with a mobile phase
having a solvent concentration of (C,,) in water, the corrected retention volume, (V'), is given by the

eguation derived from the Plate Theory:

V' = K{,p

where (j ) isthetotal chromatographically available surface area of the reverse phase in the column.

Substituting for (K) from equation (16),

"o P
VoS NS
g + 7 Cnm
or:
v = &+ nca (17

It is seen that equation (17) shows alinear relationship between the reciprocal of the corrected retention
volume and the concentration of solvent in the mobile phase. Consequently, if retention datais
measured over arange of solvent concentrations, employing the chiral agent itself as the solute, alinear
relationship will be obtained by plotting (1/V') against (C,,) and from the intercept and slope of the
graph, valuesfor
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the (I ), (g) and (K) can be calculated. For example, if the intercept and slope of acurve relating (1/V")

to (C,) is(A) and (B) respectively,

Then:
A gM ANS
B Mg F B = En
and:

-
=X

Restating equation (17):

NS
M_'Lme

Now, as, V' =V, - V,, then, substituting for (V') in equation (17):

NS
+ M_,chm

—— — E
_vn P

T

To aid in algebraic manipulation equation (7) can be put in the simple form:

Voo A + BCh

where, as stated before:

(19)

(20)

(21)

(18)

Now, when the solvent is chromatographed as the solute in pure water as the mobile phase, (i.e. C =0,

andV =V (0)), then:

|
""rr{t}} =¥ 2

Re-arranging:

AV =1
T e e

Substituting for (V,) from equation (21) into equation (20):

(22}
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1
AV (g - |
Ve TR

= A + BCyn) (23)

Where (V) isthe retention volume of the chiral additive, when chromatographed as asolutein a
mobile phase containing the additive at a concentration (C,,,). Equation (23) relates the retention
volume of the additive (as opposed to the corrected retention volume) to its concentration in the mobile
phase and thus, the need to determine the column dead volume is eliminated, and any errors associated
with its measurement removed.

It is seen that the pertinent constants for the adsorption of a chiral reagent on the surface of an LC
stationary phase can easily be measured. The effect of change of chiral agent concentration on surface
coverage can then be calculated and then its effect on the relative retention of a pair of isomers
assessed.

Synopsis

The retention of a substance is determined by the magnitude of its distribution coefficient between the
two phases and hence the type, and strength of the interactive forces between the solute and phase
molecules. There are basically three types of intermolecular forces, dispersive forces, polar forces and
ionic forces al of which are electrical in nature. Dispersive forces arise from transient, randomly
generated dipoles that are manifest throughout each molecule. Polar interactions arise from permanent
or induced dipoles in the molecules and ionic interactions from permanent net charges on the molecule
(i.e. ions). Dispersive interactions are related to the molar polarizability of the substance and, providing
thereisno internal or external field compensation, polar interactions are related to the dipole moment of
the substance. In the field of biotechnology, dispersive interactions are termed hydrophobic and polar
interactions hydrophilic. Large biopolymers that have predominantly dispersive groups are called
hydrophobic in nature whereas those with predominantly polar groups are caled hydrophilic in
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nature. Providing there is no strong interaction between the components, the distribution coefficient and
thus, the retention of a substance, is linearly related the volume fraction of either phase component. If
there is a strong interaction between the components, then aternary mixture is formed, and the simple
linear relationship breaks down. Chiral additives to an LC mobile phase cause alayer of the reagent to
be adsorbed onto the surface of the stationary phase according to the Langmuir equation. Using the
Langmuir equation, and retention datafor the chiral reagent itself from mobile phases carrying arange
of reagent concentrations, the constants of the equation can be calculated. Having determined the
Langmuir constants, the retention of a given chiral solute can be calculated at different reagent
concentrations.
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Chapter 4—
The Basic Gas Chromatograph for Chiral Chromatography

The chromatographic instrumentation necessary for the satisfactory separation of a mixture of
stereoisomersis essentially the same as that used in general GC analyses, with the exception that the
columns and/or packing need to be specially prepared to provide chiral selectivity. The modern GC
instrument can be fitted with a wide range of ancillary equipment designed for special analyses, for
rapid sample processing or for high sensitivity, etc. However, those parts of the apparatus that are
essential for normal use are shown in figure 4.1. The chromatograph can be considered to consist of five
chromatographic components and four data processing and display units.

The chromatographic components comprise a number of gas supplies and controls which provide the
carrier gas for the column and any other gases that may be necessary, e.g., hydrogen, and air or oxygen
for aflame ionization detector (FID). These gases pass through a set of flow controllers (usually under
computer control) and thence, either to the sampling device, or to the appropriate detectors. The
injection device can take various forms, depending on the type of column that is to be used. The sample
passes directly from the injection device (and if necessary through a splitter) directly into the column
which is situated in an oven. The oven temperature is thermostatically controlled, and isfitted with a
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temperature programmer so that its temperature can be changed linearly at chosen rates, over selected
temperature limits during the chromatographic development. The column mobile phase (carrier gas)
then passes to the detector which is situated in its own thermostatted oven and the concentration of
solute in the exiting carrier gas continuously monitored. A range of different detectorsis usually
available and their output is acquired and processed by the dedicated computer system. In the early
chromatographs, the output from the detector passed to a potentiometric recorder and the analysis was
carried out by making measurements directly on the chromatogram.
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Figure 4.1
The Basic Gas Chromatograph

This simple procedureis still carried out to some extent, but the modern gas chromatograph includes a
computer which acquires the data,
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processes it using standard software, and then reports the results on an appropriate printer. The data
from the detector isfirst digitized, then acquired by the computer and stored on disk. At the end of the
run, the data is retrieved, processed, the report constructed and then printed out. The individual units
will now be described in detail.

Gas Supplies

Originally, the gases were almost exclusively supplied from compressed gas cylinders. These were
fitted with appropriate reducing valves that supplied gas to the instrument's gas controllers at the
pressure recommended by the manufacturer (usually about 50 psi). Many contemporary instruments,
however, are fitted with gas generators that may provide nitrogen or oxygen from the laboratory
compressed air supply. Alternatively, hydrogen and oxygen can be produced by an electrolytic process
which is claimed to be safer and less expensive to operate. From a chromatographic point of view, there
islittle to choose between the two types of gas supply.

Early models of gas chromatographs were fitted with pressure controllers to ensure that a constant
pressure was applied to the head of the column. Unfortunately, applying a constant pressure to a column
does not ensure a constant flow of carrier gas though the chromatographic system under all conditions
of operation. For example, in the mgjority of GC analyses, a technique called temperature programming
is frequently employed, where the temperature of the column oven is continuously raised during the
development of the separation. This ensures that those substances in the mixture which would be
strongly retained, are accelerated through the column reducing the analysis time. Now, as the
temperature of agasisraised, its viscosity increases, and thus at a constant inlet pressure, the flow rate
will fall. The reduction in flow rate will depend on the temperature program limits and to a certain
extent on the temperature gradient. To obviate this change in flow rate, modern gas chromatographs are
fitted with mass controllers which ensures a constant mass of carrier gas through the column per unit
time irrespective of the system temperature. If a constant mass-flow is achieved, then the
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volume flow measured at atmospheric temperature and pressure at the end of the column is aso
constant. It follows that reliable, absolute retention data can be obtained with the use of a mass flow
controller providing the appropriate pressure correction is applied [1]. Ancillary gas supplies that are
required by specific detectors are also fitted with mass-flow controllersto facilitate detector stability. A
diagram of amass flow controller showing its mode of action is shown in figure 4.2.
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Figure 4.2
The Mass Flow Controller
Courtesy of Porter Instrumentation Company Inc.

The operation of the Porter mass-flow controller isafollows. The sensing system utilizes a by-pass tube
with a heater situated at the center. Precision temperature sensors are placed equidistant up stream and
down stream of the heater. A proprietary baffle system in the main conduit creates a pressure drop that
causes a fixed proportion of the flow to be diverted through the sensor tube. At zero flow both sensors
are at the same temperature. When there is flow, the down stream sensor is heated producing a
differential temperature across the sensors. As the temperature of the gas will be proportional to the
product of mass flowing and its specific heat, the differential temperature will also be
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proportional to the mass-flow rate. The voltage generated from the differential sensor signal is
compared to that of a set voltage and the difference is used to generate asignal to actuate avalve
controlling the flow. Thus, a closed loop control system is formed that maintains the mass-flow rate set
by the reference voltage. These devices can be made extremely compact, are highly reliable and, afford,
accurate control of the carrier gas flow rate, irrespective of gas viscosity changes due to temperature
programming. Asthe deviceis basically electronic it can easily be controlled by the chromatograph
computer. It follows, that the mass-flow controller also alows the flow rate to be changed or stopped
during injection or during a separation if so desired and, in fact, can also be used for flow programming.
Flow programming is an analogous technique to that of temperature programming and is used to
accelerate the late eluting peaks through the column and thus reduces the analysis time. Flow
programming might be an alternative technique to choose if the late eluting solutes were thermally
labile. Mass-flow control by the computer is used in special sampling and development procedures [2].

Sampling Devices

There are two basic types of injection systems used in GC, the sample valve and the sample syringe.
The sample valve is arotary vave system that interposes the sample, contained in a sample loop, in line
with the carrier gas flow, so that it is swept by the carrier gas onto the column. In GC, sample valves are
almost exclusively used for gas samples and are not necessary for the majority of chiral

chromatography analyses. Liquid samples or solutions are placed on the column by means of ainjection
syringe and silicone septum. There are two types of syringe injection systems, those that are used for
packed columns, and those that are used for capillary columns. Today about 80% of all GC analyses are
carried out using capillary columns, but for the sake of completion, the syringe system that is used with
packed columns will also be described.

I njection Systems for Packed Columns

A diagram of an injection system commonly used with packed columnsis shown in figure 4.3. The
syringes used for injecting the sample are
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calibrated, and can vary in sizefrom 1 p1 to 50 or even 100 pl. The most commonly used syringe sizes
are1l pl and 5 pl. The sample must be placed on the column without interrupting the carrier gas flow
rate and to do this, a septum type injector is used. The septum injector consists of a silicone rubber disc
sandwiched between two metal discs with guide holes for the syringe needle The metal discs are
arranged to compress the silicone so that after the needle has pierced the septum, and the injection
made, the needle can be withdrawn, and the compressed silicone rubber disc expands into the hole
making a gastype seal. If correctly fabricated, the system will permit many hundreds of injections
before aleak can be detected.
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Figure 4.3
Injection System for Packed Column

After passing through the septum the needle discharges the sample into a heated glass liner, whereit is
vaporized and then swept onto the column by the carrier gas. Thisglass liner is called a"flash heater”
and may cause thermal decomposition of certain samples. Alternatively, if the
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heater is turned off, and alonger needle is used that can reach the column packing, then the sample can
be discharged directly into the packing, at the column temperature. This procedure is called ‘on-column’
injection. Under these circumstances, even under temperature programming conditions, the sampleis
never heated above the temperature at which it elutes from the column.

I njection System for Small Diameter Capillary Columns

Small diameter capillary columns require very small samples, often only a fraction of microgramin size
and as this sample size istoo small for practical injection syringes, a split-flow system must be used. In
effect, the sample is vaporized into a gas stream and a fraction of the gas stream (and consequently a
fraction of the sample) is allowed to pass through the column. A diagram of a split-flow injector is

shown in figure 4.4.
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The split-flow injector is very similar to the packed column injector except that only part of the carrier
flow passes to the column, the rest exitsto waste. By varying the exit flow-impedance, the split-ratio
can be adjusted over a wide range. Without this type of split injection system, the small bore capillary
columns would be virtually impossible to use. However, because of the waste of sample and the

relatively small mass range obtainable from small bore columns, the large bore capillary column was
introduced.

I njection Systemsfor Large Bore Capillary Columns

Large bore capillary columns can be considered as those that are sufficiently wide to permit a

hypodermic needle to enter (viz. 0.052 in. 1.D.) and thus allow on-column injection. A diagram of an
injection system for large columnsis shown in figure 4.5.
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Figure 4.5
The Large Bore Capillary Column Injector

It is seen that the injector is very similar to the packed column injector except that the needle now
penetrates into the open end of the column and
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can discharge its contents directly onto the column walls. Unfortunately thistype of injector has a
number of disadvantages. When the sampleisinjected into the column, it breaks up into separate parts,
as bubbles form along the first part of the column. This causes the sample to be deposited at two or
more locations along the tube, as the solvent evaporates. When the separation is developed, each local
concentration of sample acts as a separate injection and produces alarge number of multiple peaksin
the chromatogram.

One solution suggested that might solve this problem was the 'retention gap method' of injection.
Stationary phase is removed from the first few meters of the column and the sampleisinjected into this
section of the column. If the sample splits and bubbles are formed, the separate droplets would il
vaporize in the normal way. Asthere is no stationary phase present, the solutes will all travel at the
same speed as that of the mobile phase (carrier gas) until they reach a coated section of the column
where they will be absorbed into the stationary phase. Thus all the sample will accumulate at this point.
Thistechniqueis usualy carried out in conjunction with temperature programming, always starting the
program at afairly low temperature, which facilitates the accumulation of all the solutes at the point
where the stationary phase coating begins. The starting temperature is often chosen as the boiling point
of the sample solvent. The sample solvent, itself, is chosen to have aslow aboiling point as possible,
and certainly below the boiling point of any of the sample components. The temperature program is
initiated and the solutes are eluted through the column in the normal way. The success of this method
depends on there being a significant difference between the boiling points of the sample solvent and
those of the components of the sample. Retention-gap devices are available, from most venders, in
various lengths with different wetting characteristics. They can be used to apply up to 10 p1 samples
per 5 meter length, for capillary tubes having diameters down to 125 pm.

Another effective procedure, called "solute focusing” involves more complex equipment. The oven
system must be designed to have two consecutive, independently heated and cooled zones, at the
column inlet.
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Initially both zones are cooled and the sample is injected into the first zone. Sample splitting, almost
inevitably occurs and the carrier gas removes the solvent which is eluted through the column. The first
zone is then heated while the second zone is kept cool. The solutes from the first zone are evaporated
and pass through the zone and condense and accumulate at the beginning of the cooled second zone
where al the sample is now focused. The second zone is now heated and the separation developed in
the usual manner. This procedure is more flexible than the "retention gap method" but both the
apparatus and the procedure is more involved. Sample splitting does not occur in packed columns and it
followsthat, if the sample is amenable to separation in packed columns, then the packed column may be
the column of choice if high accuracy and precision are required. However, today, packed columns
represent only 15% of the GC market.

Automatic I njection Systems

Most contemporary gas chromatographs used for routine analysis include an automatic sampling

device. Thisinvolves atransport mechanism that may take the form of a carouseal or some type of
conveyor system. The transporter carries a series of vials, that usually contain alternate sample and
washing solvent. The sampling mechanism is quite complicated, and a complex sequence of operations
are carried out that are usually controlled by a microprocessor. The syringe is washed with solvent,
rinsed with sample, reloaded with the sample, moved by the transport mechanism to the column injector
and finally the contents are discharged into the column. After the separation is complete, the next cycle
commences with the next syringe washing procedure. In routine analytical laboratories, there may also
be sample preparation, such as extraction, concentration, derivatization procedures etc., all carried out
by microprocessor controlled robots.

The Column Oven and Temperature Programmer

Theoretically, the column oven should be capable of operating over afairly wide temperature range
(e.g. from 5°C to 400°C). In practice, however, the maximum oven temperature needed is often no
more than
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250°C, particularly when chiral stationary phases are being used, as many of them tend to deteriorate at
higher temperatures. In the same way, initial temperatures below 50°C are rarely necessary. The oven
should have a very strong circulating fan to ensure an even temperature throughout the oven. The
temperature in any part of the oven should be stable to + 0.5°C. Under isothermal operation, the column
temperature should be constant to £ 0.2°C. The oven needs to have adequate space (1-2 cu. ft.) so that
it can contain more than one column and some switching valvesif so desired in order to provide
facilities for multidimensiona chromatography.

The temperature programmer (hardware and software) usually has arange of linear gradients available,
that extend from 0.5°C/min. to about 20°C/min. Some GC systems include certain nonlinear programs
such as logarithmic and exponential, but the vast majority of GC analyses can be effectively
accomplished using solely linear programs. The program rate can be changed at any timein the
chromatographic development or intermittent isothermal periods can be inserted where necessary in the
program. The temperature programming limits are usually the same as those of the oven (viz. 5°C to
400°C). All connections between the column and the detector, that pass though the column oven wall to
the detector oven, are supplied with their own heater so that no part of the conduit can fall below the
column oven temperature. A cool spot in the conduit will cause condensation which can result in broad
and distorted peaks.

Detectors

There are alarge number of GC detectors available but the majority of GC separations are monitored by
the flame ionization detector (FID), the nitrogen phosphorus detector (NPD), the electron capture
detector (ECD) or the katherometer detector (or Hot Wire Detector). The latter is almost exclusively
used in gas analysis and rarely used in chiral chromatography and so will only be briefly described here.
Furthermore, the FID isused in probably 90% of all chiral analyses. However, before describing the
construction and function of each detector the subject of detector specifications needs to be discussed.
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Detector Specifications

There anumber of different specifications for GC detectors and the subject isimportant and extensive.
However, detectors are only peripheral to the subject of this book, and so detector specifications will
only be briefly considered here; more detailed information can be obtained from Chromatography
Detectors [3].

Detector Linearity

If a solute enters the detector at concentration (c), alinear detector will give the following response:

V=Ac

where (V) isthe voltage output of the detector,

and (A) isaconstant

Unfortunately, no practical detector is precisely linear, although the response can tend to true linearity.
An dternative method for defining linearity isto assume, that for anearly linear detector, the response
could be expressed by the following simple relationship:

V o= Ac” (1)

where (A) isaconstant,

and (a) isaconstant called the response index.

It isseen that atruly linear detector will have aresponse index (a) equal to unity and the numerical
value of (a) will provide an accurate measure of the proximity of the detector response to strict
linearity. The real merit of (a), isthat if its numerical value is known, it can also be used to correct for
any non-linearity that might exist and thus improve the accuracy of the analysis.

Equation (1) can be expressed in the form:

Logiv) = Log{A) + «Log(c) (2
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It is seen that a numerical value for (a) can be easily obtained from an experimentally determined set of
valuesfor (V) and (c), from the slope of the curverelating log (V) to log(c); an exampleisgivenin
figure 4.6.
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Figure 4.6
Graph of Log (V) against Log (c)

Data can be acquired by injecting samples of differing concentrations on to the column and measuring

the respective area or height of the peaks obtained. For most practical purposes, true linearity can only

be assumed if the response index (a) lies between 0.98 and 1.02 as shown in figure 4.6. If the response
index is outside this range, then it will be necessary to use the numerical value of (a) to correct for the

non-linearity.

Linear Dynamic Range

The linear dynamic range (D,) of a detector isthat range of solute concentration over which the
numerical value of the response index falls within defined limits. For example, the linear dynamic
range of a detector such asthe FID might be specified as

D = 1 x 10 1001 x 105 g/ml (0.98< o < 1.02)

The dynamic range of adetector (D,), is that range over which the detector continues to respond to
changes in solute concentration and isnot the same asits linear dynamic range. The dynamic range may
extend from 1 x 109 to 1 x 10 g/ml. The use of a detector outside its linear
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dynamic range, is restricted to preparative chromatography, and today, GC is rarely employed for
preparative purposes.

Detector Noise L eve

Detector noise is the trace resulting from random changes in detector output in the absence of solute
vapor. The detector noise is extremely important and determines the ultimate detector sensitivity or
minimum detectable concentration. There are three types of noise, short term noise, long term noise and
drift. These noise sources combine to give the total noise of the detector. The different types of noise
are depicted in figure 4.7. Short term noise is the term given to baseline perturbations that have a
frequency that is significantly higher than those of the eluted peaks. It is not often a serious problem as
it can be easily removed by appropriate noise filters without significantly affecting the profiles of the
peaks. Its sourceis usually electronic.

——-v-—/-\—-———— Short Term MNoise
T Long Term Moise

———  Drift

Total
MNoise

Figure 4.7
Different Types of Detector Noise

Long term noise is the term given to baseline perturbations that have afrequency that is similar to that
of the eluted peak. Unfortunately, it isindiscernible from very small peaks in the chromatogram and is
thus the most detrimental. It cannot be removed by electronic filtering without affecting the profiles of
the eluted peaks. It is evident, in figure 4.7, that the peak profile can easily be discerned above the high
frequency noise but islost in the long term noise. Long term noise usually arises from temperature,
pressure or flow-rate changes that occur in the detector sensing cell.
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Drift isthe result of baseline perturbations having afrequency that is significantly larger than that of the
eluted peak. Drift isusualy due to either changes in ambient temperature, changesin carrier gas flow-
rate or column bleed. As a consequence, baseline drift often becomes very significant at high
temperatures. In general, the sensitivity of the detector should never be set above the level where the
combined noise exceeds 2% of the full scale deflection (F.S.D.) of the recorder (if oneis used), or
appears as more than 2% F.S.D. of the computer simulation of the chromatogram. Detector noiseis
measured as the maximum amplitude of the combined short and long term noise taken over a period of
about 15 min..

Detector Response

Detector response can be defined as the voltage output for unit change in solute concentration. The
detector response (R,) can be determined by injecting a known mass of the chosen solute (m) onto the
column and measuring the response from the dimensions of the peak. Assuming the concentration of
the solute at the peak maximum is twice the average peak concentration, then the detector responseis
given by:

hw(Q

3m

where (h) isthe peak height,
(w) isthe peak width at 0.607 of the peak height,
(Q) istheflow ratein mi/min,

and (s) isthe chart speed or printer record equivalent.

Inevitably, the response of a detector will differ between different solutes and between different
detectors. Ipso facto, the response of two detectors of the same type and geometry can only be
compared under similar conditions.

Detector Sensitivity or the Minimum Detectable Concentration

Detector sensitivity or the minimum detectable concentration is the minimum concentration of an eluted
solute that can be discerned
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unambiguously from the noise. If a peak is considered decisively identifiable, then the ratio of the
signal to the noise has been customarily taken as two. Although, thisratio originated from electronic
theory, it isrealistic, and any peak having a signal-to-noise ratio of less than two is seriously obscured
by the noise and almost impossible to identify. Thus, the minimum detectable concentration is that
concentration of solute in the mobile phase that provides a signal equivalent to twice the noise level.

Unfortunately, the concentration that will provide asignal equivalent to twice the noise level will
usually depend on the physical properties of the solute used for measurement. Consequently, the
detector sensitivity, or minimum detectable concentration, is quoted in conjunction with the solute that
is used for measurement.

Thus, for a concentration sensitive detector, the detector sensitivity (X ) isgiven by:

"?I\q"

F =D

Xp = fe/ml)
(§] R 2

c
where (ND) isthe noise level of the detector

GC detectors exhibit awide range of sensitivities. At one extreme the katherometer has a sensitivity of
about 1 x 10 g/ml and at the other, the electron capture detector can detect eluents at levels of 2 x 1013
g/ml.

Pressure Sensitivity

The pressure sensitivity of a detector is one factor that determines the long term noise. It is the change
in detector output per unit change in sensor-cell pressure. This specification is not critical for chiral
chromatography as the katharometer (the detector most sensitive to pressure changes) is rarely used.
The maximum pressure that the detector can tolerate is also important, particularly when multicolumn
systems are employed and the detector is at the inlet pressure of the second column.
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Flow Sensitivity

Flow sensitivity is measured as the change in detector output for unit change in flow rate through the
sensor cell. The response of the FID is virtually unaffected by flow rate changes and, in fact, only
responds to the mass of solute passing through it per unit time. In contrast, the katherometer is very
sensitive to changes in flow rate and requires to be operated with areference cell to compensate for any
fluctuations in column rate.

Temperature Sensitivity

All GC detectors are thermostatted in their own oven, consequently GC detectors are relatively
insensitive to changes in ambient temperature. In some circumstances detectors sensitivity to
temperature changes can be important but not in chiral chromatography.

The Flame | onization Detector

The FID, invented by Harley and Pretorious [4], and separately by McWilliams and Dewer [5], evolved
from the Heat of Combustion Detector developed by Scott [6]. The FID detector employs hydrogen as
the combustion gas which is mixed with the column exit gas (which may be helium, hydrogen or any
other appropriate gas) and burnt at asmall jet situated inside a cylindrical electrode. A potential of a
few hundred volts is applied between the jet and the el ectrode and, when a carbon containing soluteis
burnt in the jet, the electron/ion pairs that are formed are collected at the jet and cylindrical electrode.
The current is amplified and fed to arecorder or to the A/D converter of a computer data acquisition
system. A diagram of the basic FID is shown in figure 4.8. During the process of oxidation, oxidized or
partially oxidized fragments of the solute are formed in the flame, which are thought to generate
electrons by thermionic emission. The electrons and ions are collected by a potential of 110 or 200 volts
applied between the jet and the electrode. The background current (ions and electrons from the
hydrogen flame
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alone) isvery small (1-2 x 1012 amperes) and consequently, the noise level is also commensurably
minute (about 10-4 amperes).
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The Flame lonization Detector

The ionization processis not very efficient, only 0.0018% of the solute molecules produce ions, (about
two ions or electrons per 10°> molecules). Nevertheless, because the noise level is very small, the
minimum detectable mass of n-heptaneisonly 2 x 1012 g/s. At acolumn flow rate of 20 ml/min, thisis
equivalent to a minimum detectable concentration of about 3 x 10-12 g/ml. The detector responds to
mass per unit time entering the detector, not mass per unit volume, consequently, the response is almost
independent of flow rate. It follows that the FID can be used very easily with capillary columns.
Although the column eluent is mixed with the hydrogen prior to entering the detector, the diluting effect
has no impact on the sensitivity. The FID detects virtually all carbon containing solutes, with the
exception of alimited number of
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small molecular compounds such as carbon disulfide, carbon monoxide, etc. In fact, due to its diverse
and comprehensive responseg, it is considered a universal detector.

The Nitrogen Phosphorus Detector (NPD)

The nitrogen phosphorus detector (NPD), is a highly sensitive but specific detector. It gives a strong
response to organic compounds containing nitrogen and/or phosphorus. Although it appears to function
inasimilar manner to the FID, in fact, it operates on an entirely different principle. A diagram of an
NPD detector is shown in figure 4.9.
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The Nitrogen Phosphorus Detector

The NPD sensor isarubidium or cesium bead contained inside a small heater coil. The helium carrier
gas is mixed with hydrogen and passes into the detector through a small jet. The bead, heated by a
current passing through the coil, is situated above the jet, and the helium-hydrogen mixture passes over
it. If the detector isto respond to both
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nitrogen and phosphorus, then a minimum hydrogen flow is employed to ensure that the gas does not
ignite at the jet. In contrast, if the detector is to respond to phosphorus only, alarge flow of hydrogen
can be used and the mixture burned at the jet. A potentia is applied between the bead and the anode.
The heated alkali bead emits electrons by thermionic emission which are collected at the anode and thus
produce an ion current. When a nitrogen or phosphorus containing solute is eluted, the partialy
combusted nitrogen and phosphorus materials are adsorbed on the surface of the bead. This adsorbed
material reduces the work function of the surface and, as consequence, the emission of electronsis
increased which raises the current collected at the anode. The sensitivity of the NPD is about 1022 g/ml
for phosphorus and 10-1* g/ml for nitrogen).

Unfortunately, the performance deteriorates with time. Reese [ 7] examined the function of the NPD in
great detail. The alkali salt employed as the bead is usually a silicate, and Reese showed that the
reduced response was due to water vapor from the burning hydrogen, converting the alkali silicate to
the hydroxide. At the operating temperature of the bead, the alkali hydroxide has a significant vapor
pressure and consequently, the rubidium or cesium is continually lost during the operation of the
detector. Eventually, all the alkali is evaporated, leaving a bead of inactive silica. Thisis an inherent
problem with all NP detectors and, as aresult, the bead needs to replaced fairly regularly if the detector
ISin continuous use.

The Electron Capture Detector

The electron capture detector consists of a small volume cell which contains alow energy b-ray source,
usually &Ni. The detector can be operated in two ways, either with a constant potential applied across
the cell (the DC mode) or with a pulsed potential across the cell (the pulsed mode). In the DC mode,
hydrogen or nitrogen can be used as the carrier gas and a small potential (usually only afew volts) is
applied across the cell that isjust sufficient to collect all the electrons available and provide a small
standing current. If an electron capturing molecule (for example a molecule containing a halogen atom
which has only seven electronsin
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its outer shell) enters the cell, the electrons are captured by the molecule and the molecul es become
charged. The mobility of the captured electrons are much reduced compared with the free electrons and
thus the electrode current falls dramatically. There are some disadvantages to the use of the DC mode of
detection arising from the variation of electron energy with applied potential. The electron capturing
properties of molecules vary with the electron energy, and so the specific response of the detector to
different molecules will depend on the applied potential

In the pulsed mode, a mixture of 10% methane in argon is usually employed and the electron capturing
environment is quite different. The electrons generated by the radioactive source rapidly assume only
thermal energy and, in the absence of a collecting potential, exist at the source surface in an annular
region about 2 mm deep at room temperature and about 4 mm deep at 400°C. A short period square
wave pulseis applied to the electrode collecting the electrons and producing a base current. The
standing current, using 10% methane in argon is about 10 amp with anoise level of about 5 x 1012
amp. The pulse waveform is shown in figure 4.10. During the inactive period of the waveform,
electrons having thermal energy only will be come readily attached to any electron capturing molecules
present in the cell and produce negatively charged ions. The negative ions quickly recombine with the
positive ions and thus become unavailable for collection. Consequently the signal received will
constitute a reduction in the standing current.

e

Active
Period

— [

-

 Inactive Period

Applied Potential

Figure 4.10
Waveform of Electron Capture Detector Pulses



Page 100

The period of the pulsed potential is adjusted such that relatively few of the slow negatively charged
molecules have time to reach the anode, but the faster moving electrons are al collected. During the
"off period" the electrons re-establish equilibrium with the gas. The three operating variables are the
pulse duration, pulse frequency and pulse amplitude. By appropriate adjustment of these parameters, the
current can be made to reflect the relative mobilities of the different charged speciesin the cell and thus
exercise some discrimination between different electron capturing materials.

A diagram of an electron capture detector is shown in figure 4.11. There are alarge number of different
detector designs, but the basic electron capture detector consists of asmall chamber 1 or 2 ml in volume
with two metal electrodes. The electrodes may be formed by concentric cylinders or by metal discs
separated by a suitable insulator. The cell contains the radioactive source, usually electrically connected
to the conduit through which the carrier gas enters and to the negative side of the power supply. A
gauze "diffuser” is sometimes connected to the exit of the cell and to the positive side of the power
supply. The eectrode current is monitored by a suitable amplifier.

Radioactive

Insulator ___//;-"" ?/ Source

/ / Nitrogen or Hydrogen.
Flow f::; / For Pulsed Mode
Diffuser V71 Operation 10%

Methane in Argon
\ /
+

Figure 4.11
The Electron Capture Detector

The electron capture detector is extremely sensitive, probably the most sensitive GC detector available
(ca. 1013 g/ml) and iswidely used in the detection and analysis of halogenated compounds, in
particular,
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pesticides. It will function using helium, argon or argon/methane mixtures as carrier gases.

The Katharometer (Thermal Conductivity or Hot Wire) Detector

One further detector should be mentioned that is commonly used for preparative chromatography
employing packed columns. It isrelatively insensitive (a feature that is necessary in preparative
chromatography) but is generally not practical for use with capillary columns. It would probably be the
detector of choice for preparing significant quantities of an enantiomer by preparative GC.

The katharometer detector [sometimes spelt catherometer and often referred to as the thermal
conductivity detector (TCD) or the hot wire detector (HWD)] is the oldest GC detector still in use and
commercialy available. Although it is arelatively insensitive detector, it has survived largely as a result
of its catholic response and use in preparative GC and gas analysis. It issimple in design and requires
minimal electronic support and, as a consequence, is also relatively inexpensive. The precise manner in
which it functionsis not known as it responded to changes in both the thermal conductivity or the
specific heat of the column eluent. It is possible that one or the other property may dominate in any
particular system depending on the operating conditions employed, but the relationship is not simple.

The katharometer consists of afilament carrying a current which is situated in the column exit gas and,
under equilibrium conditions, the heat generated in the filament is equal to the heat lost and
consequently the filament assumes a constant temperature. The filament is made from ametal that has a
high temperature coefficient of resistance and, at the equilibrium temperature, the resistance of the
filament and thus the potential across, it will be constant. The heat lost from the filament will depend on
both the thermal conductivity of the gas and its specific heat, both these parameters will change in the
presence of adifferent gas or solute vapor. This causes change in resistance and a change in potential
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across the filament which is amplified and monitored by a suitable recorder, or an appropriate data
acquisition system.

As the detector filament isin thermal equilibrium with its surroundings, and the device actually
responds to the heat lost from the filament, the katharometer detector is extremely flow and pressure
sensitive. Consequently, all katharometer detectors must be carefully thermostatted and must be fitted
with reference cells to help compensate for changes in pressure or flow rate.

There are two types of sensor, the "in-line" cell where the column eluent actually passes directly over
the filament and the "off-line" cell where the filaments are situated away from the carrier gas stream
and the gases or vapors reach the sensing element by diffusion. Due to the high diffusivity of vaporsin
gases, the diffusion process can be considered as almost instantaneous. A diagram of anin-line
katharometer is shown in figure 4.12.

High Thermal Conductivity
Metal Body
——— To Bridge Circunit

rd Flow Cell

Eluent Sensor

Reference
Flow

\Tce Cell Reference SEI‘IEV
To Bridge Circuit —

Figure 4.12
The Katharometer Sensor Cells (In-Line Cell)

The filament is usually tungsten or platinum, as both metals have reasonably high temperature
coefficients of resistance and at the same time are very inert and unlikely to interact chemically with the
column
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eluent. Both filaments are situated in the arms of a Wheatstone Bridge, and a suitable current is passed
through the filaments to heat them significantly above ambient temperature. The sensors and their
conduits are installed in a high thermal conductivity metal block, which is thermostatted by means of a
separate oven. Thisis necessary to ensure temperature stability. The out-of-balance signal, caused by
the presence of sample vapor in contact with the sensor, is amplified and fed to a recorder or computer
data acquisition system. For maximum sensitivity hydrogen should be used as the carrier gas, but to
reduce fire hazards, helium can be used with very little compromise in sensitivity. The sensitivity of the
katherometer is only about 10® g/ml (probably the least sensitive of all GC detectors) and has a linear
dynamic range of about 500 (the response index being between 0.98 and 1.02). This detector can be
used in most GC analyses that utilize packed columns and where there is no limitation in sample
availability. The deviceis simple, reliable, and rugged and, as already stated, relatively inexpensive.

Data Acquisition and Processing

The acquisition and processing of datafrom chiral separations involves exactly the same type of
equipment as that used in general GC analysis. The output from the detector is passed to a scaling
amplifier that provides an output suitable for the digitizing range of the analog-to-digital converter. The
digitized signal is then acquired by the computer and stored on disc. At the same time, some on-the-fly
processing usually takes place. The output is continually printed out, thus providing a chromatogram in
real time. In addition, the peak maximum is usually identified by a simple differentiating routine and
the retention time printed out at the peak maximum peak maximum. At the end of the analysis, the peak
areas are measured, response factors applied and a quantitative analytical report printed out. This
represents the basic data processing package but other calculations and reports can be generated by
different software. Often the beginning and end of the integration of each peak areais marked on the
chart, corrected retention times, capacity ratios and sometimes separation ratios are also calculated and
given in the report. Banks of retention data may be available on disk together with a
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simple search routine to identify and label each solute. Different types of baseline correction may aso
be avail able and specific types selected to suit the particular chromatographic conditions. Once the
detector output datais acquired and stored on disk, any chromatographic parameter can be calculated
and reported, providing the necessary software is available or can be written by the user.

Synopsis

The basic gas chromatograph consists of five chromatographic components and three or four display
and data processing units. The gas supply may be taken from compressed gas cylinders or gas
generators. Nitrogen and oxygen can be generated from the laboratory compressed air by selective
diffusion and cleaning and hydrogen and oxygen generated by electrolysis. The flow of gasto the
detector and/or column is managed by mass-flow controllers actuated by the computer. Thus, the
column can be flow programmed if so desired. A sample valve is used to place gas samples on the
column and a hypodermic syringe and silicone rubber diaphragms used for placing liquid samples on
the column. In packed columns, the sample can be discharged into aflash heater or directly into the
actual column packing. Samples are placed on a capillary column using asimilar device but with a
split-flow, so that only a small portion of the sample passes onto the column. If large diameter tubular
columns are used, the sample can be placed directly in the column. However, to prevent multi-peak
formation, techniques such as the "retention gap injection” and "solute-focusing” may need to be used.
The GC column oven temperature is controlled to + 0.2°C and can maintained or programmed over a
temperature range extending from 5°C to 400°C at program rates ranging from about 0.2°C per min to
about 20°C per min. The detector is situated in its own thermostatted oven. Detector specifications
should include, linearity, linear dynamic range, response, sensitivity or minimum detectable
concentration, pressure sensitivity, flow sensitivity and temperature sensitivity. The most common
detectors used in GC are the FID followed by the NPD and the ECD. The katharometer, another fairly
popular detector, is used
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mostly for gas analysis or as an option for preparative separations. Carbon containing moleculesin the
FID generate carbon fragments during combustion which emit electrons by thermal emission. These
electrons are collected by an electrode system by a potential gradient of about 100—-200 volts. The FID
has a base current of about 1-2 x 1012 amperes, anoise level of less than 1014 amperes and the
minimum level of detection isabout 2 x 10-%? g/s. The NPD detector is similar in form to the FID except
that the hydrogen containing the solute vapor passes over a heated cesium or rubidium silicate bead.
The heated bead emits electrons by thermal emission which are collected by a suitably placed electrode.
When a nitrogen or phosphorus compound is present in the eluent gas, the partially combusted material
is adsorbed on the surface of the bead and reduces the work function of the surface. Thisresultsin a
increase in electron emission and an increase in current. If the detector isto respond to both nitrogen
and phosphorus, a minimum flow of hydrogen is used that does not ignite. If alarge flow of hydrogen is
used, which burns, then the detector will only respond to phosphorus. The sensitivity is about 1012 g/ml
for phosphorus and 10-1t g/ml for nitrogen. Due to the formation of cesium or rubidium hydroxide from
the presence of water, the alkali is continually lost at the bead temperature and thus the bead has a
limited life and must be occasionally replaced. The ECD consists of a small volume cell containing a
strong source of low energy b particles that ionize the gas in the cell. The electron current is collected
across two electrodes under arelatively small applied voltage. In the DC mode, hydrogen or nitrogen is
use asthe carrier gas and all the electrons are connected providing a standing current. When an electron
capturing substance enters the cell, some electrons are captured, and the large charged molecules move
slower than the electrons and the current falls. In the pulsed mode, a 10% methane in argon mixture is
use asthe carrier gas. A pulsed voltage is applied to the electrodes and the free electrons are collected at
every pulse. When some electrons are removed by electron capturing molecules, then the quantity of
mobile electrons falls, and the pulse of current is reduced. This detector is probably the most sensitive
GC detector (viz. 1013 g/ml) but is selective for only those compounds that can capture
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electrons. The katharometer detector is alow sensitivity device and can not be used with capillary
columns, but is the detector of choice for packed columns used in the GC preparative isolation of an
isomer. It functions by measuring the resistance of awire situated in the column eluent. When a solute
is eluted, the thermal conductivity and the specific heat of the carrier gas changes, which causes a
change in the heat lost by the filament, resulting in a change in filament temperature and a consequent
changein resistance. In data processing, the output of the detector isfirst scaled appropriately, digitized
and the digitized signal acquired by a computer and then stored on disk. The output is printed in real
time providing a chromatogram of the separation, which usually includes the location of peak maxima
and the measurement of retention time. At the end of the separation, peak areas are measured, scaled
according to their response factors and a quantitative report printed out.
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Chapter 5—
Gas Chromatography Chiral Stationary Phases and Columns

Although efforts were made to separate chiral substances in the late 1950s, the use of GC to separate
enantiomers was not successfully started until the mid 1960s, at which time, the main developmentsin
the general technique of GC had been completed and the methodology was well established. There were
two reasons for this early lack of concern for chiral separations. Firstly, there was the lack of interest
shown in the separation of chiral substances generally (the importance of their different physiological
activities had, at that time, not been fully disclosed). Secondly, it was found very difficult to obtain
adequate selectivity between such closely similar substances to effect a separation.

To achieve a separation between two substances, thermodynamics has shown that their standard free
energy of distribution must differ. Asthe difference between enantiomers are solely spatial and not
structural, any separation must be achieved by primarily changing the relative standard free entropy
contribution to the standard free energy of each isomer. It will be seen later that this does not exclude a
significant contribution from a change in free enthal py as well, but the primary effect must be entropic
in order to realize the corresponding change in free enthalpy. Thiswill be better understood when actual
separations are discussed. Thus, in order to obtain some selectivity between enantiomers, the structure
of the stationary phase must be such that one isomer will fit
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more closely to the stationary phase molecules (or surface) than the other(s). It is clear, that one way of
achieving selectivity, would be to use a chiral stationary phase.

Early Daysin Chiral GC

Early work in the field was frustrated by the small separation ratios that were obtained between the
different optical isomers. Much effort was expended in the late 1950s on the separation of the amino
acid optical isomers, but they were fruitless, and some successes claimed in the literature [1,2] could not
be reproduced [3,4]. Thefirst really successful separation of the amino acids by a GC separation
procedure was obtained by Gil-Av et al. [5], and was reported in 1966. Gil-Av et al. immediately
recognized that the small separation ratios between the isomers that were generally achievable
demanded the high resolving power of the open tubular column, if a separation was to be realized.
These workers also realized that if the separation was to be achieved in a reasonable time, then
relatively high operating temperatures would also be necessary.

Gil-Av et al. argued that the separation of the antipodes on a suitable asymmetric stationary phase
would involve reversible association between the enantiomers and the asymmetric stationary phase
molecules. The two antipodes would form diastereoi someric interaction with somewhat different
interatomic distances. Hence, there would be different polar, dispersive and/or steoric interactions
between substituents situated round the asymmetric centers of the solute and stationary phase
molecules, respectively. Such differences would effect the standard free energy of distribution and the
magnitude of the distribution coefficients of the enantiomers. Gil-Av et al. used N-TFA-D-isoleucine
lauryl ester and N-TFA-L-isoleucine lauryl ester as the stationary phase which were coated on the walls
of acapillary column 100 m long, 250 um I.D. and was shown to have an efficiency of about 98,000
theoretical plates. The samples of the derivatized amino acids were injected with a split ratio of 1:100.
The separation was carried out isothermally at 90°C and the analysis time was just over 4 hours. The
results obtained for the
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separation of some derivatized amino acids on both the (L) and (D) column are shown in figure 5.1.

The chromatograms are shown broken at specific intervals to contract the chromatogram for clear
presentation.
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Figure 5.1
The Separation of the Enantiomers of N-TFA -(z)-
a-Amino Acid Isopropyl Esters

It is seen that the separation on the (L) phase appears to be dlightly better than that on the (D) phase. It
was a so noted, that the (L) isomers eluted first on the (L) phase and the (D) isomers eluted first on the
(D) phase. Thus, a given isomer would appear to interact more closely with its opposite stationary phase
iIsomer and consequently be more retained. Thiswould also imply an increase in standard free entropy
change, which would also be accompanied by an even greater change in standard free enthalpy and
consequently, greater retention. The disadvantage of the separation system was the very long analysis
times which was caused by the relatively low operating temperature. Low operating temperatures
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were essential due to the inherent poor temperature stability of these types of stationary phase.

Consequently, despite this relatively early successful application of the technique, the use of GC for the
separation of enantiomers was still rather slow to develop. The delay, as already stated, was largely due
to the temperature instability of the early stationary phases, which, at the elevated temperatures
necessary, resulted in their racemization and consequent loss of selectivity. Although the chiral lability
of the enantiomer solutes themselves can hardly be avoided, the key to the use of GC techniques to
separate enantiomers proved to be the development of thermally stable chiral stationary phases.

Nevertheless, although the solution to the problem of chiral separations by GC was apparent, a
thermally stable stationary phase was still not developed for over a decade. It was not until 1977 that
Frank, Nicholson and Bayer [6] produced a chiral stationary phase by the co-polymerization of
dimethylsiloxane with (2-carboxypropyl)methoxy-silane and L -valine-t-butylamide which proved to be
far more thermally stable than those of Gil-Av. Frank et al. showed that by using polysiloxanes, the
separation of most amino acids could be carried out in a much reduced analysis time. The polysiloxane
phases had a much lower volatility and higher stability than previous chiral stationary phases and could
be used up to temperatures of 175°C. It is clear that the shorter retention times were directly aresult of
the separation being carried out at a much higher temperature which, in turn, was due to the greater
thermal stability of the polysiloxane phases.

The columns used were 20 m long, 300 pm |.D. and were pretreated with colloidal silicic acid to
stabilize the film of stationary phase. The columns were coated with 0.15% solution of the stationary
phase in chloroform using the static method of coating (the different methods of coating capillary
columns will be described later). Prior to use, each column was conditioned at 175°C in a stream of
hydrogen. The
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The Separation of 17 N-Pentafluoropropionyl D,L-Amino Acids on the
Stationary Phase N-Propionyl -L -Valine t-Butylamide Polysiloxane
Courtesy of Supelco

It is seen that the separation is completed in about 30 min., amuch faster analysis than that of Gil-Av. It
was found that the minimal operating temperature was 90°C, but the column could be programmed up
to 175°C without column deterioration. As aresult of the introduction of the chiral polysiloxane
stationary phases by Frank et al., the development of chiral GC gained momentum.
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Chiral Stationary Phases for Gas Chromatography

Today, there are a number of effective chiral stationary phases suitable for GC, some based on amino
acid derivatives, some on polysiloxane polymers and some, probably the more popular, based on
cyclodextrin derivatives. Very few chiral columns, if any, are packed, the vast majority being open
tubular columns having various lengths and an 1.D. that ranges from about 250 um or 320 um There
has, however, been arecent trend to smaller diameter columns (cf. 125 um) to achieve higher
efficiencies and even shorter analysis times.

Small Molecule Stationary Phases

Thefirst effective chiral stationary phase, as already referred to in chapter 1, utilized derivatized amino
acidsto provide chiral selectivity [7] and this was achieved as early as 1966. These types of stationary
phases however, had very limited temperature stability and the optimum temperature for separation was
often in excess of that at which the stationary phase was stable. The first relatively stable stationary
phase, as already mentioned, was introduced by Bayer [6], who combined the derivatized optically
active component of the stationary phase in a polysiloxane gum. Nevertheless, a number of small
molecular weight materials were used as stationary phase in the early days of chiral gas
chromatography. The first type introduced by Gil-Av are shown below.

0 !‘.l_‘(}ﬂR'
I :
FyC—C—N - —= H

I R
where R = sec-butyl and R' = dodecy!.

Despite the long akyl chain introduced by Gil-Av, the phase lacked temperature stability and could not
be used much above its melting point as excessive column bleeding occurred. In an attempt to increase
the operating temperature dipeptide phases were examined [8,9]. An example of the type of dipeptides

employed are as follows:
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where R = isopropyl and R' = cyclohexyl

The dipeptide materials were, indeed, less volatile and, as aresult of having two chiral centers,
increased the chiral specificity (the probability of interaction with a chiral center was approximately
doubled). Thefirst separation of racemic glutamic acid was achieved using the dipeptide N-TFA-L-
phenylaanyl-L-leucine cyclohexyl ester as the stationary phase. Tripeptides were also examined, but it
was found their high melting points severely restricted their effective use as GC stationary phases. It
was found that only the N-terminal amino acid contributed to high chiral selectivity [10,11], the C-
terminal amino acid appeared to merely provide another amide group. As aresult, the following
structure was investigated which contains two thermostable amide groups.

0 0=C—NHR'
I |
R"— C—N - e H

|
H R

where R = isopropyl, R' = tert-butyl, R" = undecyl (C,,H,,)

This dipeptide phase showed great promise and could be used satisfactorily at temperatures up to 200°
C. The ureatype phase, N,N'-carbonyl-bis(L-valine isopropy! ester) depicted as follows:

COOR' COOR'
| .|
H--C---N—C—N m=C = H

| !
R HOH R

where R = R' = isopropy!
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has been used very successfully for the separation of N-TFA amines [8]. However, its restricted
temperature range of between 80°C and 100°C severdly limited its area of application.

The presence of one imide function and one asymmetric center appears to suffice for the separation of
N-acyl-a-amino acid esters, a-methyl-a-amino acid esters and a-methyl and a-phenyl carboxylic
esters[12]. An example of thistype of stationary phaseis as follows,

0 R
I

R'—C—N N g —y

where R = |-naphthyl and R' = undecyl
Chiral Polysiloxane Stationary Phases

The low thermal stability and relatively high volatility of the stationary phases discussed so far, limits
their versatility, e.g. the separation of al the amino acids of biochemical interest in asingle analysis. To
allow high temperature operation, Bayer and his coworkers [6], synthesized a stationary phase that
consisted of achiral agent attached by an amide linkage to a carboxyl group of a polymer matrix of
dimethylsiloxane or (2-carboxypropyl)-methylsiloxane. They combined the chiral selectivity of L-
valine-t-butylamide with the high thermal stability and low volatility of the polysiloxanes. This
stationary phase was eventually made available commercialy as Chirasil-Val, which could be used over
the temperature range of 30°C to 230°C. This material would allow the separation of al the racemic
protein amino acids to be separated in one chromatogram taking only about 30 min.

An example of the separation of the N-(O,S)-pentafluoro-propanoyl -isopropylesters of the amino acids
isshown in figure 5.3. It is seen that
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the column bleed is quite manageable at 185°C and that a clean separation of all the enantiomersis
achieved.
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Figure 5.3
The Separation of the Protein Amino Acids as
N-(0O,S)-Pentafluoro- Propanoy!-Isopropy! Esters on Chirasil-Val

Chirasil-Val can be used to separate many other chiral mixturesincluding aryl glycols, drug
metabolites, 2- and 3-hydroxy carboxylic acids [13],, 2-halo carboxylic acids [14], and many
underivatized substances such as alcohols, diketones and hydroxy lactones [15].

Chiral polysiloxanes can also be prepared from OV -225 (awell established polar GC stationary phase)
by converting the cyano group into Chirasil-Val type polymers. Saeed et al. [16], hydrolyzed the cyano
groups from OV-225 and the carboxy groups were coupled with L-valine-t-butylamide though the
amino group. Konig et al. [17], produced a modified form of the same polymer containing (R)- or (S)-
a-phenylethylamine as an additional chiral component. Thislatter stationary phase became known as

XE-60-L-valine-S-a-phenylethylamide. In figure 5.4, the material is used to separate racemic b-
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hydroxy acids as their O-(isopropyl-carbamoyl)isopropylamides. It is seen that the separation was
complete in 40 minutes and the enantiomer pairs were well resolved, the (L) isomers being eluted first.

3-OH-Pentanoic Acid
3-OH-Hexanoic Acid
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Column 25 m long, carrying XE-60-L-valing-$-c.-phenylethylamide, operated at 180°C

Figure 5.4

The Separation of Some b-Hydroxy Acids as Their
O-(Isopropy!-Carbamoyl) I sopropylamides
Courtesy of Angew. Chem. (ref.17)

Kdnig et al. [18] reduced the cyano groups of OV-225 to the amine and coupled it with N-acyl-L-
Valine viathe carboxyl group. This material was also applied to awide variety of chiral separations.

Chiral Metal Chelating Stationary Phases

The resolution of chiral unsaturated hydrocarbons, ethers, ketones, etc., was sometimes found to be very
difficult using the techniques previously discussed. It was thought that the interaction of such materials
with optically active organometallic agents might aid in this type of separation. The validity of this
concept was proved early in the
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development of chiral GC by Schurig and Gil-Av in 1971 [19], using dicarbonylrhodium(l)- 3-
trifluoroacetyl-(1R)-camphorate to separate the racemic mixture of 3-methylcyclopentene coated on a
stainless steel tube.
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and operated a 40°C

Figure 5.5
The Separation of the Enantiomers of Some Alkyloxiranes
Courtesy J. Chem. Soc. (ref. 19)

A number of other metal chelates have been investigated and a manganese chelate [20] was used to
successfully separate the enantiomers of some alkyloxiranes. The structure of the complex was as
follows:
Me
Me

Me

O
M

o
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The metal and the attached group is given by: R = -CF, CF,CF, and M = Mn. The separation that was
obtained is shown in figure 5.5.

One final example of a separation by a chelation interaction is that of aliphatic diolacetonides. The
chelating material had the following basic structure:

M |
o
R

The chelate was incorporated in OV 101, a dispersive polysiloxane resin. The separation obtained is
shown in figure 5.6.
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Figure 5.6
The Separation of Some Diol Acetonides
Courtesy of Anal. Chem. (ref. 20)
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Cyclodextrin Chiral Stationary Phases

Despite the early successes with the polysiloxane based stationary phases carrying peptide chiral
selection agents, the chiral selectors used in contemporary chiral GC are largely cyclodextrin based.
The cyclodextrins are produced by the partial degradation of starch followed by the enzymatic coupling
of the glucose units into crystalline, homogeneous toroidal structures of different molecular size.

a-Cyclodextrin p-Cyclodextrin
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Figure 5.7

The Molecular Structure of a, b, and g Cyclodextrins
Courtesy of ASTEC Inc.

Zaas

Three of the most widely characterized are the alpha-, beta- and gamma-cyclodextrins and have been
shown to contain 6 (cyclohexamylose), 7 (cycloheptamylose) and 8 (cyclooctamylose) glucose units,
respectively.



Page 120

These cyclic, chiral, torus shaped macromolecules contain the D(+)- glucose residues bonded through

a-(1-4)glycosidic linkages. The arrangement of the glucose units in the three different forms of
cyclodextrin are shown in figure 5.7.

The mouth of the torus-shaped cyclodextrin molecule has alarger circumference than at the base and is
linked to secondary hydroxyl groups of the C, and C, atoms of each glucose unit (see figure 5.8).

OH OH

d | p-Cyclodextrin: 6.0-6.5 A

v-Cyclodextrin: 7.5-8.5 A

o-Cyclodextrin: 4.7-5.2 A
Secondary OH

Primary OH
Apolar Cavity

Figure 5.8
A Molecular Model of Cyclodextrin
Courtesy of Supelco

The primary hydroxy! groups are located at the base of the torus on the C, atoms. As these hydroxyl
groups are free to rotate, they partialy
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block the base aperture. The size of the cavity increases with increasing number of glucose units (figure
5.7). The secondary hydroxyl groups can be reacted with appropriate reagents to introduce further
interactive character to the cyclodextrin molecule. The very effective chiral characteristics of the
cyclodextrins structures arise from the many chiral centersthey contain, for example, b-cyclodextrin
has 35 stereogenic centers. They are probably the most effective stationary phases presently available
for the GC separation of stereoisomers.

When the a, b, or g cyclodextrins are derivatized, the hydroxyl group on the 2-position reacts first.
However, the derivative is still size selective and interaction will be determined by the size and
functiona groups contained by the interacting molecule. For example, very small molecules would be
separated on the derivatized a-cyclodextrin whereas the large molecules would be separated on the
derivatized g-cyclodextrin, the derivatized b-cyclodextrin being selected for intermediate sized solute
molecules. In contrast, if the 3-position hydroxyl group is derivatized all the cyclodextrins completely
loose their size selectivity. Derivatizing the 6-hydroxyl position has little or no effect on chiral
selectivity but does enhance the loading capacity of the stationary phase. This position is used for
anchoring the cyclodextrinsto silicagel in the preparation of LC stationary phases.

The a-, b- or ¢ cyclodextrins that have been permethylated must be dissolved directly in appropriate
polysiloxanes mixtures, and coated on the walls of a glass or fused quartz open tubular columns. The
underivatized cyclodextrins, and those that have not been permethylated, can be coated directly onto the
walls of the column. Many alcohols, diols, carboxylic acids, akanes and cycloalkanes can be separated
directly on such columns without derivatization. To improve the thermal stability of the mixed
stationary phase, a phenylpolysiloxane can be included in the coating material. The presence of
phenylpolysiloxane can also improve its stability towards oxidation at elevated temperatures, as
cyclodextrin, being basically a sugar, is very susceptible to oxidation at high temperatures. Some
methysiloxane, however, must be present to increase
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the solubility of the cyclodextrin in the polymer matrix. The chiral activity can be further augmented by
bonding other chirally active groups onto the secondary hydroxyl groups of the cyclodextrin (see again
figure 5.8). Unfortunately, much of the chemistry used to derivatize these cyclodextrin compoundsis
proprietary and so synthetic details can not be given.

Some derivatized cyclodextrins can be extremely vulnerable to degradation, if they come in contact
with water vapor. It istherefore imperative that all carrier gases are completely dry and that careful
steps are taken to ensure that any sample that is placed on the column is also completely dry. Again,
due their sugar characteristics, the cyclodextrins are very susceptible to oxidation by traces of free
oxygen in the carrier gas consequently, oxygen free gasses must be used. The use of a-, b- and g
cyclodextrin and a variety of their derivatives for the separation of enantiomers has been extensively
studied for GC by Armstrong et al. [20], Li et al. [21] and Schurig and Novotny [22].

Some examples of specific derivatized cyclodextrin stationary phases have been described in the
literature. In one product, the positions 2 and 6 are alkylated (pentylated) which provides very
dispersive (hydrophobic) centers that can interact effectively with any alkyl chains of the solutes.
Subsequent to the pentylation of the 2 and 6 positions, the 3 position hydroxyl group can then be
trifluoroacetylated producing a very different stationary phase. This stationary phase has awide field of
application, the derivatized g-cyclodextrin being more selective than the b material. It has been
successfully used for the separation of the widest range of compound classes, from very small to very
large molecules. Another stationary phase involves the substitution of the cyclodextrin hydroxyl groups
with pure'S hydroxypropy! groups followed by permethylation. This reduces the size selectivity of the
material but at the same time introduces more polar (hydrophilic) groups. The b material has a greater
chiral selectivity than the a or gphases. This material provides a good general purpose column. It is
clear that there are many possibilities for derivatizing the cyclodextrins to provide unique
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Interactive character; there are alarge number commercially available at this time and many more are
likely to be synthesized in the future. Other cyclodextrin stationary phases will be discussed when the
applications of chiral GC are considered.

Factors Controlling Selectivity

The chemical structure and the stereoisomerism of a stationary phase are not the only factors that
control chiral selectivity. There are two other major factors that also affect selectivity and they are the
stationary phase loading on the column and the operating temperature. The effect of these two variables
on the retention ratio of a pair of enantiomers has been reported by Supelco and their datais shownin
figure 5.9.
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Figure 5.9
Curves Showing the Relationship between Retention Ratio and Stationary
Phase Loading and Temperature
Courtesy of Supelco

The retention ratio of a pair of enantiomers increases steadily with the amount of cyclodextrin in the
stationary phase mixture. Thisincrease tends to flatten above 15%. The effect of temperatureis even
more interesting and it is clearly seen that temperature is a major factor controlling selectivity.
Reducing the operating temperature from 100°C
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to 70°C increases the retention ratio of the isomers of a-Pinene from about 1.015 to about 1.035.
However, the reduced temperature will also cause an increase in retention time and thus alonger
analysistime. The situation becomes even more confused, when it is realized that as the retention ratio
has been increased, an excess of theoretical platesis now available and the column can be shortened.
This, in turn, will reduce the retention and analysis times. The net advantage or disadvantage of raising
or lowering the column temperature to control analysis time must be assessed quantitatively, and this
will be carried out when open tubular columns are considered.

Open Tubular Columns

Most contemporary open tubular columns are made from fused quartz although, in some applications,
stainless steel columns or even soft glass can be successfully used with equivalent performance.
However, fused quartz columns are perceived as "state of the art" columns and are highly satisfactory
for usein chiral GC. Quartz must be drawn at extremely high temperatures and are produced using
argon arc heating systems. During the drawing procedure, the outside skin of the tube cools more
rapidly than the inside causing stresses in the outside skin. These stresses allow the adsorption of water
on the surface to initiate cracks in the fused quartz and render it extremely friable. To eliminate this
physical shortcoming, the outside of the capillary tube is coated with a polyimide polymer, immediately
after drawing. The layer of polyimide prevents contact with water and thus stabilizes the tube (Patent
held by HP Inc. US 4,293,415). As aresult of their mechanical strength, the original, rigid soft glass

capillary tubes do not need coating to prevent fracture but thin, flexible soft glass tubes do, unless very
carefully anneal ed.

The internal surface of an open tubular column usually requires deactivation and/or cleaning before it
can be coated with stationary phase. Deactivation procedures used for commercia columns are seen by
many to be "shrouded with mystery” and the procedures are usually considered as highly proprietary.
Although some unique or special samples may, indeed, need select and complete column deactivation,
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many samples, including those for chiral analysis, can be analyzed on columns that are deactivated by a
simple clean-up procedure.

A simple column preparation program for silica and soft glass columns would first entail an acid wash.
The column isfilled with 10% w/w hydrochloric acid, the ends sealed and heated to 100°C for 1 hour.
It isthen washed free of acid with distilled water and dried. This procedure is thought to remove traces
of heavy metal ions that are believed to cause adsorption effects. The column isthen filled with a
solution of hexamethyldisilazane, sealed, and heated to the boiling point of the solvent for 1 hour. The
reagent reacts with any surface hydroxyl groups that were formed on the fused silica or glass surface
during the acid wash and, in effect, chemically 'blocks them from chromatographic availability. It may
be advantageous to employ a polar or semipolar reagent as opposed to the dispersive silicone, if the
column is to be subsequently coated with a polar stationary phase. The column is then washed with the
pure solvent, dried at an elevated temperature in a stream of pure nitrogen and will then be ready for
coating.

Open tubular columns can be coated internally with the appropriate stationary phase dissolved in a
suitable solvent, or, alternatively, with monomeric materials that are subsequently polymerized to form
arelatively rigid polymer film on the column walls. There are two basic methods for depositing the
stationary phase as a surface film on a capillary column, dynamic coating and static coating, the latter
being the most commonly used.

Dynamic Coating

Dynamic coating is carried by placing a plug of solvent containing the stationary phase at the beginning
of the column. The strength of the solution, among other factors, determines the thickness of the
stationary phase film. In general, the film thickness of an open tubular column ranges from 0.10 p to
about 0.75 p. As an estimation, a 5% w/w of stationary phase in the solvent will provide a stationary
film thickness of about 0.5 p. However, this can only be considered very approximate as
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the film thickness will also be determined by the nature of the surface, the solvent and the stationary
phase. Furthermore, each of these three factors can have a very significant effect on the coating
efficiency and consequently the eventual film thickness. The coating procedure is depicted in figure
5.10.

Solvent
-] Plug

S+ Capillary
Column

L

Figure 5.10
The Dynamic Coating Procedure for an
Open Tubular Column

A plug of stationary phase solution is run into the front of the column (sufficient solution should be
added to fill about 10% of the column length) and a gas pressure is applied to the front of the column so
that the plug velocity through the column is about 3 mm/second. After the plug has passed through the
column, the gas flow is continued for about an hour. It isimportant not to increase the gas flow too
soon, otherwise the stationary phase solution adhering to the walls of the tube is displaced forward in
the form of ripples, which produces avery uneven film. After an hour, the flow rate is increased and the
column stripped of solvent by evaporation. This procedure requires some practice to provide
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evenly coated columns of the desired film thickness, but the thickness of the stationary phase film can
be controlled, and is probably the simpler of the two coating procedures to use.

Static Coating

Static coating is carried out by filling the entire column with a solution of the stationary phase, sealing
one end, and applying a vacuum to the other. As the solvent evaporates, the plug front retreats back
down the tube leaving a coating on the walls. A diagram of the static coating procedure is shown in
figure5.11.

Solvent %
Plug o
Capillary
Column
To
Vucuum
Figure 5.11
The Static Method for Coating Open Tubul ar
Columns

Column Regeneration

One of the more popular cyclodextrin columns is derivatized with trifluoroacetic acid. If follows, that in
the presence of water, the material will be hydrolyzed and the stationary phase will loose its chiral
selectivity. Thiswill occur if the carrier gasis not completely dry and/or
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if the samples injected on the column contain water. Loss of column efficiency is a symptom of generad
column degradation and regeneration will not be possible and column replacement will be necessary.
However, loss of chiral selectivity accompanied by little or no loss of efficiency, usually indicates that

the column can be regenerated.

The column can be regenerated using the apparatus shown in figure 5.12. The column isfirst heated to
150°C for 30—60 min. The apparatus shown in figure 5.12 is then assembled.
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Figure 5.12
Column Generation Procedure
Courtesy of ASTEC Inc.

Fused silicatubing is quite flexible and can be alowed to pass through the joint between the oven door
and the oven wall, and the oven door carefully closed without damaging the column. The injection port
Is connected to the vial, using a2 m length of capillary tubing and arranged so that it dipsinto the
headspace above the trifluoroacetic anhydride. The
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headspace of the vial is then connected to the capillary column with a second piece of capillary tubing.
Connections can be made with Teflon tubing. The end of the capillary column is then connected to the
beaker containing a solution methyl red in methanol in such away that the carrier gas from the column
bubbl es through the methyl red solution. A pressure is applied to the column and adjusted until a good
flow of bubbles passes through the indicator solution. After about 20—-30 min, the indicator changes
from yellow to red. The anhydride in the exit gas should be adsorbed by alowing it to bubble through a
1 M solution of caustic soda. The oven isthen programmed up to 150°C at 5°C per min. and held at
150°C for 30 min. The tubing is disconnected, the apparatus dissembled and the column is reassembled
in the normal manner. Finally, the column is again programmed from 40°C to 150°C at 5°C/min and
held at 150°C for 45 min. The column should now be regenerated and ready for use.

Capillary Column Design and Choice

In any GC analysis, the column must achieve two goals, the solutes of interest must be separated, and
the analysis must be completed in as short atime as possible. Stereoisomers often have very small
retention ratios and thus demands are made both on the column performance and the selectivity of the
stationary phase. In order to consider these goals and how they can be realized it is necessary to resort
to GC column theory. Purnell [23] derived an equation that gave the column efficiency (n) necessary to
separate a pair of solutes having a separation ratio (a) where the first of the pair is eluted at (k).

(13

Using equation (1), curves can be constructed relating efficiency required to achieve a separation to
separation ratio for a series of (k') values. The calculated curves are shown in figure 5.13. It is seen that
the efficiency required to achieve the separation increases dramatically as the
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retention ratio is reduced. More important it is seen that higher efficiencies are needed when the solutes
are eluted at low capacity ratios (k'). It follows that the optimum operating conditions that are necessary
to achieve a particular separation rapidly may be quite difficult to recognize. In order to identify a
rational approach to column optimization, alittle basic capillary column theory must be employed. The
Golay equation [8] that describes the variance per unit length (H) of an open tubular columnisas
follows:
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Figure 5.13
Graph of Efficiency Necessary for Resolution against Retention Ratio

Substituting for (K) in equation (4):

16k 47Dy,
(1+ 6Kk +11K2)e%D,

(5)

Consider acolumn 250 um I.D. carrying afilm 0.2 pp thick, and asin GC, D_ ranges from (1-4) ~ 101
cm?/sand D, from (1-4) © 10° cm?s

Then:
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d? D
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Substituting for T~ and * inequation (5):
0102k

=T ————;

[1+ 6k + 11K~}

It is seen that for al values of (k'), the second function for (C) will only be a small percentage of the
first function and thus can be ignored.

Consequently:
(1 + 6K + uk'?}r2
24(1+ k' )*Dy

Differentiating equation (2) with respect to (u):
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Again substituting for (B) and (C):
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Thus the length (1) of column required is nH,,, which from equation (1) is given by:
160 1+k)r {1+ 6k + 111{'3] “‘

1 = [ | =
kz —1 2 a0l 3 :
(=1 Y1 J

(6)

Now, from equation (26) in chapter 2, the separation ratio (a) of a solute pair and the capacity ratio (k)
of thefirst eluted solute is given by:

o= c%"'(ﬁl_@ﬂ (7}
and

y
K=eT T )

where (y 1) and (y 2) arethe standard free enthalpies divided by (RT) of the
solute pair,

(f 1) and (f 2) arethe standard free entropies divided by (R) of the
solute pair,

and (T) isthe absolute temperature.

Substituting for (a) and (k') from equations (7) and (8) in equation (6)
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Employing a simple computer program and equations (7), (8) and (9), the values of (a), (k') and (L) can

be calculated over arange of temperatures. The results obtained are shown in figure 5.14.
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Referring to figure 5.14(C), it is seen that the minimum column length required to separate the phenyl
ethanol enantiomers exhibits a curious relationship with column temperature. It should be noted that
assuming all the columns are operating at their optimum velocity, the column length will be
approximately proportional to the analysis time (time for the elution of the second component). At low
temperatures, the column length and analysis time is exceedingly small, the column length being about
2 cm. Although the separation could theoretically be accomplished with a column of 2 cm long, dueto
both the very high value for (k') of the first peak and the retention ratio of the pair being relatively large,
other factors would preclude its use. A column 2 cm long would have an impossibly small loading
capacity and thus strain the performance of even the most sensitive detectors. In addition, it would be
impossible to place a small enough charge on the column, even with the most sophisticated capillary
column sampling techniques.

Asthe temperature rises, the (k') value and the retention ratio decreases resulting in an increase in
column length and an increase in analysis time. When the temperature has reached 120°C the column
length is 1 m, and with great experimental care, this column could probably be satisfactorily used with
the most sensitive detectors and with a split injection procedure. As the temperature rises still further,
the temperature of coelution is approached (where the elution order isreversed) and the retention ratio
becomes very small and exceedingly long columns (1000 m) would be necessary to effect a separation.
This would be accompanied with proportionally long analysistimes. In fact, at the temperature of
coelution, the column length and the analysis time would be infinitely large. It isinteresting to see that
the effect of further increase in temperature resultsin an increase in the retention ratio (aratio of 0.91is
equivalent to 1.1 after the elution order is reversed) and thus the minimum column length is reduced.
However, the (k') values also falls as the retention ratio increases and eventually the effect of the very
small (k") value will dominate the demand for theoretical plates. Thus, athough the retention ratio
continues to increase, the minimum column length al so increases accompanied by a proportional
increase in analysistime. It is seen that although the various effects can be explained



Page 136

on atheoretical basis, the relationship between column length and analysis time is complex and each
separation will need to be assessed on its own characteristics. It should be emphasized that athough the
curves shown in figure 5.14 are generally of aform that will be exhibited by all enantiomeric pairs, they
are specific to the enantiomers of phenylethanol. They are, thus, unique to that substance and the
numerical values shown will digress considerably between different enantiomeric pairs.

Stationary Phasesfor the GC Separation of Chiral Substances

The vast majority of chirally selective stationary phases employed in GC arebased on a, b or ¢
cyclodextrin and arange of derivatives have been introduced that are designed to enhance the
separation of enantiomers of different types and classes of compounds. The derivatized cyclodextrins
are usually physically incorporated into appropriate polysiloxanes which are then coated on the column
walls or onto an inert support. In certain stationary phases, the polysiloxane contains a proportion of
phenyl groups which renders the mix more thermally stable and thus, can be used at higher
temperatures. The level of the cyclodextrin component in the stationary phase varies between about 8%
and 15% depending, to alarge degree, on the solubility of the cyclodextrin based material in the
particular polysiloxane which can be enhanced by introducing sufficient methylsiloxane into the
polymer mix.

Figure 5.15
The Cyclodextrin Molecule
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As aready discussed, there are two parts of the cyclodextrin molecule that can be derivatized, but only
one part significantly effectsits chiral selectivity. Referring to the cyclodextrin moleculein figure 5.15,
the OH group on the 6-position is usually alkylated and as the group isfreeto rotate, it blocks the base
aperture to the cone and thus the 6-position offers no chiral selectivity. In addition, the alkylation of the
6-position can increase the solubility of the cyclodextrin in the polysiloxane matrix.

Groups on the 2 and 3-positions, however, can strongly effect selectivity. The enantiomer that fits
closest to the chiral centerswill have much greater interaction with groups substituted on positions 2
and/or 3 and thus by choosing appropriate groups, specific chiral selectivity can be introduced for
particular solute types. It should be remembered, however, that derivatization in the 3-position removes
the size selectivity of the cyclodextrin molecule. Groups with interactive character ranging from
strongly polar(hydrophilic) to highly dispersive(hydrophobic), together with al the subtle combinations
between, can be inserted, offering an almost limitless range of unigue selectivities.

The permethylated b-cyclodextrin has been shown to have broad chiral selectivity based largely on
polar (hydrophilic) interactions and in some cases inclusion/size selectivity. This materia isthermally
stable up to temperatures of 230°-250°C and appears to have the potential to separate over 30% of the
GC chiral separations published to date.

The dimethyl derivatives of b-cyclodextrins have a similar temperature stability to the permethylated
products and also exhibits broad chiral selectivity. Thereis some size selectivity but dispersive
(hydrophobic) interactions appear to dominate the retention mechanism.

The stationary phases described above represent the more popular types presently used in chiral GC.
Thereis, however, still awide range of alternative cyclodextrin derivatives to be synthesized and
evaluated and it is certain that many more stationary phases based on the chiral selectivity of
cyclodextrin will be developed in the future. Nevertheless, the stationary phases mentioned above will
serve to separate most chiral



Page 138

mixtures, albeit some analysis times may be long, and some may need very high efficiencies to achieve
the separation.

Synopsis

The first effective GC chiral separation was by Gil-Av, who resolved the enantiomers of some
derivatized amino acids using the lauryl ester of a derivatized isoleucine as the stationary phase. The
stationary phase was not very temperature stable. It was some years later that Bayer also used a
derivatized amino acid as the stationary phase but this was incorporated in a polysiloxane that stabilized
the material up to atemperature 175°C. Subsequently a number of polysiloxane stationary phases
containing chiral agents were examined, including peptides, dipeptides and ureides. For example the
cyano group on OV-225 was hydrolyzed and coupled with L-valine-t-butylamide to produce a chira
polysiloxane. In thisway, the Chiral-Val stationary phase was produced which is still in fairly common
use today. Organometal compounds containing rhodium or manganese chelated to chiral groups were
also used to produce unique chiral selectivity in polysiloxane stationary phases. Today, the most
important chiral stationary phases used in GC are the derivatized cyclodextrins. The cyclodextrins are
produced by the partial degradation of starch followed by the enzymatic coupling of the glucose units
into crystalline, homogeneous toroidal structures of different molecular sizes. Three of the most widely
characterized are alpha, beta and gamma- cyclodextrins which contain 6, 7 and 8 glucose units,
respectively. Cyclodextrins are, consequently, chiral structures and the beta-cyclodextrin has 35
stereogenic centers. Selectivity varies with the temperature, the amount of stationary phase on the
column and the type of derivatization used. Open tubular columns are produced by the static or dynamic
methods of coating, the static method of coating being the superior method providing more even
coating, but is the more lengthy process. Cyclodextrins derivatized with trifluoroacetic acid, or similar
reagents, are extremely vulnerable to hydrolysis by water. Thus, all procedures must be carried out
under strictly anhydrous conditions. In some cases, the column can be regenerated, using an appropriate
apparatus, by passing vapor of the derivatizing agent through the column
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and subsequently removing the excess at elevated temperatures. There is a minimum column length that
can be used to separate a pair of enantiomers and this will depend on the retention ratio of the pair and
the capacity factor of thefirst eluted peak. At the minimum column length, the separation will be
completed in the minimum time. As the column temperature approaches that of coelution, the necessary
column length becomes extremely high and, at the co-elution temperature will, in fact, be infinite. After
the temperature is raised above the coel ution temperature, the retention ratio again increases rapidly and
initially the minimum column length is reduced. However, the capacity ratio also decreases with
increased temperature which will also necessitate the use of higher efficiencies. Thus, after theinitial
fall in minimum length immediately after the temperature of coelution, the critical length increases
again. Although this effect of temperature on column length is general, the actual temperature range
over which it occurs will be unique to each enantiomer pair. The contemporary cyclodextrin stationary
phases may be derivatized in one or more of the three hydroxyl positions 2, 3, or 6. They are
incorporated with polysiloxanes which are then coated on the wall of the column. The polysiloxanes
may contain phenyl groups to improve temperature stability and if the cyclodextrin is permethylated a
significant amount of the methylsiloxane must present to provide adequate solubility. Derivatization of
the 6 position with alkyl groups also increases the solubility of the cyclodextrin material in the
polysiloxane. Derivatization with alkane groups, propyl, butyl, pentyl, etc. on the 2, 3-positions
introduces strong dispersive (hydrophobic) interactions with the solutes. In contrast the introduction of
polar groups on the 2,3-positions will increase the polar (hydrophilic) interactions with the closest
associate enantiomer. By careful choice of the molecular structure of the derivatizing reagent, very
subtle mixtures of dispersive and polar interactions can be arranged that can be appropriate for the
separation of specific types of chiral mixtures. All three cyclodextrins (a, b, and g) can be derivatized,
but it is frequently found that one specific cyclodextrin provides the greater selectivity for specific
compounds.
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Chapter 6—
Chiral Gas Chromatography Applications

The Basic Principles of Chiral Selectivity

Gas chromatography has been used to analyze awide range of volatile mixtures containing chiral
substances. However, it is not only important to be aware of some of the typical areas of application,
but also to comprehend the reason for column choice and to understand the interactive mechanism
involved in the separation. Those new to the technique would be wise to bear in mind the comment by
Einstein, "First order effects are usually ssmple”. Furthermore, all separations can only be enthalpically
and entropically driven and in GC only two types of interaction can effect the separation, those
resulting from dispersive forces and those arising from polar forces (in analytical GC ionic materials
will not be volatile). Thus, al chiral separations result primarily from one enantiomer (the solute), due
to its spatial structure, making closer contact with another enantiomer (the stationary phase), and, as a
result, interacting more strongly with its neighboring atoms or groups. In addition, for certain stationary
phases (e.g. the cyclodextrins), inclusion of the solute molecule inside molecular apertures in the
stationary phase structure can also occur, providing a second type of entropic contribution to retention.
These two effects will constitute the essential entropic contribution to the separation. Thus, primarily, a
stationary phase must be chosen such that one of a pair of enantiomeric
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solutes will come closer to the stationary phase interactive moieties than the other.

However, the molecular size of the stationary phase material is large and the solute molecules will
randomly interact with many parts of it that are not chiral. Thus, statistically, only arelative few of the
total solute/stationary phase interactions will be with the chirally selective parts. Consequently, the
differential interactions between the two enantiomers will be small and the relative retention difference
limited. Thus, the stationary phase needs to possess as many chirally active groups as possible to
increase the probability of selective interaction, and this explains the advantage of the cyclodextrin
stationary phases which possess many chiral centers. It also follows, that the more chiral agent thereis
present in the stationary phase, the greater the number of chiral centers and the greater the chiral
selectivity. At the extreme, the largest chiral selectivity will be achieved if the stationary phase consists
entirely of the chiral agent. Certain cyclodextrin derivatives are crystalline (permethylated), or solid
(2,3-dimethylsilyl), and need to be dispersed in polysiloxane polymersin order to be coated onto the
walls of the column. This resultsin the concentration of chiral centers being reduced and a consequent
reduction in retention and chiral selectivity. Other derivatives such as (2,6-diphenyl, 3-trifluoroacetyl -
hydroxy propyl) are amorphous and can be coated directly onto the column, all giving higher selectivity
and shorter analysis times.

Nevertheless, thereisalimit to the number of chiral centersthat can be introduced into the stationary
phase and consequently, alimited probability of selective interaction must be tolerated. It follows, that
in order to increase the chiral selectivity, the only recourse isto increase the energy of interaction
between the solute molecule and those groups surrounding the chiral center when the statistical
opportunity of interaction does occur. Thiswill be the enthalpic contribution to the selectivity.
However, the atoms or groups on the solute molecule that can interact with the stationary phase will
differ from one solute to another. It follows that a range of different stationary phases will be required
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from which to choose the one most appropriate for the particular enantiomeric pair that isto be
separated. The choice will be dispersive groups for dispersive interactions (hydrophobic interactions),
polarizable groups for induced dipole interactions (sometimes called p electron interactions) or polar
groups for polar interactions (dipole-dipole interactions or hydrophilic interactions). From the point of
view of synthetic chemistry, alkyl groups or chlorinated alkyl groups, attached to the neighboring atoms
of the chiral center would introduce, or enhance, dispersive interactions. The aromatic nucleus,
associated with the chiral center would introduce polarizability to the chiral environment and hydroxyl
groups would introduce strong polarity. It should be pointed out, that induced dipole interactions can
work two ways. A strong polar group on the stationary phase can result in induced dipole interactions
with a polarizable group on the solute. Conversely, a strong polar group on the solute can provide
induced dipole interactions with a polarizable group on the stationary phase.

Summarizing, the separation of enantiomeric pairsis achieved by the close selective interaction of one
enantiomer with a stationary phase chiral center, resulting in stronger molecular interactions between
the enantiomer and the neighboring groups or atoms round the stationary phase chiral center.

Thus, chiral selectivity is controlled firstly, by the probability of interaction with the stationary phase
chiral center which is determined by the number of chiral centers available and secondly, by the
strength of the interacting forces which is determined by the nature of the interacting atoms or groups.

Test Mixtures

It isclear, that the properties of the different chiral stationary phases available will differ considerably.
In addition, due to the complex nature of many of the synthetic procedures involved, the products have
the potential of varying from batch-to-batch. It follows, that test mixtures are needed to quality control

the stationary phases and columns and also
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to demonstrate the nature of the stationary phase. Such test mixtures should reveal the general
chromatographic properties of the stationary phase as well as its capacity for separating enantiomeric
pairs. The latter point isimportant, as most application samples contain many other compounds than
those of achira nature and all, or most, will require resolution.

An example of achromatogram of atest mixture used by Supelco to demonstrate the chromatographic
characteristics of their a-DEX column is shown in figure 6.1. The stationary phase is claimed to have a
high shape selectivity for positional isomers (e.g. xylenes, menthols, cresols etc.) and the small internal
cavity of the permethylated a-cyclodextrin givesit arigid character and unique chiral selectivities.

. h=-Monane

L p-Aylene

. mt-Xylene

. h-Decane
(+)-1,2-Propanediol
(-}-1,2-Propanedicl
. n-Undecane

=1
R¥]
=S LA e G

4

LU

Time {minutes)

The c-DEX™ column was 30 m long, 0.25 mm LD, carrving a film of stationary
phase 0,23 wm thick. The temperamre was 90°C and the helivm ow velocity was 30
LIS,

Figure 6.1
Chromatogram of a Test Mixture for a Permethylated
a-Cyclodextrin Stationary Phase
Courtesy of Supelco

The use of the different solutes illustrates the retentive character of the stationary phase. The relative
elution times of the normal paraffins
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(which are solely retained by dispersive interactions with the stationary phase) indicate a moderate
dispersive character, but it isinteresting to note that the propane diols are eluted between the C10 and
C11 hydrocarbons. Thisindicates that the C3 chain alcohol isretained by polar forcesto an almost
equivalent extent as the C11 hydrocarbon retained by dispersion forces only. Thisimplies afairly
strong overall polar character to the stationary phase. It is also seen that the mand p xylenes are well
separated showing good spatial selectivity and the separation of diol enantiomers good chiral
selectivity. Asthe two enantiomers are strongly polar it would aso appear that the greater retention of
the (-)-1,2-propane diol was due to polar interactions between the OH groups with the neighboring
polar moieties on the a-cyclodextrin. Another example of atest mixture used, in this case, for

examining a Supelco ¢DEX column is shown in figure 6.2.

n-Undecane
1,3-Dichlorobenzene
1.4-Dichlorobenzene
1.2-Dichlorobenzene
n-Tridecane
n-Tetradecane
(+)-2-Ethyhexanoic Acid
« (=)-2-Ethylthexanoic Acid
i-Pentadecane
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I'he vDEX™ column was 30 m long, .25 mm LD. carrying a film of stationary phase
a5 . . N P P Ly - Ll H i1 1 - .
(125 pm thick. The column temperature was 125°C and the helium flow velocity 30

cm/s. '

Figure 6.2
Chromatogram of Test Mixture for a g-Permethylated Cyclodextrin Stationary Phase
Courtesy of Supelco
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The permethylated g-DEX column has the largest cavity relative to the corresponding a and b-
cyclodextrins. In general, this material is said to be less selective to different enantiomers, but this will
depend on the nature of the solute. However, it is more suitable for the resolution of larger molecules.
The composition of the test mixture again provides information on the retentive mechanism of the
stationary phase. The elution of n-pentadecane in only about 17 minutes at a temperature of only 125°C
indicates that the dispersive contributions by the stationary phase to retention are relatively small. In
contrast, the C8 ethylhexanoic acids are eluted just before the n-pentadecane showing the very strong
polar character of the phase. The isomeric dichlorobenzenes demonstrate a good separation of the
gpatial isomers and an effective separation is aso achieved between the two enantiomers. Again, the
separation of the dichlorobenzenes indicates that the presence of strong induced polar interactions
between the aromatic nuclei of the solutes, and the strong polar groups of the stationary phase, can
provide more than adequate selectivity. In asimilar manner, the strong polar interactions that occur
between the carboxyl group of the enantiomer that penetrates closest to the stationary phase, and the
neighboring polar groups of the interactive site, provides the necessary selective retention to separate it
from its slightly more excluded enantiomer.

Elution Reversal of Enantiomers

Before discussing actual application examples, the nature of the interaction between a chiral solute and
achira stationary phase needs to be considered further and in particular, elution order. If the stationary
phase contains a substance with a particular spatial orientation, then either of a pair of enantiomeric
solutes may be able to penetrate closest to the phase and, although chiral selectivity may be anticipated,
the elution order of the enantiomeric pair will be unknown. In addition, the chiral substance used as the
stationary phase will not be the same as the solutes and so can not predictively interact more closely
with one specific enantiomer. It isimportant to understand a (d)-isomer in the stationary phase will not
determine that the (1) or (d) isomer of the solute will be
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eluted first. An example of enantiomeric reversal is shown in figure 6.3. The separation of a mixture of
chiral substances is shown separated on three different stationary phase al cyclodextrin based.

15,25,5R-{+)-Neomenthol
1R,2R,558-(-)-Neomenthol
15,2R,58-({+)-Menthol
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The columns were 30 m long, 0.25 mm LD, carrying a film of stationary phase 0.25
um thick. The column temperature was 110°C and the helium flow velocity 30 cm/s,

Figure 6.3
Chromatogram of a Chiral Mixture on Three Different Cyclodextrin Based
Stationary Phases
Courtesy of ASTEC Inc.

All three stationary phases are permethylated cyclodextrins and for the most part the separations
obtained from each are very similar. However, it is clear that thereis areversal in the order of elution
for the isomenthol isomers on the g PM stationary phase. It is also seen, that this phase shows distinctly
less selectivity for the other enantiomeric pairs. Thisreversal of elution is also demonstrated in figure
6.4.
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2. {+)-PCCH 4
3. (+)-a-BHC
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The columns were 30 m long, 0.25 mm LD, carrying a film of stationary phase (0,25
wm thick. The column wemperature was 160°C and the helium flow velocity 30 cmisec,

Figure 6.4
Chromatogram of a Chiral Mixture on Two Different Cyclodextrin Based
Stationary Phases
Courtesy of Supelco

Both stationary phases were also permethylated cyclodextrins and again, the separations obtained from
each are very similar. However, it is clear that there isareversal in the order of elution for the a-
benzylhexachloride (a-BHC) isomers on the 3 DEX stationary phase. There are still greater differences
to note. The separation of the first pair of enantiomers on the b-DEX column, which has the tighter
structure, is much greater than that on the looser structured & DEX column. This means that the (+)-

PCCH enantiomer could approach more closely the stationary phase molecules, experience greater
interactions and thus greater retention. However, in contrast, the larger solutes show the
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opposite effect. Not only is the elution order reversed, but the separation ratio is now significantly
larger for these solutes eluted from the 3DEX column. It is aso interesting to note that the peaks from
the more open ¢DEX were less wide and the column more efficient. This may also indicate that the
more open structure alows a more rapid exchange between the phases, and smaller band dispersion. In
physical chemical terms, the resistance to mass transfer term in the Golay equation is smaller, leading to
less peak dispersion, and a more efficient column.

An elution order change appears most likely to be due to a shift in the interactive mechanism. Evidence
supporting this conclusion arises from the dramatic increase, or decrease, in retention, and the changein
the loading capcity of the stationary phase, that often accompanies an elution order reversal. For
example, assume a given elution order was the result of inclusion, where the atoms or groups round the
chiral center interacted dispersively with neighboring groups on the stationary phase. Under these
conditions, the most retained isomer would be the result of excess dispersive interactions over those of
the other isomer. Now, assume the cavity size is reduced so that inclusion can not take place, or is
significantly reduced. As dispersive groups would no longer be available for selective interaction, the
groups around the chiral center would need to interact with different neighboring groups which would
now be polar. Depending upon the particular orientation of the dispersive and polar groups round the
chiral center of the solute, this could result in the opposite enantiomer experiencing stronger polar
interaction, and would then become the most retained. |pso facto, there would be a elution order
reversal.

Selectivity Characteristics of the Different Cyclodextrins

Despite the fact that the cyclodextrins differ by only one glucose unit, the selectivity of the
cyclodextrins show very different characteristics both between the cyclodextrins themselves and
between the solutes that are separated on them. They will differ in chiral selectivity, absolute retention
and in the efficiency the column can produce. The difference hasto do
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with the size of the toroidal cavity and the strength of the interaction that can take place within, and
without, the cavity. There are two different entropic mechanisms by which the cyclodextrins can
resolve enantiomers. One mechanism involves inclusion in the cyclodextrin cavity, and subsequent
interaction with the chiral centers, and the other involves interaction with the chiral centers externa to
the cavity. If inclusion is required to effect a separation, then all three cyclodextrins may be appropriate
asthey have cavities of different sizes; if only external interactions are required to achieve a separation,
then only the g-cyclodextrins might be suitable. Thisistrue for the use of the cyclodextrinsin both GC
and LC.

In addition, certain functional groups will readily enter the cavity whereas other will not. Chiral centers
with functional groupsthat are largely dispersive such as aromatic and saturated rings, the halogens and
also nitro, sulfo, and phospho groups appear to readily enter the cavity, whereas amines, aldehydes,
ketones, acids and esters appear to be inhibited and more readily interact with chiral centers external to
the cavity. However, if a stereogenic center contains afunctional group that allows inclusion, but there
are no appropriate groups with which the peripheral groups of the chiral center can interact, then there
will belittle of no chiral selectivity although there may be significant retention.

Itisstill extremely difficult to predict the retention characteristics for agiven pair of soluteson a
particular derivatized cyclodextrin phase. Nevertheless, it is often possible to estimate the size of the
cyclodextrin that is most likely to be appropriate and, under certain circumstances, the most likely
derivative that should be used. In contrast, the separation can often be explained in some detail, after the
event. A large accumulation of experimental data has allowed a degree of predictability of functional
group interactions (enthal pic contributions) with certain stationary phase structures.

Theinclusion properties of the cyclodextrins can sometimes help in deciding which cyclodextrin to use
as opposed to the best derivative. This
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isillustrated by the separations shown in figures 6.5 and 6.6. The three chromatograms shown in figure
6.5 were obtained from the separation of the four isomers of bis-trifluoro-acetylated-3-aminomethyl -

3,5,5-trimethyl -cyclohexanol on the three 2,6-dipentylated a, b and g-cyclodextrins. It is seen that the
separations are vastly different. The g-cyclodextrin gives strong retention but poor enantiomeric
selectivity.
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Figure 6.5
The Separation of the Four Enantiomeric | somers of
Bis-Trifluoroacetylated-3- Aminomethyl-3,5,5-Trimethyl -
Cyclohexanol
Courtesy of ASTEC Inc.

Thisimplies that the solutes entered the cavities but the cavity fit was insufficient to provide access to
interacting groups that would lead to
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chiral selectivity. It is also seen that as cavity penetration was taking place, the exchange rate was
relatively slow and lower efficiencies were realized. The b-cyclodextrin shows improved selectivity,
but for the other enantiomeric pair but the same problems obviously existed. Retention is slightly less
and the column efficiency improved indicating faster solute/phase transfer, but cavity penetration
produced no improved chiral selectivity. It is clear, that by far the best separation is obtained on the a-
cyclodextrin. Excellent chiral selectivity isrealized for both enantiomeric pairs and the column
efficiency is high, indicating fast solute/phase transfer rates. Indeed, not only is avastly improved
separation achieved, but itsis also completed in less time. This might have been anticipated on the basis
that solute inclusion was not to be expected and that external surface interactions would produce the
required chiral selectivity.
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2,6-di-O-pentyl=y-Cyclodexirin

IR
cH —eH,
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Figure 6.6
The Separation of the Enantiomers of
Trifluoro-acetylated 1-(1-Naphthyl)Ethylamine
Courtesy of ASTEC Inc.
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At this point, it isimportant not to assume that the a -cyclodextrin is necessarily the better chirally
selective stationary phase. Consider the separation of the enantiomers of trifluoro-acetylated 1-(1-
naphthyl) ethylamine depicted in figure 6.6. The stationary phases are exactly the same as those in
figure 6.5 and are presented in the same order. However, it is clear that the opposite situation exists, and
thereislittle or no peripheral chira selectivity and thus the a-cyclodextrin exhibits no chiral selectivity
as the solutes cannot enter the cavity to provide chiral selectivity. In addition, it is also obvious that the
solutes enter the cavities of the b- and g- cyclodextrins, and the groups associated with the chira centers
of the solute can interact strongly with groups on the cyclodextrin to provide good enantiomeric
selectivity. It is seen that b-cyclodextrin again occupies an intermediate position in chiral selectivity and
it is now the g-cyclodextrin with the larger cavity that provides the necessary resolution of the
enantiomers. It is aso seen that, although the efficiency is still not good, (exchange rates are relatively
small) the retention is large and so the analysis time may also be relatively long.

Although examples, similar to those given in figures 6.5 and 6.6, can be found, in general, difficulties
remain in trying to identify the best type of cyclodextrin to be used for an hitherto unknown separation.
The situation is further complicated by the different derivatives that can be formed from each
cyclodextrin, each giving it an interactive character that can range from largely dispersive to strongly
polar. It begins to become more evident that the selection of the best phase for a given separation will
rely heavily on experiment and experience. Different stationary phases must be tried to identify the one
that will provide the desired chiral selectivity and at the same time provide the analysis in the minimum
time. This choice must be made bearing in mind the chemical size and structure of the solute in relation
to the cavity size of the cyclodextrin that isto be used. If the solute is largely dispersive (hydrophobic)
then a cyclodextrin derivative that is also dispersive might be appropriate. Conversely, a polar solute
might interact more strongly with a polar (hydrophilic) or polarizable group associated with the
cyclodextrin. Unfortunately, the situation becomes even more
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complicated if the solute requires to be derivatized to render it sufficiently volatile and stable to be
separated by GC. The derivative group also will contribute new interactive characteristics to the solute
molecule.

The Effect of Solute Derivatization on Chiral Selectivity

Consider the separation of the isomers of 2-butanaol, on the (2,6-di-O-pentyl -3-trifluoroacetyl -o
cyclodextrin) depicted in figure 6.7. This cyclodextrin derivative is designed to provide strong polar
interactions round the chiral centers of the cyclodextrin, so that the isomer that approaches closest to the
chiral phase, experiences the maximum polar forces to selectively retain it in the column.

It is seen that the type of the derivative that is used can have a profound impact on the chiral selectivity
that is attained. It is also seen that the elution order of the enantiomers is determined by the type of
derivative. The (R) isomer is eluted first with the trichloroacetyl and the trifluoroacetyl derivatives. In
contrast, The (S) isomer is elute first in the case of the acetyl derivative. The acetyl derivative givesthe
best chiral selectivity and is eluted relatively rapidly. The reason for the difference may be spatial in
that, the halogen atoms will make the derivative groups more massive than the acetyl groups. Also, the
dispersive interactions with halogens, not surprisingly, increase with the size of the halogen atom.
Consequently, the trichloracetyl derivatives are retained to a much greater extent than the trifluoroacetyl
derivatives. It isinteresting to note that the chiral selectivity shown by the trichloracetyl derivatives are
somewhat |ess than the shown by the trifluoracetyle derivatives. This indicates that the chiral selectivity
was dominantly polar and the large chlorine atoms hindered the close association of the isomers with
the surface. The combined effect of the cyclodextrin structure and the type of derivative that is used can
render the separation problem very complex indeed.

The separation of different derivatives of racemic 1-methoxy-2-aminopropane on two cyclodextrins are
shown in figure 6.8. The two
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cyclodextrins are the 2,6-pentylated @ cyclodextrin and the ((S)-2-hydroxypropyl methyl ether)-b-
cyclodextrin.
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Acetyl

Trifluoroacetyl
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Figure 6.7
Effect of Derivatizing Agent on Chiral Selectivity
Courtesy of ASTEC Inc.

The three derivative groups that are used are the acetyl, the monochloroacetyl, the trichloroacetyl and
the trifluoroacetyl. The eight alternative separations shown in figure 6.8 indicate that the possibilities
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range from no selectivity at al, poor efficiency and long retention times to the separation carried out on
the (S-2-hydroxy propyl methyl ether) with the monochloroacetyl derivative that gives good resolution,
reasonable efficiency and a12 min analysistime. It is clear that to predict the best derivative, the ideal
cyclodextrin structure, and the most effective cyclodextrin derivative is virtually impossible without
prior knowledge of the separation or separation type.
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The Combined Effect of Derivatizing Cyclodextrin Structure on
Chiral Selectivity
Courtesy of ASTEC Inc.

It follows, that, although some logical predictions can be made based on inclusion or exclusion entropic
contributions, the optimum system must be determined largely by experiment and, ideally, adequate
retention data should be readily available for reference.

Chiral Separations of Essential Oils

Essential oils contain many chiral compounds and, as already mentioned, one enantiomer may be
entirely responsible for a particular taste or
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odor, whereas the complementary enantiomer has an entirely different olfactory effect. It follows that
the use of chiral chromatography is probably the most useful technique for the analysis of essential oils.
A chromatogram of the essential oil vapor from White Pine leavesis shown in figure 6.9.
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The columns were 30 m long, .25 mm 1D, carrying a film of stationary phase (.25
pm thick of B-DEX™, The columm was programmed from 40°C 10 220°C at 4" C/min.
The helinm flow velocity was 35 cm/s.

Figure 6.9
Chromatogram of the Essential Oil From White Pine Leaves
Courtesy of Supelco

The sample was taken by head space analysis from 0.5 g of pine leaves contained ina7 ml vial. A solid
state extraction procedure was
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employed. A glass fiber coated with a polysiloxane film was exposed to the sample vapor at 40°C for
20 minutes. Using a special applicator the fiber was withdrawn from the sample vial and placed in a
unique capillary column sample device. The fiber was then heated to 250°C for one minute and the
vapors passed onto the column using a split injector with a 100:1 split. The column used was 30 m long
0.25 mm |.D. and carried afilm of b-DEX 0.25 um thick and was programmed from 40°C to 220°C at
4°C/min. Helium was used as the carrier gas at a velocity of 35 cm/s.

It is seen that the sampleis broadly separated into two groups, the monoterpines and the sesquiterpines.
The enantiomers of a-pinene and camphene are shown to be cleanly separated. As these compounds
contain no polar groups, the chira selectivity must be based entirely on differential dispersive
interactions with the derivatized cyclodextrin. It should be noted that whereas the (-)-a-pinene is the
first eluted enantiomer of a-pineneit is the (+)-camphene that is the first eluted of the camphene
enantiomers. This again demonstrates that at present there is no rational procedure for predicting the
order of elution of an enantiomeric pair.

Chiral gas chromatography has been used in a similar manner to identify the essential oil content of
amber, afossilized pine resin. The terpenoids are used as biological markers (biomarkers). Such
markers can provide information on many fossil fuelsincluding their source, maturity, migration and
biodegredation. An example of some results from such an examination obtained by Armstrong et al. [1]
isshown in figure 6.10. Chiraldex B-PM is also a permethylated b-cyclodextrin and dueto its
dispersive groups can provide significant dispersive interactions with polar solutes such as the terpenes.
The amber fossils may be tens of millions years old but it is seen that the terpenes still exist in the
material. The increased camphene content of the amber is thought to have formed over time by the
dehydration of borneol. It is aso interesting to note that after exceedingly long periods of time, the
individual racemates are still present.
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The column was 30 m long, 0.25 mm LD, carrying a film of Chiraldex B-PM, (.25
pm thick. The column was held ar 40°C for 10 min and then programmed to 85°C at
2°C/min. Helivm was used as the carrier gas at an inlet pressure of 10 p.s.d,

Figure 6.10
Chromatograms of the Essential Oilsin Amber
Courtesy of Armstrong (Chirality, 8(1996)39)

Further work by Armstrong et al. [2] extended the use of the derivatized cyclodextrinsto the
examination of biomarkers. Another example of the use of chiral chromatography for essentia oil
anaysisisdepicted in figure 6.11. The sample was taken from the head space over 0.5 g of Juniper
leaves contained in a7 ml vial. The essential oil vapor was sampled in the manner described previously,
employing a quartz fiber coated with a polysiloxane resin. The fiber was exposed to the vapor for 20
min at 40°C and the sample desorbed in the column sampling system at 250° for 1 min. It is seen that
two enantiomeric pairs were separated,



both were hydrocarbon type and thus the chiral selectivity was achieved solely by dispersive
interactions.
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The columns were 30 m long, 0.23 mm LD, carryving a film of stationary phase 0,25
pm thick of B-DEX™. The column was programmed from 40°C w 220°C ar 4°Clmin,
The helium flow velocity was 35 cnyfs.

Figure 6.11
Chromatogram of the Essential Oil From Juniper Leaves
Courtesy of Supelco
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However, the overall character of the b-DEX phase is polar so the more polar materials are eluted much
later in the chromatogram. There are no enantiomer pairsin the sesquiterpene group although single
enantiomers are present. Nevertheless, if there were enantiomer pairs in this group then the major

interaction that would effect their separation would be polar.
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Another interesting separation that demonstrates the different type of chiral selectivity that can occur
with the same stationary phase but with different enantiomer pairsis shown in figure 6.12.
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The columns were 30 m long, (.25 mm 1D, carrying a film of stationary phase 0.25
um thick of B-DEX™. The column was programmed from 40°C to 220°C at 4°C/min.
The helium flow velocity was 35 cm/s,

Figure 6.12
Chromatogram of Lavender Qil
Courtesy of Supelco

The sampleis of the head space taken from lavender oil. The sampling procedure was the same as that
described previously except that the head space was sampled at 30°C for only 30 s. The stationary
phase was again ab-DEX which islargely polar in nature but with some dispersive interactive
capability. Aswould be expected the hydrocarbon type monoterpenes are eluted early as the dispersive
interactions are relatively weak. In contrast, the more polar materials appear late in the chromatogram
as aresult of the strong polar interactions of the stationary phase. In addition, the chiral selectivity of
the phase for the
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monoterpenes, which will depend entirely on the relative dispersive interactions with the stationary
phase, is adequate but not great. This reflects the fact that the b-DEX permethylated cyclodextrin has
relatively weak dispersive interactive capacity. However, the separation of the enantiomers (+)-
terpinen-4-ol and (-)-terpinen-4-ol is aso relatively small, and this small selectivity is for substances
that are significantly polar and thus should provide a greater separation. This shows that, as a result of
its unique spatial arrangement, the (-)-a-pinene can approach closer to the interacting cyclodextrin
structure than the (-)-terpinen-4-ol. Thisis an example where the polarity of the phase is favorable to an
increased chiral selectivity, but the spatial arrangement of the interacting groups of the solute can not
take full advantage of it. The entropic contribution of the distribution is not great enough for the
potentially increased enthal pic opportunities to be realized.

Essential oils have been of great interest to man since time immemorial and have been used as food
enhancers in the form of flavors, as aphrodisiacs in the form of perfumes and as medicinesin the form
of inhalants and additives in emollients. The interest today isno less than it has ever been, albeit,
somewhat more commercial. The difference is that now the importance of the chirality of the oil
components is understood. Consequently, much of the work carried out previously on essential oilsis
being repeated, using chiral chromatography to identify the optical isomers present and their olfactory
characteristics. Some of the more commercially important flavors are those of tea, coffee, a number of
fruits, peppermint, spearmint and a range of herbs and spices. The flavor components of coffee, tea and
cocoa have recently been investigated by Stalcup et al. [3], using Chiraldex B-TA, Chiraldex G-TA and
Chiraldex B-PH. The Chiraldex B-TA has a b-cyclodextrin base with the 2,6-hydroxyl groups
pentylated and the 3-position hydroxyl groups trifluoroacetylated. The material is strongly polar but still
is highly selective for halogenated compounds. The Chiraldex G-TA isasimilar product to the
Chiraldex B-TA but has a g-cyclodextrin base and thus has a more open structure that can accommodate

larger molecular weight solutes. The Chiraldex B-PH has a b-cyclodextrin base that has hydroxy
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propy! groups attached significantly increasing the polarity of the phase. Chiral chromatography is not
used solely as an investigatory analytical tool but also for quality control and monitoring product
stability. An example of its use in product monitoring is shown in figure 6.13.
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The columns were 30 m long, 0.25 mm LD, carrying a film of stationary phase 0.25
um thick of B-DEX™, The column was programmed from 40°C to 220°C at 4°C/min,
The helium flow velocity was 35 envs,

Figure 6.13
Chromatogram of Spearmint Oil and Spearmint Gum by Headspace Analysis
Courtesy of Supelco

Figure 6. shows chromatograms of the head space from an original sample of spearmint oil and that
from the headspace over the spearmint gum product. Samples were taken in the manner described
previously using solid phase extraction. It is seen that the different enantiomers can be very easily
monitored so that any racemization that might take place
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during processing can be quickly identified. As a particular enantiomer is often largely responsible for
the unique taste and olfactory quality of any food flavor, it isvery important to assure that the
processing necessary to prepare the food does not reduce the level of the critical enantiomers by either
direct loss, or by some racemization process.

A final interesting application, which perhaps should not be classed as an essential oil but, nevertheless
iIssimilar in form, isthe use of chiral chromatography to examine sex pheromones, and in particular,
that of the Scarab beetle, Anomala cuprea. This Scarab beetle is one of the most severe agricultural
pestsin Japan, asit attacks awide variety of crops both in the larval and adult stages. Consequently,
elimination and growth control is of considerable commercial importance. As aresult, a significant
amount of research has been undertaken to identify the sex pheromones involved in the breeding cycle.
The sex pheromones of this beetle were extracted and examined by Lea [4]. The active substance was
found to be (R,Z)-5-(-) (oct-1-enyl)oxacyclopentane-2-one. The synthetic pheromones were separated
on aChiraldex G-TA column, 20 m long, 0.25 mm I.D. carrying afilm of stationary phase 0.25 mm
thick. Chiraldex G-TA is ag-cyclodextrin derivatized with trifluoracetyl anhydride, giving afairly
polar, open-structured modified cyclodextrin. The separation was carried out isothermally at 120°C.
This particular stationary phase gave aretention time difference between the enantiomers of 7 minutes
at an absolute retention time of about 50 minutes.

From the examples given, it is clear that, as aresult of their natural volatility, the analysis of essential
oils has become one of the major application areas for chiral gas chromatography. In fact, the problems
of separating the enantiomers of the essential oils was one of the driving forces that stimulated the
development of chiral gas chromatography. The successful resolution of enantiomers has been due,
firstly, to the very high efficiencies available from open tubular columns and secondly, to the
remarkable chiral selectivity and thermal stability offered by the cyclodextrin based stationary phases.
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Pharmaceutical Applicationsof Chiral Chromatography

Two factors have contributed to the emphasis on chiral GC in drug analysis. Firstly, the importance of
the enantiomeric character of the drug has been well established and was discussed in the first chapter.
As aresult the Food and Drug Administration has required that the physiological effect of both or all
enantiomers of any drug that can exist in chiral form must be determined. In addition, the chiral purity
of any commercially available drug must also be monitored and controlled. Secondly, many modern
drugs have relatively small molecular weights and consequently are volatile or can easily be made into
volatile derivatives. Furthermore, GC capillary columns can easily provide the high efficiencies
necessary to separate very similar compounds with relatively small separation ratios. It follows, that
chiral chromatography isused in all laboratories involved with drug analysis.

Morketamine
tr 11.4 and 11.68 min

Ketamine
tr 15.40 and 1590 min

=

Time

Figure 6.14
The Separation of the the Enantiomers of
Ketamine and its Metabolites Norketamine
and Dehydro-norketamine
Courtesy of ASTEC Inc.
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Ketamine, originally developed as an anesthetic, was recently investigated as a potential drug that
would reverse the problem of protein metabolism in AIDS patients. Analysis of the distribution of the
drug in various body fluids was complicated by the presence of two chiral metabolites. A 30 m long,
250 um 1.D., Chiraldex G-TA column, operated isothermally at 160°C, with helium as the carrier gas,
and 3 Kg/cm? head pressure, was shown to separate all 6 enantiomers as their trifluoryl acetyl
derivatives as shown in figure 6.14. The high efficiencies and the general versatility of this stationary
phase, that provides strong dispersive and polar interactions, makes it especially useful for the
separation of substances with multiple chiral centers and in the presence of metabolites. The use of a
5m retention gap alowed the direct injection of 7 ul of plasma.

The anti-inflammatory drug, ibuprofen, exists in two enantiomeric forms which also can be separated
on open tubular columns coated with derivatized b-cyclodextrin. An example of the separation of the
isomers of ibuprofen is shown in figure 6.15.
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Figure 6.15
The Separation of the
Enantiomers of 1buprofen
Courtesy of ASTEC Inc.
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The column used was 30 m long, 0.25 mm I.D., and carried afilm of (2,3-di-O-methyl)-b-cyclodextrin,
0.25 pm thick. It was operated isothermally at 130°C and helium was used as the carrier gas at an inlet
pressure of 30 psi. Assuming the dead time was short, compared with the retention time, the separation
ratio of the two isomers was about 1.04. It is clear that the two solutes are only just resolved to base line

and so the analysis time could not be reduced, at least, not with the particular stationary phase and at
130°C.

Fluoxetine, al'so known as Prozac, which is commonly used as an antidepressant, comprises two

enantiomers and is sold as a racemic mixture. The separation of the Prozac enantiomers on amodified
cyclodextrin column is shown in figure 6.16.
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Figure 6.16
The Separation of the
Enantiomers of Prozac
Courtesy of ASTEC Inc.

The separation was carried out on a column 20 m long, 0.25 mm I.D., coated with a film of (2, 6-di-O-

pentyl)-b-cyclodextrin, 0.25 pm thick. The column was operated isothermally at 190°C and hydrogen
was used
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asthe carrier gas at an inlet pressure of 20 psi. It is seen that base line separation was just achieved and,
again assuming the dead time isrelatively short compared with the retention time, the selectivity, as
given by the separation ratio of the two enantiomers, was about 1.04.

Amphetamine, methamphetamine and ephedrine all have similar structures and each has two

enantiomers. Amphetamine is a central nervous system stimulant and an anorexic. Methamphetamineis
also an anorexic and is frequently used for treating attention disorders with hyperactivity. Ephedrine, on
the other hand, although of similar structure has quite different physiological effects. Ephedrine (1) isa
commonly used as a bronchodilator whereas (d) ephedrine (pseudoephedrine) is used as a decongestant.
The separation of the six isomers of amphetamine, methamphetamine and ephedrine is shown in figure
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Figure 6.17
The Separation of the Enantiomers of Amphetamine,
M ethamphetamine and Ephedrine
Courtesy of ASTEC Inc.
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The chromatogram is of the trifluoro acetyl derivatives and it is seen that an excellent resolution of the
enantiomers is achieved, and the analysis was complete in 15 minutes. The separation was carried out
on acolumn 30 mlong and 0.25 mm |.D., using (2,6-di-O-pentyl -3-propionyl)-9-cyclodextrin as the
stationary phase. |sothermal development at 130°C was used with helium asthe carrier gas at an inlet
pressure of 35 psi. Thisisa particularly elegant separation and demonstrates that the same phase system
can be effective in resolving enantiomers from different substances, but which have basically smilar
structures.

General Applications of Chiral Chromatogr aphy

In environmental testing, the potential carcinogenity of the aromatic hydrocarbons make their
separation and analysis important. However, they can pose some separation problems due to the closely
similar chemical nature of, for example, the m- and p-xylenes.
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Figure 6.18
The Separation of Some Aromatic Hydrocarbons
Courtesy of Supelco Inc.

These isomers differ in structure, and, although not optically active, have similar spatial differencesto
pairs of enantiomers. Conseguently,
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stationary phases that separate enantiomers can also be used for separating spatial isomers that are not
necessarily optically active. The separation ratios of such isomeric pairs, even on cyclodextrin
stationary phases, is also very small, often in the 1.02—1.03 range. It follows, that the use of high
efficiency capillary columnsisimperative, if reasonable analysistimes are to be realized. A separation
of amixture of hydrocarbons including some aromatics is shown in figure 6.18. A column 30 m long,
0.25 mm I.D., carrying afilm of permethylated b-cyclodextrin 0.25 um thick, was used for the
separation. The column was operated isothermally at 50°C and helium was use as the carrier gas at a
flow velocity of 20 cm/s. It is seen that baseline separation is achieved for the m- and p-xylenes and that
separation ratio for the two isomers was about 1.03. Chiral stationary phases can be used very
effectively for separating spatial isomers other than those that are optically active.
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Figure 6.19
The Separation of Some Chiral Silicon Compounds
Courtesy of Supelco Inc.
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Finally, an example would be appropriate of the use of chiral GC to separate the enantiomers of
substances in which the chiral atom was not carbon. The separation of some compounds containing a
chiral silicon atom is shown in figure 6.19. The sensitivity of the detector to silicon compounds
apparently leaves alittle to be desired, but nevertheless, adequate for monitoring the separation. It
appears that the chiral selectivity depends largely on polar interactions. The enantiomers of the least
polar solute remain unseparated, those of the solute having intermediate polarity are just beginning to
be separated, whereas the enantiomers of the strongly polar solute are completely resolved. This
separation was accomplished using a standard chiral stationary phase and capillary column. The column
was 30 mlong, 0.25 mm I.D., carrying afilm of permethylated b-cyclodextrin, 0.25 um thick. The
operating temperature was programmed fro 100°C to 220°C at 2°C/min. Helium was used as the carrier
gas avelocity of 20 cm/s.

GC analyses employing chiral stationary phases can be used to separate all kinds of spatial isomers
containing any type of chiral atom. The only prerequisite is that the solutes are either intrinsically
volatile or derivatives can be formed that are adequately volatile.

Synopsis

The choice of a phase system for a specific enantiomer separation is difficult and the selection has been
confused by many diffuse explanations of solute selectivity given in the literature. Separations are
achieved by entropic and enthalpic differences in the distribution system. The entropic contribution is
provided by the unique spatial arrangement of the stationary phase structure. The enthalpic contribution
is determined by the probability of interaction with the unique interactive site (the number of sites
available) and the relative increase in interaction energy that results from the closer proximity of one
enantiomer with the stationary phase site, relative to the other. The characteristics of a stationary phase
can be evinced from the separation of test mixtures. The results will indicate the dispersive and polar
character of the stationary
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phase, and its selectivity towards spatial and chiral isomers. The chirality of the solutes and the
stationary phase does not allow the precise prediction of elution order and similar types of stationary
phase (e.g. the cyclodextrins) can frequently exhibit elution order reversal. In addition, in the case of the
cyclodextrins, the chiral selectivity will vary with the type of cyclodextrin and the type of solute
derivative that is used. Due to the structure of the cyclodextrins, retention can result from interactions
arising from inclusion or exclusion of the solute from the natural cavities contained by the molecule. It
general, the best phase system is usually determined by experiment and will not only be influenced by
the stationary phase selected, but also the type of solute derivative that is employed. Chiral gas
chromatography is one of the most frequently used techniques for the analysis of essentia ails. Itis
used for the analysis of food and beverages, flavors, perfumes and medicinal oils. Dueto the
importance of chirality in the physiological response of many drugs, chiral gas chromatography is
routinely used in drug analysis. The technique can be applied to the analysis of al types of spatial
isomers, not merely those with chiral carbon atoms. Chiral gas chromatography also has awide field of
application in research, in environmental studies and environmental monitoring, in biochemistry and
biotechnology, in forensic science and in all types of quality control.
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Chapter 7—
The Basic Liquid Chromatograph for Chiral Chromatography

TheBasic LC Layout

The basic apparatus used in chiral LC (with the exception of the phase system) is sensibly the same as
that used in general LC analysis. In chiral LC, occasionally achiral detector is deemed to be
appropriate, but for most analyses, the same type of detectors are also employed. A block diagram of an
L C system suitable for chiral analysisis shown in figure 7.1.
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Figure 7.1
Block Diagram of Basic Liquid Chromatograph for Chiral Chromatography
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For convenience, it can be considered that there are 8 essential unitsin aliquid chromatograph.
However, the design and specifications of each unit can vary considerably, from one manufacturer to
another. Consequently, appropriate specifications will be given for each unit that would make it suitable
for most chiral analyses.

M obile Phase Reservoirs

Reservoirs for three different solvents should be available for solvent programming. Four solvents are
rarely (if ever) necessary and in the majority of LC separations, providing the basic principles of solvent
selection are well understood, two solvents will usually be found adequate. Depending on local
regulations, solvents may be required to be enclosed in avapor proof container or aflame proof
enclosure. It is generally advisable to provide each container air inlet with atube filled with desiccant,
to either keep the solvent dry, or maintain the water content constant. The reservoirs can be made of
glass, stainless steel, Teflon or PEEK (polyether-etherketone) and if, for some reason, the reservoirs are
required to contain biologically sensitive material, they may need to be constructed from titanium.
Depending on the type of column that is used (normal columns or small bore columns) the capacity of
the reservoirs can range from 100 ml to 1000 ml. The reservoir system should be designed so that the
reservoirs can quickly and easily be changed or refilled. As L C detectors are highly sensitive, itis
important to employ anhydrous solvents of high purity for the mobile phase

The Solvent Programmer

The solvent programmer is an apparatus that allows the composition of the mobile phase to be changed,
in a defined manner, over adefined period of time, and is normally controlled by the chromatograph
computer. There are basically two types of gradient programmer, one that mixes the solvents at high
pressure, prior to the column and the other that involves solvent mixing that occurs at low pressures,
prior to the solvent pump.
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The High-Pressure Mixing Solvent Programmer

A diagram of a high-pressure solvent programmer is shown in figure 7.2. The system consists of three
solvent reservoirs and it is seen that limiting the number of reservoirs to three isimportant as, with
high-pressure mixing, each solvent reservoir requires its own solvent pump and high-pressure pumps
can be very expensive. Each pump must be capable of operating at the maximum pressure required by
the column, which will usually be about 3000-5000 p.s.i. The solvent from each reservoir passesto its
own pump and each pump is controlled by the programmer. The output from each pump passesto a
mixing chamber and thence to the sample valve of the chromatograph. The sample does not comein
contact with any part of the gradient programmer and thus, unless labile substances are incorporated in
the mobile phase, the materials of construction need not be bio-compatible.

Y
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Figure 7.2

A Block Diagram of a High-Pressure Solvent Programmer

The programmer must allow the choice of solvent, solvent composition, shape of the gradient profile
and the period of initial and final isocratic devel opment. Modern programmers aso allow the storage
and recovery
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of specific programs and facilities to allow the details of the program to be printed out with the analysis
report.

The Low-Pressure Mixing Solvent Programmer

The low-pressure mixing solvent programmer mixes the different solvents prior to entering the pump. A
diagram of one form of alow-pressure-mixing gradient system is shown in figure 7.3.
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Figure 7.3

Diagram of a L ow-Pressure Solvent Programmer

The solvent flows from the reservoirs, into the mixing valve which, in fact, consists of three time-
controlled valves, one for each solvent. Each valve opens and closes, at a given frequency, and the
individual flow from each valve is controlled by the portion of each cycle during which the valveis
open. The output from the valve passes to a single pump and then to the sample valve. Thissystemis
less expensive as, although a special valve is necessary, only one pump is required.

The Mobile Phase Pump

The pump is usually areciprocating type and has a maximum operating pressure of 3000-5000 p.s.i.
However, in general practice, operating pressures are more often in the neighborhood of 2000 p.s.i. This
isnot usually aresult of any limitation of the pump, but because sample valves,
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although capable of operating well above 6000 p.s.i., will have a much longer working life when
operated below 3000 p.s.i.. At lower pressures, there will be considerably less wear on the valve seats,
particularly if they inadvertently come in contact with silica-based stationary phases. Nevertheless,
some columns packed with very small particles and run at high flow rates may require to be operated at
inlet pressures of 3000 p.s.i. or more. LC pumps are made of stainless steel, usually with non-return
valves fitted with sapphire ball and seats to handle the high pressures, and sapphire pistons. A diagram
of asingle piston high pressure LC pump is shown in figure 7.4.
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Figure 7.4
The Single Piston High-Pressure LC Pump

To reduce pulsation from areciprocal pump, it may be fitted with twin cylinders or, alternatively, with
some form of 'pulse damper'. Although pulses propagated through the column will theoretically cause a
loss in column efficiency, the consequent loss in resolution is not usually very significant. The more
serious problem associated with system pulses is the resulting detector noise which reduces the detector
sengitivity. In order to accommodate a wide range of column diameters the pump should have arange
of flow rates that extends from about 10 pl per minute to 10 ml per minute. Most modern pumps have
two or sometimes three cylinders.
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The Sample Valve

The sample valve can have either internal or external loops, the choice of which will largely depend on
the volume of sample which, in turn, is determined by the column diameter. The internal loop valves
have milled slots in the valve spigot that can have volumes ranging from about 0.1 pl to about 2 pl.
External loops, on the other hand, consist of appropriate lengths of tubing that have sample volumes
ranging from about 1.0 pl to 20 pl (or more) and are interchangeable. As the valve comesin direct
contact with the sample it may need to be made from biocompatible materials such as PEEK or
titanium. However, 'biocompatible’ materials can be expensive, and it should be ascertained that the
substances being separated are indeed labile in the presence of stainless steel, before resorting to the use
of 'biocompatible’ materials for construction. On the other hand, many compounds denature on the
surface of stainless stedl frits and render them impermeable and under such circumstances titanium frits
can be essentidl..

Thelnternal Loop Valve
A diagram of the internal loop valve which utilizes only four portsis shown in figure 7.5.

Mobile Mobile
Phase Sample In Phase Sample In

in Valve
Spiggot

Figure 7.5
The Internal Loop Vave
Courtesy of Valco Instruments Inc.
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The sample volume is contained in the connecting slot of the valve rotor and can deliver samples
ranging from 0.1 pl to about 2.0 pl. The diagram on the left-hand side shows the sample being loaded
into the valve by passing the sample from an appropriate syringe, through the rotor sot, to waste.
During this period, the mobile phase supply passes through the valve and direct to the column. The
valveisthen rotated and the valve slot containing the sample isimposed between the mobile phase
supply and the column. The sample is swept onto the column with the flow of solvent. A few secondsis
allowed for the sample to be transferred to the column and the valve is then returned to the load
position. Thistype of valve is used for short columns, perhaps 4.6 mm in diameter and 3 cm long
packed with support particles only 3 um in diameter. Alternatively, they might also be used, when
employing somewhat longer columns (10 to 50 cm long) but only about 1 mm or so in diameter.

The External Loop Valve
The external loop sample system, which employs six ports, is depicted in figure 7.6.

Sample In Sample In

To < Toe
Column Column
Sample Loop A Sample Loop A
Mobile
Phase MP?II;?:
1 2
Figure 7.6

The External Loop Valve
Courtesy of Valco Instruments Inc.

The external loop sample valve has three slots cut in the rotor so that any adjacent pair of ports can be
connected. In the loading position, shown on
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the left, the mobile phase supply is connected by the rotor slot between port (4) and port (5) directly
through to the column. In this position, the sample loop is connected across ports (3) and (6). Sample
passes from the syringe into port (1) through the rotor slot to the sample loop at port (6) and the third
dlot in the rotor connects the exit of the sample loop to waste at port (2).

The sampling position is shown by the diagram on the right. On rotating the valve, the sample loop is
interposed between the column and the mobile phase supply by connecting port (3) and (4) and ports
(5) and (6) and the sample is swept onto the column. In the sampling position, the third rotor slot
connects the syringe port to the waste port. After sampling, the rotor can be returned to the loading
position, the system washed with solvent and the sample loop loaded in readiness for the next injection.
For analytical applications, the sample loop can have a volume ranging from 1 to 20 pl, but for
preparative work, loops with sample volumes of 1 ml or more can be placed on a preparative column.

Today, most liquid chromatographs that are used for routine analysis also include an automatic
sampling device. Thisinvolves the use of some type of atransport mechanism that may take the form of
acarousel or some form of belt conveyor system. The transporter carries a series of vialsthat are
usually made to aternately contain sample and washing solvent. The sampling mechanism can be quite
intricate, involving a complex sequence of operations that are automatically controlled by the device or,
aternatively, by the chromatograph computer. The syringe plunger is usually operated pneumatically
and the syringe is first washed with solvent, then it is rinsed with the sample, then reloaded with the
sample and finally the contents are discharged into the column. After the analysis the next cycle
commences with the next syringe washing procedure. In routine analytical laboratories, which often
have very sophisticated L C assemblies, there may also be a sample-preparation robot which will
automatically carry out such procedures as extraction, concentration, derivatization, etc. The robot is
usually programmable, so that a variety of separation procedures can be carried in a sequence that
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isunigue for each sample. In |aboratories that have a high throughput of samples, an automatic
sampling device is often essential for the economic operation of the laboratory.

The Column and Column Oven

It isonly over the last ten years that temperature has been used as a variable to enhance separationsin
liquid chromatography. In fact, even today, temperature is not generally used to control retention and
selectivity because the change in free enthalpy of a given solute in one phase with temperature is
generally very similar to that in the other phase. However, in chiral separations, where small changesin
enthalpy can be essential, the use of an optimum temperature may be critical for the separation of a
specific pair of enantiomers. Retention and selectivity are more frequently controlled by either changing
the nature or porosity of the stationary phase, by changing the composition of the mobile phase or, if it
Isdesired, to merely increase retention without atering the selectivity, by changing the column
diameter or length. In chiral chromatography, however, both in GC and L C temperature has been found
to be acritical parameter in controlling selectivity.

In addition, the effect of temperature on column efficiency, is now being frequently exploited,
particularly in size exclusion chromatography (SEC) and in other separations where the standard free
entropy dominates the separation (i.e. all chiral separations and the separation of all closely eluting
isomers).

High efficiencies are essential in both SEC and chiral chromatography due to the very small separation
ratios that occur and, to some extent, the limited peak capacity of the column. In practice, this means, if
the peaks cannot be moved very far apart by suitable adjustment of the phase system, then the peaks
must be kept very narrow to achieve resolution. Thus, high efficiency is used as an alternative to
selectivity to accomplish the necessary separation.
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The equation for the variance per unit length of a solute has already been discussed and is reiterated in
eguation (1):

. 2YDp

f1{k'}d,1:u . hoodi
R\, .

m

(1) and (g) areconstants,

(D,,) and arethediffusivities of the solute in the mobile and
(D,) stationary phases respectively,

(dp) isthe particle diameter of the packing,

(d)) isthe effective thickness of the film of stationary
phase,

(k") isthe capacity ratio of the solute,

and (u) isthelinear velocity of the mobile phase.

It is seen from equation (1) that although in many instances the effect of temperature on the absolute
value of (k") will be minimal in LC, there will be avery significant change in the diffusivity (D,). Itis
therefore interesting to determine the effect of temperature on column efficiency (H) and retention time.

Now, by differentiating equation (1) and equating to zero an expression for the optimum velocity can be
obtained:

¢ _ _BDy (€ +eCy 2)
du uz Dy,
where is2g
(B)

€ ist 4y &

(Cz) isz(k') d :

and (€) istheratio of D, /D, which will be sensibly
constant over alimited range of temperature.



Thus, equating to zero and solving for (u,,):
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BI
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Now substituting for (u) in equation (1) the minimum value of H, (H,;,) that will provide the maximum
column efficiency is given by:

B D C () '
H= A4 £ — 4 LL{-J Do —}E-—
D B U:n - I(I +{-EJ

where (A") =2l dp

Simplifying:
Hmin = A+ B(C) +eC3) ()

It is seen from equation (3) that the optimum velocity is directly related to the solute diffusivity and
thus, to the temperature. It follows that increasing the temperature, increases the optimum velocity and
thus provides the same efficiency but with shorter analysis time. However, the choice of operating
temperature can be somewhat complicated. It will be seen later that there is atemperature at which the
two enantiomers co-elute and, at the co-elution temperature, separation isimpossible. Asa
consequence, the operating temperature must be chosen significantly above, or below, the coelution
temperature to provide adequate selectivity. In addition, the operating temperature must also be below
the maximum permissible for the particular stationary phase, as above this temperature the stationary
phase degrades.

Now from equation (4), which is an expression for the minimum value of (H) (and consequently the
maximum column efficiency) it is seen that the solute diffusivity has no effect on solute dispersion and
consequently, the maximum column efficiency is more or less independent of temperature. Thisis
because the effect of solute diffusion on dispersion
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by longitudinal diffusion isinversely proportional to the effect of diffusion on dispersion by solute
resistance to mass transfer. Thus, any change due to temperature effects on diffusion, will be canceled
out by the two different dispersion processes. It follows, that where analysistime is critical then column
temperature control can be very important. The available temperature range of LC ovensvaries alittle
from instrument to instrument but an operationa range from 0°C to 80°C would cover the majority of
L C separations. One of the problems associated with the temperature control of ovensisthe high
thermal capacity of the column and the mobile phase. It is clear that the thermostatting medium also
needs to have a high thermal capacity to facilitate a fast response to temperature changes and thus
accurate temperature control. In general, due to the small heat capacity of gases, air-ovens are not very
efficient. The use of aliquid thermostatting media, however, can have spillage problems, and, in
addition, column replacement and the removal of end fitting tends to become alittle messy. At this
time, despiteits theoretically poor technical performance, the air oven appears to be the most common
dueto it being cleaner to operate.

Another heating and cooling technique has been recently introduced to contemporary liquid
chromatographs and that is the Peltier heat exchangers which are particularly efficient. Although a heat
transfer medium to the column is still necessary, the heat supply and sink is simpler, cleaner and more
controllable than the normal ohmic heating and refrigeration system. Basically, Peltier heating isthe
thermocoupl e effect in reverse. By passing a current through the junctions of a pair of dissimilar metals
one junction generates heat and the other is cooled depending on the direction of current flow. Thus,
one junction can be used to heat or cool the oven by adjustment of the magnitude of the current and its
direction, providing a heat exchanger is available to remove heat from, or provide heat to the other
junction. Thistype of heating has, so far, only been used for relatively small oven units but appearsto
be the temperature controlling device of the future.
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Liquid Chromatography Detector <

Detector specifications have been discussed in chapter 5. They reveal the accuracy and precision
attainable in quantitative analysis and also the lower concentration levels that are possible in trace
analysis. Asin GC, the five specifications of prime importance are detector response, detector noise
level, detector sensitivity, or minimum detectable concentration, detector linearity and linear dynamic
range [1]. The detector response, detector noise level and the detector sengitivity are relevant to trace
analysis and the detector linearity and the linear dynamic range are pertinent in general quantitative
anaysis[2]. Thelinear dynamic range of LC detectorsis usually much less than their GC counterparts
which evinces more care in choosing the sample size in quantitative LC analyses. A GC detector may
have a linear response that extends over a concentration range of five or six orders of magnitude. In
contrast, an L C detector is more likely to have alinear dynamic range of only three orders of magnitude
and some detectors may have considerably less than that. In addition, L C detectors have about two
orders of magnitude less sensitivity than that of the GC, FID detector but this renders the restricted
linear dynamic range less significant. The relatively low sensitivity of LC detectors usually evokes the
use of some form of sample concentration when used for trace analysis.

There are alarge number of LC detectors available but, of these, arelatively few are in common use.
Thisislargely because some detectors are highly specific and others are very expensive. About 95% of
al LC analyses are carried out using one of 5 different types of detectors, the UV adsorption detector,
the fluorescence detector, the electrical conductivity detector, the light scattering detector and the
refractive index detector. However, in addition to these basic detectors, for obvious reasons an example
of achiral detector will aso be included.

The UV Detector

The UV detector isthe most popular and generally useful LC detector and thisis particularly true if
multi-wavelength technology isincluded in the genera of UV detectors. The UV detector has the best

combination of
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sensitivity, versatility and reliability, despite the fact that it isinsensitive to non-polar solutes and others
that do not possess a UV chromaphore. Fortunately, the majority of compounds adsorb UV light
somewhere in the range of 200-350 A including those having one or more double bonds (p electrons)
and all substances that have unshared (non-bonded) electrons (e.g. al olefins, aromatics and all
substances containing -CO, -CS, -N=0 and -N = N - groups).

The relationship between the intensity of UV light transmitted through the cell and the concentration of
soluteisgiven by 'Beers Law:

klc
Fp = Ie

where istheintensity of the light entering the cell,

(1)
(I,) istheintensity of the transmitted light,

(L) isthe path length of the cell,
(c) isthe concentration of the solute,

and (k) isthe molar extinction coefficient of the solute for
the specific wavelength of the UV light.

or:

Inlp InI,—kLc (5)

Changed to adightly different form: I, = [, 10*L¢
where (k') is the molar extinction coefficient of the solute.

Differentiating equation (5):

—k'Le
It = 1,10

From equation (6) it is seen that the detector sensitivity is determined by the magnitude of the
extinction coefficient of the solute which will depend on the wavelength of the UV light that is used.
Thus, the minimum detectable concentration can be changed by selecting alight
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source of different wavelength. The detector sensitivity also depends on the path length of the cell.
Unfortunately, the cell length cannot be increased indefinitely to provide higher sensitivity, aslong cells
will cause excessive peak dispersion, with consequent loss of resolution. The optimum cell length will
be that which provides the minimum peak dispersion and minimum loss in resolution. There are two
types of UV detector; the fixed wavelength detector and the multi-wavelength detector. Although the
fixed wavelength detector is one of the |least expensive detectors and can provide the highest sensitivity
and have the minimum cell volume, it is not as popular as the multi wavelength detector. The probable
reason is that the wide choice of wavelengths available with the multi-wavelength detector allow it to
be used for avery wide range of substance types.

The Fixed Wavelength Detector
A diagram of afixed wavelength UV detector is shown in figure 7.7.
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Figure 7.7

The Fixed Wavelength UV Detector

The detector consists of asmall cylindrical cell (2.0 to 10.0 ul in volume) through which flows the
eluent from the column. UV light passes through the cell and falls on a UV photoel ectric sensor. The
wavelength of the light will depend on the type of lamp that isused. There are a
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number of lamps available that provide UV light having wavelengths ranging from about 210 nm to 280
nm. The most popular light source is the mercury vapor lamp. The mercury vapor lamp emitslight at a
wavelength that gives the detector the maximum versatility for detecting a wide range of solute types.
The detector assembly has a sample and reference cell and the output from the sample cell is compared
to that from the reference cell, thus eliminating any fluctuations in the light intensity emitted from the
UV mercury vapor lamp.

The difference-signal is processed by a non-linear amplifier that converts the signal to onethat is
linearly related to concentration of solute in the sample cell. The fixed wavelength detector is
inexpensive and, asthe light is emitted at a specific wavelength(s), it has a high intensity and can
provide a greater intrinsic sensitivity than the multi-wavelength UV detectors. However, the multi-
wavelength detector can often compensate for this lack of sensitivity by operating at a wavelength
where the absorption of the solute is a maximum and thus, provides the greatest response. The average
specifications for acommercially available fixed wavelength UV detectors are as follows:

Sengitivity (toluene) 5x108 g/ml
Linear Dynamic Range 5 x108to5 x104 g/ml

Response I ndex 0.98-1.02

If designed with very small sensing cells, and used in conjunction with electronic systems with very
small time constants, the fixed wavelength detector can give avery fast response at high sensitivity and
very low peak dispersion. Conseguently, it can be made suitable for monitoring very fast separations.

The Multi-Wavelength Detectors

There are basically two types of multi-wavelength detectors, the dispersion detector, that monitors the
eluent at one wavelength only, and the diode array detector, that simultaneously monitors the eluted
solute over arange of wavelengths. The former passes the light from a broad
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emission light source through a monochromator, selects a specific wavelength, and allows it to pass
through the detecting cell. The second also uses a broad emission light source, but all the light passes
through the sensing cell, which is dispersed by means of a holographic grating and allowed to fall on an
array of diodes. The dispersive instrument is no longer manufactured, so only the diode array detector
will be described.

The Diode Array Detector

A diagram of adiode array detector is shown in figure 7.8. Light from the broad emission source such
as adeuterium lamp is collimated by an achromatic lens system so that the total light passes through the
detector cell onto a holographic grating. In this way, the sample is subjected to light of all wavelengths
generated by the lamp. The dispersed light from the grating is allowed to fall on to adiode array. The
array may contain many hundreds of diodes and the output from each diode is regularly sampled by a
computer and stored on a hard disc.

Outlet

Photo Diode

Holographic
Grating

Figure 7.8
The Diode Array Detector
Courtesy of Hawlett-Packard Inc.

On completing the analysis, the output from any diode can be selected and a chromatogram produced
displaying the adsorption of the light
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having the wavelength that was falling on that particular diode. Most instruments will monitor the
output of at least one diode in real time, so that the chromatogram can be followed as the separation
develops. By noting the elution time of a particular peak, a UV adsorption spectrum of the solute can be
obtained by recalling from memory the output of all the diodes at that particular time. This gives
directly, the spectrum of the solute, i.e. a curve relating adsorption against wavelength. The diode array
detector has some unique features, and the use of a diode array detector to verify the purity of agiven
solute is shown in figure 7.9. The chlorthalidone was isolated from a sample of tablets and separated by
areverse phase (C18) on acolumn, 4.6 mm 1.D., 3.3 cm long, using the solvent mixture
methanol/agueous acetic acid solution (water containing 1% of acetic acid) : 35/65 v/v. The flow rate
was 2 ml/min and the chromatogram produced, monitored at 274 nm, is shown in the lower part of
figure 7.9.

Ratio = 2.5

|

| | max = 274 nm
| PI = 1.0

Absorbance (254 nm)} Ratio A 225 /A 245

Figure 7.9
Dual Channel Plot from a Diode Array
Detector Confirming Peak Purity
Courtesy of the Perkin EImer Corporation

Asadiode array detector was employed, it was possible to ratio the output from the detector at different
wavelengths and plot the ratio
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simultaneously with the chromatogram monitored at 274 nm. Now, for a pure and homogeneous peak,
the ratio of the adsorption at the two wavel engths (those selected being 225 and 245 nm) would remain
constant throughout the elution of the entire peak. The upper diagram in figure 7.9 shows thisratio
plotted on the same time scale and a clean rectangular peak is observed which confirms the purity of the
chlorthalidone. Another example of the use of the diode array detector to confirm the integrity of an
eluted peak is afforded by the separation of a mixture of aromatic hydrocarbons which is shown in
figure 7.10. The separation was carried out on a column 3 cm long, 4.6 mm in diameter and packed with
a C18 reversed phase on particles 3 nm in diameter. It is seen that the separation appearsto be
satisfactory, and all the peaks represent individual solutes.
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Figure 7.10
The Separation of Some Aromatic Hydrocarbons
Courtesy of the Perkin Elmer Corporation

Anthracene

However, by plotting the adsorption ratio, 250/255 nm for the anthracene peak it was clear that the peak
tail contained an impurity. The absorption ratio peaks are shown in figure 7.11. The peak ratios shown
clearly indicate that an impurity is present by the sloping top of the anthracene peak. Spectra taken at
the leading and trailing edge of the anthracene peak are shown superimposed in figure 7.12. The
presence of
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the impurity is completely confirmed by the different spectra shown for the leading and trailing edges

of the peak.
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Figure 7.11
Curves for Adsorption Ratio, 250/255nm/Time
Courtesy of the Perkin EImer Corporation
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Figure 7.12
Superimposed Spectra Taken at the Leading and
Trailing Edges of the Anthracene Peak
Courtesy of the Perkin Elmer Corporation
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The impurity was eventually identified as about 5% t-butyl benzene. Typical values for their more
important specifications of the diode array detector are asfollows:

Sengitivity
Linear Dynamic Range

Response I ndex

1 x 107 g/ml
5x107to5 x 10 g/ml

0.97-1.03



Page 193
The Electrical Conductivity Detector

The electrical conductivity detector is used almost exclusively in ion exchange chromatography and, as
a consequence, is the second most commonly used detector in LC. It can only detect the presence of
charged ions in the mobile phase and, accordingly only those substances that ionize. Consequently, the
electrical conductivity detector is frequently used in the analysis of inorganic acids, bases and salts. The
detection system is extremely simple and consists of only two electrodes situated in a suitable detector
cell. A simple electrical conductivity detector sensing cell is shown in figure 7.13.

Conductivity Cell
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Figure 7.13
An Electrical Conductivity Detector Sensor

The electrodes are arranged to constitute one arm of a Wheatstone Bridge. When ions are present in the
detector cell, the electrical resistance changes and the out-of-balance signal is passed to a suitable
amplifier. The amplifier output is either digitized, and the binary number sent to a computer for storage,
or is passed directly to a potentiometric recorder. The detector actually measures the electrical
impedance between the electrodes which, by suitable non-linear amplification, provides an output that
islinearly related to solute concentration. To avoid el ectrode polarization, an AC voltage (about 10

kHz) is applied across the electrodes to measure the cell impedance. Typical specifications for the
conductivity detector are as follows:

Sengitivity 5% 10°g/ml
Linear Dynamic Range 5x10°to 1 x 106 g/ml

Response I ndex 0.97-1.03
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The chromatogram from the analysis of a mixture of alkali and alkaline earth cations at levels of afew
parts per million is shown in figure 7.14. The cations lithium, sodium, ammonium, potassium,
magnesium and calcium were present in the original mixture at concentrations of 1, 4, 10, 10, 5 and 10
ppm respectively. The separation obtained is shown in figure 7.14. A proprietary ion exchange column,
lonPacCS12, was used and the mobile phase consisted of a20 nM methanesulfonic acid solution in
water. A flow rate of 1 ml/min was employed and the sample volume was 25 pl.
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Figure 7.14
Determination of Alkali and Alkaline Earth Cations
Courtesy of Dionex Inc.

The separation is an example of the use of the ion suppression technique. The methanesulfonic acid
solution has a high electrical conductivity and, if passed through the detector, would give alarge
detector output which would swamp the much smaller signal from the sample ions. Thus, after the
mobile phase leaves the column (and after the methanesulfonic acid has achieved its purpose and helped
produce the desired separation) the reagent must be removed. This ensures that the mobile phase
entering the detector contains little or no ions, other than those being analyzed and
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that there is minimal background conductivity. There are a number of ways of removing the
methanesulfonic acid, but probably the simplest is to pass the mobile phase through a short reverse
phase column situated between the column and the detector. The reverse phase column removes any
organic material contained in the column eluent by strong dispersive interactions with the hydrocarbon
chains of the reverse phase. Obviously, the ion suppression column will eventually saturate and need to
be regenerated by desorbing the methanesulfonic acid with a strong dispersive solvent that is miscible
with water, such as acetonitrile. The technique of ion suppression is frequently used in ion exchange
chromatography when using the electrical conductivity detector. There are other ion suppression
techniques available but a detailed discussion of them is outside the scope of this book. This detector is
used frequently for the detection of amino acids, hydroxy acids and quaternary amines

The Fluor escence Detector

The fluorescence detector is probably the most sensitive LC detector and is often used for trace
anaysis. Molecules are excited by electromagnetic radiation to produce luminescence and this effect is
called photoluminescence.
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Figure 7.15
The Fluorescence Detector
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If the release of electromagnetic energy isimmediate, and stops upon the removal of the exciting
radiation, the effect is called fluorescence, and it is this phenomenon that is utilized in the fluorescence
detector. Although the detector is very sensitive, its response isonly linear over alimited concentration
range. In fact, for accurate work, the detector cannot be assumed to be linear over a concentration range
of much more than two orders of magnitude. Unfortunately, the majority of substances do not naturally
fluoresce and thus fluorescent derivatives of the substances may need to be synthesized to render them
detectable. A diagram of the fluorescence detector is shown in figure 7.15. Light from afixed
wavelength UV lamp passes through a cell, carrying the column eluent, and the fluorescent light that is
emitted by a solute is sensed by a photoelectric cell positioned normal to the direction of exciting UV
light. The photo cell senses light of all wavelengths that is generated by fluorescence but the
wavelength of the excitation light can only be changed by use of an aternative lamp. This simple type
of fluorescence detector isrelatively inexpensive, and can be extremely sensitive. Typical specifications
for afluorescence detector are as follows:

Sengitivity (Anthracene) 1x10°g/ml
Linear Dynamic Range 1x10°to5x 106 g/ml
Response Index 0.96-1.04

The ultimate fluorescence detector is one that uses a monochromator to select the excitation wavel ength
and a second monochromator to select the wavelength of the fluorescent light. Thisinstrument gives the
maximum versatility and sensitivity. However, this not acommonly used instrument, due to it being
very complex and expensive, and will not be discussed here.

Fluorescent sensitivity is commonly enhanced by forming fluorescent derivatives with appropriate
fluorescing reagents. This procedure can also be used in chiral chromatography providing the
fluorescent derivatives are still enantiomeric and subject to the chiral selectivity of the stationary phase.
Thereis, however, another method of using the fluorescence as a detection method and that is by
employing aUV
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photochemical reactor prior to the fluorescence detector in the manner depicted in figure 7.16.
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Figure 7.16
The Use of a Photochemical Reactor to Enhance Fluorescence
Detection

The equipment is similar to a standard L C system except that alength of UV transparent tubing (usually
coiled or woven and made from Teflon or quartz) connects the column outlet to the detector. The tubing
passes round, by, or through, a strong UV beam of light (8 W) generated by arelatively high energy
source. The strong light energy causes the solute to undergo arange of chemical changes and reactions
(often quantitative) which usually result in the formation of highly fluorescent materials that are readily
detected. This method has a wide range of applications beitmay, the actual mechanism of chemical
change not always being well understood. As the photochemical reaction occurs after separation, the
success of this system will not depend on the stability of the chiral centers and it does not matter if they
are degenerated during the photochemical process. It will be important, however, that the reactor tube
does not cause significant band dispersion during the passage of the solute to the detector, otherwise the
separation achieved in the column will belost as aresult of peak merging in the reactor. A suitable low-
dispersion reactor can be fabricated from 30 m of 0.3 mm I.D. Teflon tubing, crocheted in the form of a
fabric cylinder, within which the light source is situated.

The Light Scattering Detectors

There are two types of light scattering detector the evaporative light scattering detector and the liquid
light-scattering detector. The
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evaporative light scattering detector incorporates a spray system that continuously atomizes the column
eluent into small droplets. The droplets are alowed to evaporate, leaving the solutes as fine particulate
matter suspended in the atomizing gas.
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Figure 7.17

The Sensor of a Commercial Evaporative Light Scattering Detector
Courtesy of the Polymer Laboratories Inc

The atomizing gas may be air or an inert gasif so desired. The suspended particulate matter is arranged
to pass through alight beam and the light scattered by the particles viewed at 45° by an appropriate
sensor
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system. The output of the sensor is electronically processed and then passed, either to a computer, or to
a potentiometric recorder. The detector responds to all solutes that are not volatile and, as the light
dispersion islargely Raleigh scattering, the response is proportional to the mass of solute present. To
ensure linearity, the droplet size must be carefully controlled asit, in turn, controls the particle size of
the dried solutes. The sensitivity of the detector is claimed to be between 10 and 20 ng of solute.
However, in theseterms it is difficult to compare it with other detectors. A diagram of the evaporative
light scattering detector sensor, manufactured by Polymer Laboratories, that displays the basic
principlesinvolved, isshown in figure 7.17.

The eluent is atomized in a stream of nitrogen and the finely divided spray passes down a heated
chamber to evaporate the solvent. The removal of the solvent converts the stream of dropletsinto a
stream of particles which then pass through a collimated light beam. The light scattered by the particles,
at an angle to the incident light, is focused onto a photomultiplier and the output is processed in an
appropriate manner electronically. The deviceisfairly compact and relatively simple to operate.

Liquid light-scattering detectors respond to the light scattered by a polymer or large molecular weight
substances in the column eluent as it passes through an appropriate sensor cell while illuminated by a
high intensity beam of light. The light source is usually alaser that generates light at an appropriate
wavelength for measurement. There are two basic forms of the detector: the low angle laser light-
scattering (LALLS) detector and the multiple angle laser light-scattering (MALLS) detector. Both
devices are in common use, but the multiple angle laser light-scattering detector is considered to have
greater versatility, asit can also provide molecular dimensions as well as molecular weights. Asthe
scattered light is measured at a very small angle to the incident light (virtually 0°), the low angle laser
light-scattering detector signal can also be affected by scattering from contaminating particul ate matter
that is always present in the eluent.
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Theratio of the intensity of the light scattered at an angle f (l,) to the intensity of the incident light (1),
for Rayleigh light scattering is given by:

|
2 - e Ry (7)
]'[]

where, () isthe attenuation constant,
(w) isafunction of the refractive index,

and (Rf ) is Raeigh's constant.

Thus:

Rop = —— (8)

Now, the molecular weight (M ) of the solute isrelated to the Rayleigh factor by the following
expression:

Rg

= ———_—_———ee— g
oK ~2A,R¢) ®

M,

where (¢) isthe concentration of the solute,

(A,) isafunction of polymer-polymer interactions,

and (K) isthe polymer optical constant.

Substituting for (R;) in (9) from (8):
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Where:



il (1)

where (h) isthe solvent refractive index,

(D isthe wavelength of the light in vacuum,

and (N) is Avogadro's number.
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Equation (9) gives the basic relationship between the molecular weight of the scattering material, the
intensity of the scattered light and the physical properties of the materials and equipment being
involved. Equation (10), however, contains constants, the magnitude of which are difficult to determine.
Consequently, in practice asimple graphical procedure is used to determine the molecular weight of the
solute without the need to determine all the pertinent constants. Rearranging equation (9):

1 o(K-2A5R0) K

= - — — 2cAq
M, Ro Ro
or:
ok 2eh 4 1 (12)
Ro M.,

Now (c), (K), and (R,) are either known or can all be calculated from known data and light scattering
cK

measurements; thus, by plotting [Rd}] against (c) astraight line will be produced with the intercept
i 1 i

. VM, )
beng b w

The Multiple Angle Laser Light-Scattering (MALLS) Detector

In the multiple angle laser light-scattering detector, the scattering measurements are made at a number
of different angles, none of which are close to the incident light. This reduces the problem associated
with scattering from particulate contaminants in the sample. Data taken at a series of different anglesto

2y 142
r
the incident light, allows the root-mean-square (rms) of the molecular radius ( > to be calculated,
in addition to the molecular weight of the substance. The relationship that is used is as follows:

R_¢ = a{r ) sin(B)° + bM,, (13)

In fact, theory can provide explicit functions for (a) and (b) but values for these constants are usually
obtained from calibrating substances of
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known molecular weights and molecular radii. Furthermore, each photocell will not have precisely the
same response to low levels of light intensity and, consequently, calibration procedures are also
necessary to take their different responses into account, to provide appropriate correction factors. The
total number of different angles at which the scattered light is measured differs with different
instruments. Commercial equipment that measures the intensity of the scattered light at 16 different
anglesisavailable. It is clear that the greater the number of data points taken at different angles, the
more precise the results will be. A diagram of a (MALLS) detector system which measures the light
scattered at three different anglesis shown in figure 7.18.

Sensor 2

Sensor 1 Sensor 3

LASER
Beam
LASER I T PR "
Glass Cell
\ .
Figure 7.18

The Multiple Angle Laser Light-Scattering Detector (miniDawn®)
Courtesy of Wyatt Technology Corporation

This device, manufactured by Wyatt Technology Corporation, is called the miniDawn®. It contains no
mirrors, prisms or moving parts and is designed such that the light paths are direct and not "folded". As
seen in figure 7.18, light passes from the laser (wavelength 690 nm) directly through a sensor cell. Light
scattered from the center of the cell passes
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through three narrow channels to three different photocells, set at 45° and 90° and 135° to the incident
light. Thus, scattered light is continuously sampled at three different angles during the passage of the
solute through the cell. A continuous analog output is provided from the 90° sensor and all the sensors
are sampled every 2 s. The molecular weight range extends from 103 to 10¢ Daltons and the rms radii
from 10 to 50 nm. The total cell volume appears to be about 3 m and the scattering volume is 0.02 m .
The detector has a sensitivity, defined in terms of the minimum detectable excess Rayleigh ratio, of 5 x
108 cm1 which is difficult to trandate into normal concentration units but appears to be have a
minimum detectable concentration of about 10 g/ml.

Slope Gives a Value
Kc for the rms Molecular
R(O) L—""_ .. . .. ... . JRadu
Intercept gives a
Value for the
Molecular Weight
I |
0 0.5 1.0
sin 2(8/2)
Figure 7.19

Cdlibration Curves

The relationship between the intensity of the scattered light, the scattering angle and the molecular
properties are as follows:

: 1
£ - 2eA

2cAq + ———
Ro My, P(9)

where P(q) describes the dependence of the scattered light on the angle of scatter and the other symbols
have the meanings previoudly attributed to them.



Page 204

In fact, the relationship between the angle of scattering, (), the molecular weight and therms
molecular radius of the solute is obtained using equation (13). Employing appropriate reference
materials, graphs of the form shown in figure 7.19 can be constructed to evaluate constants (a) and (b)
and thus permit the measurement of the molecular weight and molecular radius of unknown substances.

The Refractive |ndex Detector

The refractive index detector isthe least sensitive of all the commercially available LC detectors. Itis
very sensitive to changes in ambient temperature, pressure changes, flow-rate changes and cannot be
used for gradient elution. Nevertheless, despite these apparently overwhelming disadvantages, this
detector has been found extremely useful for detecting those compounds that are non-ionic, do not
adsorb in the UV and do not fluoresce. There are a number of optical systems used in refractive index
detectors [2], but the simplest and most common in use, is the differential refractive index detector, the
principle of which is shown diagramatically in figure 7.20.

Mask Light
Mirror Sample Source

b} Lens I]

L Sy \\ﬁ A‘\\ i |

Recorder
/ Sensor
t T Amplifier and
Zero Power Supply

Reference Adjust
Waters Chromartography

Figure 7.20
The Refractive Index Detector
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The differential refractometer responds to the deflection of alight beam caused by the refractive index
difference between the contents of the sample cell and that of the reference cell. A beam of light from
an incandescent lamp passes through an optical mask that confines the beam to the region of the cell. A
lens collimates the light beam which passes through both the sample and reference cells to a plane
mirror. The mirror reflects the beam back through the sample and reference cells to alens which
focuses it onto a photo cell. The location of the beam, rather than its intensity, is determined by the
angular deflection of the beam caused by the refractive index difference between the contents of the two
cells. Asthe beam changes its position of focus on the photoel ectric cell, the output changes and the
resulting difference signal is electronically modified to provide asignal proportional to the
concentration of solute in the sample cell.

The refractive index detector is used for those applications where, for one reason or another, other
detectors are inappropriate or impractical. However, the detector has one particular area of application
for which it is specially useful and that is in the separation and analysis of polymers. In general, for
those polymers that contain more than six monomer units, the refractive index is directly proportional to
the concentration of the polymer and is practically independent of the molecular weight. Thus, a
guantitative analysis of a polymer mixture can be obtained by the simple normalization of the peak
areas in the chromatogram, there being no need for the use of individual response factors.

Some typical specifications for the refractive index detector are as follows:

Sensitivity (benzene) 1 x 10° g/ml
Linear Dynamic Range 1x10%to1 x 10* g/ml
Response Index 0.97-1.03

A typical application for the RI detector is afforded by the separation of the products of b-cyclodextrin
hydrolysis, a chromatogram of which is
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shown in figure 7.21. The separation was carried out on a TSKgel G-Oligo-PW column, 8 mm |.D., and
30 cmlong, at 60°C and aflow rate of 1 ml/min. The TSKgel packing isavinyl polymer based material
suitable for separation by size exclusion using aqueous solvents. There are a number of grades of this
material available that are suitable for separations, covering a wide range of molecular weights. It is
seen that the products of the hydrolysis are well separated and almost all of the oligomers are resolved.

N

10 15 20 min

Figure 7.21
Separation of the Hydrolysis
Products of b-Cyclodextrin
Courtesy of TOY O SODA
Manufacturing Co. Lt

The refractive index detector isideal for the detection of materials such as the cyclodextrins, as they
contain only the elements hydrogen, carbon and oxygen. In addition, all the oxygen atoms exist as
hydroxy groups or carbon-oxygen-carbon bonds and thus do not possess any UV chromaphores and do
not induce fluorescence. Another example of the application of the refractive index detector to the
analysis of cyclodextrinsis given in figure 7.22 which depicts the separation of the three cyclodextrins.
The separation was carried out on a b-naphthyl



Page 207

ligand reverse phase column, 25 cm long, and 4.6 mm 1.D., and represents the separation of 100 pg of
the mixture. Pure degassed water was used as the mobile phase at aflow rate of 1 ml/min.

¥ Cyeclodextrin

B Cyeclodextrin

o Cyclodextrin

JUVL

Figure 7.22
The Separation of the a-, b-,
g-Cyclodextrins Monitored with
a Refractive Index Detector
Courtesy of ASTEC Inc

Chiral Detector <

The successful development of a chiral detector based on optical rotation measurement hingesto alarge
extent on the use of the Faraday effect. Consider the situation where a plane polarized beam of light
passes through a medium that is subjected to a strong magnetic field. Under such circumstances the

plane of the polarized beam will be rotated through a small angle (a), and it can be shown that the angle
(@) isgiven by:

¢ = VdH
where (V) isthe Verdet Constant,
(d) isthe path length

and (H) isthe magnetic fied strength.
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Thisrelationship is known as the Faraday effect. In practice, the magnetic field is generated in an air
core coil inside of which is situated a rod, made from a glass having a high Verdet constant.

Now:

H=iN

where (i) isthe current through the cail,

and (N) isthe number of turnsin the coil.

Thus:

o o= VdiN

Thus (a) can be controlled by varying (i). The rotational resolution (Da) may be as little as 10-° degree
but due to heat losses in the coil, a maximum practical value of (Da) will be about + 2°. A diagram of
the detector is shown in figure 7.23.
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Figure 7.23
A Chiral Detector Monitoring Optical Rotation
Courtesy of JM Science Inc.
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Light from a tungsten lamp passes through two condenser lenses to a polarizer. Plane polarized light
from the polarizer then traverses through a temperature controlled cell to a Faraday modulator and
thence, through an analyzer, onto a photomultiplier. The modulator is provided with a crystal controlled
AC component. Consequently, if an optically active sample is present, the intensity of the light falling
on the photo-multiplier will change. By the use of a phase sensitive amplifier in conjunction with
electrical feed-back, the current though the modulator can be automatically adjusted, until the condition
exists where no AC component appears on the photomultiplier output. Unfortunately, with present
technology, the sensor must have a volume of about 40 pl, which is extremely large for use with the
modern high efficiency LC columns employed in chiral chromatography. However, the urgent need for
chiral detection is such that the large cell volume can often be accepted, and is partly accommodated by
the use of very large diameter columns. The device must be rigidly supported and, if adequate stability
is maintained, can measure arotation (&) of 10* degree. The separation of some carbohydrates
monitored by this type of detector is shown in figure 7.21. The separation was carried out on a column
12.5 cmlong, 4.6 mm in diameter packed with Hypersil APS-1. The mobile phase was
acetonitrile/water (8/2), at aflow rate of 0.5 ml/min. It is seen that the resolution of the mixtureis
maintained to a satisfactory level despite the very large cell volume. It is also seen that the direction of
rotation is clearly and unambiguously indicated by the direction of the peak. The peaks represent
between 20 and 40 g of material, which also indicates reasonabl e sensitivity. From approximate
calculations made from the chromatogram, the sensitivity for the peak appearsto be 1.4 x 10" g/ml,
whichisonly arelatively small factor less than that obtainable from the diode array UV detector.

However, it is extremely difficult to estimate the noise from the chromatogram shown in figure 7.24. A
more accurate estimation of the detector sensitivity can be made from the chromatogram of some

essential oil components shown in figure 7.25. The separation shown in figure 7.25 was carried out on a
column 20 cm long, and 8 mm I.D.,



Page 210

packed with Zorbax silica. The mobile phase was n-hexane/chloroform (4/1) and the flow rate was 0.5
ml/min. It is seen that the width of the second peak ((-)-a-terpinyl acetate) is about 0.16 mm and from

the flow rate axis, 1.06 cm is equivalent to avolume of 5 ml. Thus the peak width at the base is about
0.75 ml.

{at) in Arbitrary Units 6 7
1.4

0.7

Injection
-0.7

1 — 1

0 5 10 15
Volume (ml}

(1) L-(-=)Rhamnose 0.02 mg (2) D-(+)-Xylose 0.04 mg
{3) L-(+)-Arabinose 0.04 mg (4) D-(—)-Fructose 0.02 mg

(5) D-(+)-Glucose 0.02 mg (6) Sucrose 0.02 mg
(7) D-(+)-Maltose 0.2 mg
Figure 7.24

The Separation of Some Carbohydrates Monitored by a Chiral Detector
Courtesy of JM Science Inc.

The peak represented 3 pg of materia and, taking the concentration at the peak maximum as twice the
peak average concentration, the peak maximum concentration would be about 8 pm/ml. The peak
height appears to be about three times the noise and so the sensitivity (that concentration that will give a
signal equivalent to twice the noise) would
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be about 5.3 W/ml or, in more standard terms, 5.3 x 10 g/ml. Asthe chira detector isabulk property
detector, a sensitivity of 5.3 x 106 g/ml seems far more realistic. Nevertheless, this sensitivity is a great
improvement on many chiral detectors previously described.
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Figure 7.25

The Separation of Three Optically Active Fragrance
Compounds Monitored by a Chiral Detector
Courtesy of JM Science Inc.

The value of achiral detector in the analysis of physiologically active materialsis clear, but the
methods, so far, used have shown the detector to be somewhat insensitive. Nevertheless, devel opment
work on chira
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detectors is extremely active at this time, so hopefully, the sensitivity of the sensor will be significantly
increased in the not too distant future.

Data Acquisition and Processing

It is not necessary for the analyst to know and understand the electronic circuitry associated with a data
acquisition system, but to use the instrument effectively, some knowledge of the mathematical
procedures that take place at each data processing stage will help reveal the limits of accuracy and the
precision that can be expected from an LC analysis. A block diagram showing the stagesinvolved in
data acquisition and processing is shown in figure 7.26.

Detector
Output Scaling Analogue/Digital
Amplifier Converter
Y

l j
A ;
[Hard Disk | Printer

Figure 7.26
The Basic Stages in Data Acquisition and Processing

The detector output is usualy in millivolts and thus is unacceptable for acquisition and digitizing by
most analog to digital (A/D) converters. Consequently, the output of the detector isfirst processed by a
linear amplifier, called the scaling amplifier, which converts the detector output in millivoltsto a
voltage range that is acceptable to the (A/D) converter, for example, 0-1 volt. The A/D converter then
digitizes the output from the scaling amplifier to a binary number, which is temporarily stored in a
register; this processis continuously repeated at a defined rate, called the 'sampling rat€'. Each binary
number, stored in the register isregularly read by the computer at the same frequency and stored on the
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computer hard disk. When the analysisis complete, the computer accesses all the data from store,
calculates the retention report, compares peak heights or peak areas to provide the quantitative analysis
according to the processing program that is used, and finally prints out the results in tabulated form.
The acquisition procedure, in asimple form, is shown diagramatically in figure 7.27.
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Figure 7.27
Stages of Data Acquisition

Most detectors provide an output that ranges from zero to 10 millivolts. As already stated the input
voltage range required by most A/D convertersis from zero to 1 volt. Consider the instantaneous output
from
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the detector is 0.2 mv. Now this must be scaled up by afactor of one hundred by the scaling amplifier
to 0.2 volts.

Now the A/D converter must change the analog voltage of 0.2 volts to adigital number, the magnitude
of which is determined by the number of "bits" that the computer employsin its processing. For
example, if the processor uses eight bits then the largest decimal number will be 255 (in binary form
11111111). The digital data shown in figure 7.27 can be processed backward to demonstrate the A/D
procedure. It is seen that the third and fourth most significant "bits" (which are counted from the far
left) and the two least significant "bits" (which are counted from the far right) are at the five volt level,
which as shown in figure 7.27 is equivalent to 51 in decimal notation (32+16+2+1, or in binary notation
00110011). It follows that the voltage that was converted must be 51/255 x 1 volt = 0.2 volt. It should
also be noted that due to the limitation of 8 "bits’, the minimum discrimination that can be made
between any two numbersis 1/255 x 100 » 0.4%. Thus the number of bits used for calculation defines
the minimum difference between data values. Although 0.4% appears a little high, other factorsin the
analytical procedure (sample taking, sample preparation, sample injection, detector linearity etc.) can
easily produce an accumulated error that is greater than the 0.4% resulting from the eight "bit"
limitation. Many modern chromatography computer systems utilize more than eight "bits" (some as
great as 12 bhits or more) in their data processing but, in practice, eight "bits" is often quite adequate due
to the magnitude of other instrumental limitations on precision.

Modern data processing software will identify and measure retention times and in some cases compare
them with library values for solute identification. Peak heights and peak areas will be measured and,
where necessary, corrected with appropriate response factors. The software included may also contain
sub routines that can deconvolute the individual peaks from the composite envelope of unresolved
peaks and
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then calculate the area of the individual de-convoluted peaks. Such routines work well on peaks that are
entrained in the tail of amajor peak, but are not so accurate for composite envelopes, containing more
than two unresolved peaks. The chromatographic system should, wherever possible, be optimized to
obtain complete resolution of the mixture and it is not advisable to rely on mathematical techniques to
aid in the analysis, asthey will inevitably include some form of approximation. For further information
on liquid chromatography apparatus and procedures the reader is referred to Liquid Chromatography
for the Analyst [3] and the Handbook of HPLC [4].

Synopsis

The liquid chromatograph can be considered to contain eight basic units consisting of, solvent
reservoirs, a solvent programmer, one or more pumps, a sample injector, a column oven/cooler, a
detector, a computer and a printer. In most instruments, there are at least three reservoirs which can be
made from glass, stainless steel or an appropriate plastic. They can have capacities ranging from 100 ml
to 1000 ml. There are two types of solvent programmer. The high pressure programmer has a pump for
each solvent and the composition of the solvent mixture is controlled by the flow rates from each pump
which, in turn, are controlled by the computer. The output from each pump is blended in a mixer and
then passed to the sample valve and column. The low pressure programmer employs timed valves, one
for each solvent, and the solvent mixture is determined by the frequency and opening period of each
valve which is also controlled by the computer. The output from the valves are blended in a mixing
chamber and then passed to a high pressure pump. Most LC pumps are dual - piston single-stoke devices
that consist of a stainless steel cylinder and a cam-driven sapphire piston. Sometimes dual pistons are
used to reduce pumping 'noise’. The inlet and outlet ports of the pump are fitted with sapphire ball -and-
seat non-return valves. There are two types of sample valve, the internal loop valve and the external
loop valve. The sample volume of the internal loop valve can range from 0.1 to 1 pl and iscontained in
the spigot of the valve. The external loop valve used
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in analytical LC has optional external loops with capacities ranging from 1 to 20 ul. For preparative
work the loop volume may be increased to 100 milliliters. In most L C phase systems temperature has
minimal effect on the magnitude of retention, or on selectivity, as the free enthalpy change is often
similar in both phases. However, in chiral chromatography slight differencesin retention can be very
important to achieve resolution. Consequently, temperature is an essential operating variable in chiral
chromatography. However, temperature also has a significant effect on solute diffusivity and thus the
higher the temperature, the higher the optimum velocity, and the shorter the analysis time. Temperature
has little, of no effect, on the minimum HETP of a column and thus little effect on the maximum
column efficiency. The effect of temperature on analysis time and solute retention evokes the need for a
precise control of the column temperature. The temperature range should be at least 0°C to 80°C and in
some types of SEC separation, temperatures up to 200°C may be necessary. In modern liquid
chromatographs, the use of ohmic heating and refrigeration has been replaced by Peltier heating and
cooling. LC detectors have two to three orders of magnitude less sensitivity (minimum detectable
concentration) than their GC counterparts and their linear dynamic rangeis also two to three orders less.
Of the numerous different LC detectors available, the UV adsorption detector is the most commonly
used which, in conjunction with the fluorescence detector, the electrical conductivity detector and the
RI detector, comprise about 95% of all the detectors used in LC analyses. The UV detector measures the
light adsorbed by the column eluent at wavel engths ranging from 200 A to 350 A employing a

photoel ectric sensor. The concentration of solute is not linearly related to the sensor output and thus
must be electronically modified, in order to obtain accurate quantitative measurements. The most
popular UV detector isthe diode array multi wavelength detector. Light from a broad emission source
passes through the sample and is then dispersed by a holographic grating across an array of
photosensitive diodes. The output from each diode is continuously sampled at regular time periods and
stored on the computer disk. Recalling the output from any selected diode and plotting it against time
gives a chromatogram of
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the separation. Recalling the output from all the diodes at a peak maximum, or any other specified time,
and plotting the data against the wavelength associated with each respective diode, gives the UV
spectrum of the solute or the spectrum of whatever is eluted at the selected time. Rationing the output
for apair of peaks, at two appropriate wavelengths, can confirm the purity of a pair of enatiomers as
they should give identical responses. Theelectrical conductivity detector responds to any charged ions
present in the column eluent and consists of two electrodes situated in the column eluent. A constant
AC potential of about 1000 Hz is applied across the electrodes and the electrical impedance of the
eluent situated between the electrodes is continuously monitored with an appropriate electronic circuit.
The detector is used extensively in ion chromatography particularly for monitoring enantiomers of
amines, acids, hydroxy acids and quaternary amines. The fluorescence detector is one of the most
sensitive LC detectors. In its simplest form, light from a suitable excitation source passes through the
sensor cell, and the fluorescent light emitted by the solute falls onto a photocell, positioned normal to
the incident excitation light. The more sophisticated and expensive form of detector uses a broad
wavelength light source, which is dispersed by a grating, so that light of a specific wavelength can be
selected for excitation. In asimilar manner, the fluorescent light can also be dispersed by another
grating so that either light of a specific wavelength can be monitored, or a fluorescent spectrum
obtained. With the exception of the mass spectrometer, thistype of detector is probably the most
selective available. Although the fluorescence detector is very sensitive, it only has alinear dynamic
range of about two orders of magnitude. Solute sensitivity is often enhanced by the formation of
fluorescent derivatives. An aternative procedure is to interpose a high energy UV photo-reactor
between the column and the detector to produce (photochemically) fluorescent products. The reactor
must be designed to produce minimum band dispersion. There are two types of light scattering
detectors. The evaporative light-scattering detector which incorporates a spray system that
continuously atomizes the column eluent into small droplets. The droplets are allowed to evaporate,
leaving the solutes as fine particulate matter suspended in the atomizing gas. The
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light scattered from alaser beam passing through the fog of fine particles, is sensed and electronically
processed. The liquid light-scattering detector responds to the light scattered by a polymer or large
molecular weight substances in the column eluent, as it passes through an appropriate sensor cell, while
illuminated by a high intensity beam of laser light. By taking scattered light measurements at different
scattering angles, the output can, as well as ssimply detecting the solute, also provide molecular
dimensions and molecular weight information of the detected solute. The refractive index detector is
probably the least sensitive of all LC detectors but is frequently used for detecting those substances that
do not adsorb UV light, do not ionize and do not fluoresce. It is commonly used in the analysis of
hydrocarbons, alcohols, carbohydrates and certain polymers. The Rl detector is very sensitive to
changes in temperature, pressure and flow rate and can not be used with gradient elution. The chiral
detector senses those substances that are optically active, and obviously can provide a vauable service
in chiral chromatography. The detector actually measures the rotation of polarized light that has passed
through the column eluent. It has a sensitivity generally comparable to that of the refractive index
detector, providing columns of adequate radius are employed. The device, however, isrelatively
expensive which limitsits use, and it is more common to separate the chiral substances on a chirally
selective column and detect the eluted enantiomers by more traditional methods of detection. The
output from the detector is usually acquired by a computer and the analytical results calculated when
the analysis is complete and printed out. There are four primary unitsinvolved in the data acquisition
and processing system, ascaling amplifier, an A/D converter, a computer (including monitor) and a
printer. The precision available from the system depends on the number of 'bits involved in the A/D
conversion. eight bits will give aresolution of 1/255 ca 0.4%. Although this resolution may appear
inadequate, in most analyses accumulated errors involved in sampling, sample preparation, adsorption
on chromatographic surfaces, detector linearity etc. are often significantly in excess of 0.4 %, and so 8
'bit" A/D conversion can often be quite adequate. Normally, a chromatogram of the separation is
presented on the printer in real time, all datais stored
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and processed using appropriate software and the analytical results presented in a standard format by
the printer.

References

1. R. P. W. Scott, Chromatography Detectors, Chromatography Science Series, vol.73, Marcel Dekker,
Inc., New York (1996)17.

2. 1. A. Fowlissand R. P. W. Scott, J. Chromatogr,11(1963)1.

3. R. P. W. Scott, Liquid Chromatography for the Analyst. Chromatography Science Series, vol. 67,
Marcel Dekker, Inc., New York (1994).

4. E. Katz, R. Eksteen, P. Schoenmakers and N. Miller, Handbook of HPLC, Chromatography Science
Series, vol. 78, Marcel Dekker, Inc., New York (1998).



Page 221

Chapter 8—
Liquid Chromatography Chiral Stationary Phases

The fundamental difference between separations that are achieved by L C as opposed to GC isthat in

L C, there can be strong interactions between the solute and the mobile phase, in addition to those
between the solute and the stationary phase. In GC, interactions between the solute molecules and those
of the gas phase are weak, and relatively infrequent. However, interactions with the mobile phasein LC
can be as strong, and even stronger than those with the stationary phase. This means that the retention
and selectivity can be modified by solely changing the nature and/or composition of the mobile phase.
In fact, by the use of gradient elution techniques, the interaction of the solute with the mobile phase can
be continuously changed during devel opment, with much the same results as those obtained by
changing the temperature during development in GC. It follows that, the strong retention of a solute
may result, on the one hand, from either strong interactions with the stationary phase or, on the other,
from weak or reduced interactions with the mobile phase. However, it has been noted, that those chiral
stationary phases that have inclusion possibilities as part of the retentive and sel ective mechanism, can
exhibit chiral selectivity at both high and low concentration of the organic modifier (the dispersive
component of the mobile phase). This makes the choice of the optimum gradient a daunting task. In
most cases, under such conditions, the gradient must be shallow, and extend over avery limited
concentration range.
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The same type of molecular forces are involved as those in GC, except that, as the solutes no longer
need to be volatile, ionic interactions can now be used to control retention, in addition to dispersive and
polar interactions, asin GC. It will be seen that temperature can also be used to control retentionin LC,
in asomewhat similar manner to GC. The distribution coefficient of a solute between the two phasesin
L C will always result from both standard free entropy and enthalpy changes during distribution, asin
GC. In addition, the separation of enantiomers will also depend primarily on a difference in the standard
free entropy between the two isomers, that results from spatial variations and which are then augmented
by standard free enthal py differences.

A second difference, between gas and liquid chromatography, lies in the mode of solute dispersion. In
the first instance, virtually all LC columns are packed (not open tubes) which introduces a dispersion
process into the column that is not present in the GC capillary column. In a packed column the solute
molecules will describe atortuous path through the interstices between the particles and obviously some
will travel shorter paths than the average, and some longer paths. Consequently, some molecules will
move ahead of the average and some will lag behind, thus causing band dispersion. This type of
dispersion is called multipath dispersion and is an additional contribution to longitudinal diffusion, and
the two resistance to mass transfer contributions, to the overall peak variance.

A third difference, will result from the relatively small compressibility of the mobile phase. As opposed
to agas, which is highly compressible, when measuring retention volumes, there is no need for amobile
phase pressure correction in LC, unless extremely high pressures are used. Even then, due to the small
compressibility of liquids, it will be a second order effect. The effect of pressure on solute interaction
with the stationary phase, however, may well be more significant. This might occur, particularly, if the
stationary phase matrix on the surface of the silicais polymeric in form, and thus somewhat
compressible. Indeed, small changes in selectivity have be observed [1, 2, 3], in chiral separations as the
result of increased column pressure. It should be
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pointed, out that the change in retention due to pressure alone is not likely to be due to the
compressibility of the mobile phase, but probably due to the distortion of the stationary phase.

The effect of pressure on diffusivity, and thus on band dispersion and column efficiency was critically
examined by Katz and Scott [3] and Atwood and Goldstein [5]. Increase in pressure reduced the solute
diffusivity and thus, increased the resistance to mass transfer term in the mobile phase. Asa
consequence, the peak dispersion increased and the efficiency fell as the pressure increased. If the
column was not well thermostatted with a high capacity heat exchanging fluid (and appropriate liquid as
opposed to a gas), Scott and Katz found there was a significant evolution of heat in the column resulting
from the pressure, and a consequent change in column temperature. This, in turn, effected both the
solute diffusivity and the magnitude of the capacity ratio, (k), of the solute. As aresult of these
interacting effects of temperature and pressure, the actual change in (k), solute diffusivity, and thus the
column efficiency, tends to be irregular unless the column is very carefully thermostatted. This can be
difficult, as the packing itself (silicagel) isathermal insulator and, although the outside of the column
can be maintained at a constant temperature, due to poor radial heat conduction, the center of the
column can still be at an elevated temperature relative to the outer surface.

In chiral chromatography, very high pressures are not commonly employed and so the influence of
pressure is normally a second order effect. However, for very precise work the column should be
thermostatted with a medium having a high heat capacity. The column should be than 2 mm I.D. or less
(toimproveradial heat exchange across the column) and, if possible, the chromatographic conditions
should be adjusted to obviate the need for very high pressures. The opposing effects of temperature and
pressure on solute diffusivity make the effect of pressure on column efficiency very uncertain. It is
difficult to predict the net effect of pressure change, asit will depend on whether the reduction in solute
diffusivity by the effect of increased pressure will be
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greater or less than the increasein diffusivity from the consequent rise in temperature and vice versa.

The most appropriate equation for predicting solute dispersion in aliquid chromatography column isthe
Van Deemter equation [6] which has been shown experimentally [7], to accurately describe peak
dispersion in a packed column, particularly at mobile phase velocities around the optimum velocity.
Furthermore, as all LC columns should be operated at, or close to, the optimum velocity for maximum
efficiency, the Van Deemter equation is particularly important in column design and for predicting
operating parameters.

The Van Deemter equation is given as follows:

2 2
29D filtk)dy fr(k)df
H:’Eldp-rTm{l+¢k]+ D, u+ Dy u (1)

where (1) isapacking constant (ca. 0.5),
(9 isapacking constant (ca. 0.6),
(d,) isthe mean diameter of the particles,
(D,) isthe solute Diffusivity in the mobile phase,
(D) isthe solute Diffusivity in the stationary phase,
(u) isthelinear velocity of the mobile phase,
(f) isaconstant (usually close to zero),
(k) isthe capacity factor of the solute,

(d) isthethickness of the film of stationary phase.

The original equation was introduced by Van Deemter for packed GC columns and consequently, the
294Dy
S om) gk
longitudinal diffusion term for the liquid phase was not included and u (1+0%) was replaced by
240,
U . Furthermore, as the equation was developed for GC, where the diffusivity of the solute in the
gas was four to five orders of magnitude greater than in aliquid, Van Deemter considered the resistance
to mass transfer in the mobile phase to be negligible. As aresult, the
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Dm , was a'so not included. The form taken by f,(k) was considered by Van
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function,

Deemter to be:

and thus, the complete HETP equation for GC became:
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u
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]

However, in LC, the resistance to mass transfer in the mobile phase must be taken into account. Van
Deemter et al. did not derive an expression for f (k) for the mobile phase and it was |eft to Purnell [8] to

suggest that the function of (k) employed by Golay [9], for the resistance to mass transfer in the mobile
phase in his rate equation for capillary columns, would aso be appropriate for a packed columnin LC.
Recalling that the form of f,(k) derived by Golay was:

1 + 6k + 11 k?
24 (1+k)?

Thus, Van Deemter's equation for LC becomes:

29Dy, 1+6k+11 k2 4} 8 _k 'H
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P i 24 (1+k)* Pm ~ r? (14 ZDS

u (3)

Equation (3) can put in asimplified form as follows:
l-l=.5.+IEI+Cu (4}
where,

e 6k +11k% d}p 8 k_df

- _|. ~l
24(1+ k:]2 D

A=20d,, B=2yD,,C: o
: U+H Dg

L
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Equation (4) isthe typical hyperbolic function expected for the variance per unit length of a column and
indicates that there will be a minimum value of (H) for a particular value of (u). That isamaximum
efficiency will be obtained at a particular linear mobile phase velocity asin the case of the capillary
column.

The optimum mobile phase velocity can be obtained by differentiating equation (4) with respect to (u)
and equating to zero, thus:

dH B
Ez—u—2+ C

Equating to zero, i.e.dH/du = 0, and consequently: -B/ui2+ C=0
bopt =4 © s)

Substituting for (B) and (C):

i 0.5
2y D
¥
Uopt = | 7 ; — > (6)
l+6k+11k"dp 8 k df
24 (1+ky  DPm o m? (1+k)* Ps
and letting D_= xD, :
0.5
2
48y n2&(1+k) -

“nptznm{(mz £ (1+ 6k +1 |k2) d% + 19ikd?)

It is seen from equation (7) that the optimum velocity is directly proportional to the diffusivity of the
solute in the mobile phase. To alesser extent it also appears to be inversely dependent on the particle
diameter of the packing (the particle size is an optional choice) and the film thickness of the stationary
phase. The film thickness of the stationary phase is determined by the physical form of the packing, that
is, in the
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case of silicagdl, the nature of the surface and in the case of a reverse phase, on the bonding chemistry.

Now, if it isassumed that d, << d, (which in practice will normally be true) then:

~|'U.:'.~
48y n2E(1+k)
" ||:rc2a{_1 + 6K + 11 kz]dzp)_

Ugpt = D (&)

Furthermore, when k >> 1, that is, for well retained peaks, and bearing in mind that Giddings [10],
predicted that for awell packed column () should take a value approaching 0.6:

0.5
4.367 |

_2.10D, ~— _1.62D

7 = d VT =7
dp P

- (9)

Uopt = D
P

Under these circumstances, it is seen that the optimum velocity is directly proportional to the solute
diffusivity in the mobile phase and inversely proportional to the particle diameter of the packing.
Furthermore, as the diffusivity of the solute in both phases increases with the temperature, the optimum
velocity will also increase with increase in temperature. However, the value of (k) will also change with
temperature, as will the separation ratio of agiven pair of solutes (a), and thusit is not clear at this
stage whether the analysis time will increase or decrease with temperature. It is seen that the quality of
the packing, also plays apart, in controlling the magnitude of the optimum velocity, but to avery less
significant extent.

It is now possible to determine those factors that control the magnitude of H,,,. Substituting the function
for u,, from equation (5) in equation (4) an expression for H ;. is obtained:
B . /B
Hpin = A+ E + L.,IIIIE
VC
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or.
Han =A+ le'ﬁ

Substituting for A, B, and C:

' \
| 1+6k +11 k2 dp 8 _k'_ﬁ
Humin =2 A dp +2\1|2““‘[ ’m{u-—k]Dm (14K ) SJ

Noting that D_= XD, , and simplifying:

= + -
Hpip=2Ad, +2 127 1+1'i]'2 3

|I (1+6k+1|k3}d§ 8k d?
J 24(1+ k)* n’

Again, assuming that, d, << d , and k">> 1, that is for well retained peaks, and that (9) takes avalue
approaching 0.6:

[2yd,?
Hpin =2 A d, +21'|—

= dp[?'l'l".ll%]

It is seen that in packed L C columns the maximum efficiency possible is directly proportional to the
particle diameter and the quality of the packing, and taking (g) to be 0.5 as suggested by Giddings.

Hpin = 1.45d,,

The efficiencies that can be expected at the optimum velocity from columns of different lengths, packed
with particles of different size, are shown in table 8.1. As chiral separations often involve closely
eluting peaks, the efficiency limitations disclosed in table 8.1 can be important in chiral
chromatography.
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Table 8.1 Efficiencies from Columns of Different L engths Packed
with Particles of Different Diameters

Column Length Column Efficiency
(cm) 3mm 5nm 8 M
3 6900 4100 2600
5 11500 6900 4300
10 23000 13800 8600
25 — 34500 21500
40 — — 30300

It is seen that within the limitations of the maximum pressure available from contemporary pumps, and
the maximum operating pressure of sample valves, the smallest particles (3 Mm in diameter) should be
used. If efficiencies greater than 20,000 theoretical plates are needed then alonger column packed with
larger diameter particles may be necessary as the larger particle diameter provide less flow impedance
and allows the column to be operated at its optimum velocity.

Chiral Stationary Phases

There are anumber of different materials employed as chiral stationary phases, but there are basically
only five general types of stationary phase in common use in LC. Thefirst typeisthe, now well
established, protein based stationary phases. These stationary phases were the first to be devel oped and
usually take the form of natural proteins bonded to asilicamatrix. Asthey are proteins, they contain a
large number of chiral centers of one configuration and are known to interact strongly with small
analytes exhibiting strong chiral selectivity. There are specific interactive sites that provide chiral
selectivity, but there are many other sites that contribute to general retention. These other sites can be
significantly deactivated by mobile phase additives (e.g. octylamine) which reduces the overall
retention and increases the chiral selectivity. The second type of chiral stationary phase consisted of
relatively small molecular weight chiral substances bonded to silica and were pioneered by Pirkle [11].
Each bonded group has a limited number of chiral centers available but, due to their small size, there
can be alarge number of



Page 230

groups bonded to the silica (as opposed to much larger complex chiral moieties), and thus arelatively
high probability is maintained of the solute interacting with a chiral center. The particular advantage of
the Pirkle chiral phasesisthat, as the overall interacting molecule is small, the extra chira contributions
to retention are also small, and thus the chiral selectivity becomes the dominant factor controlling
retention. The third type is based on polymers of cellulose and amylose which were devel oped by
Okamato [12]. These are derivatized to link appropriate interactive groups to the cellulose polymer
which isthen coated onto a silica support. The fourth type is based on the macrocyclic glycopeptides
introduced by Armstrong [13]. These are materials that also contain alarge number of chiral centers,
together with molecular cavities in which solute molecules can enter and interact with neighboring
groups. The spatial character of the solute will determine the degree of entry and consequently the
proximity of interaction which, in turn, will determine the energy of interaction and the magnitude of
the retention. Finally, the fifth group contains the cyclodextrin based materials that control retention in
asimilar manner to that previously described for GC. In LC, the cyclodextrin stationary phases are
bonded to a support such as silicaand are prepared using similar techniques to those for making reverse
phases. The preparation of chiral stationary phases will be discussed in chapter 9.

Protein Based Stationary Phases

There are anumber of commercially available protein based stationary phases which have been used to
separate awide range of chiral substances. The a,-acid glycoprotein, sold under the name Chiral -AGP,

isavery stable protein that has been bonded to 5 mm silica particles. This stationary phase is usually
employed with simple binary solvent mixtures usually containing small amounts (1%—10%) of 2-
propanol, ethanol or acetonitrile.

The concentration of solvent can critically control both the absolute retention of the enantiomers as well
asthe chiral selectivity. An example of the effect of solvent concentration on retention and selectivity is
demonstrated in the chromatogram showing the separation of the Metroprolol isomers, depicted in
figure 8.1. Asthe concentrations of solvent are relatively low, and the water content high, it is clear that
the



major interactions involving retention are dispersive (hydrophobic) and not polar.
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It isalso seen that the improved chiral selectivity resulting from the reduction in the 2-propanol content
ismirrored by the increase in retention. This means that the enantiomer more closely interacting with
the stationary phase is also selectively retained by dispersive interactions relative to its opposite isomer.
The stationary phase also containsionic groups that can interact ionically with the solute, providing the
pH is adjusted to the pKa of the interacting ionic group so that it isionizable and not in the form of a
zwitter ion. The pl of AGPis 2.5 so it will carry an increasing negative charge up to a pH of 7.0.

An example of the effect of pH on the separation of the enantiomers of 2-phenoxypropionic acid is
shown by the chromatogramsin figure 8.2. It is seen that both the absolute retention and the chiral
selectivity increases as the pH is reduced and that a pH change of only 2 units, results in a switch from
the enantiomers being coincidentally eluted, to their being eluted with a very large separation factor.

This indicates that the
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enthal pic contribution to the separation is strongly (if not completely) dependent on ionic interactions
and the separation is achieved while confining the analysis time to less than 5 minutes. In general,
CHIRAL -AGP is commonly used for the separation of enantiomers carrying secondary and tertiary
amines and for substances containing nitrogen in aring.
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Figure 8.2
The Effect of pH on the Retention and Resolution of the
2-Phenoxypropionic Acid Enantiomers on CHIRAL-AGP

Courtesy of ChromTech Sweden

A protein with asimilar behavior pattern is ovalbumin which is prepared from chicken egg whites. In
general, the operating conditions are similar to AGP, abeit, that areversal of the elution order of certain

enantiomers has been reported.

Cellobiohydrolase has also been bonded to a silica gel matrix and used as an effective stationary phase.
It is available commercially as CHIRAL-CBH. The bonded material also acts as a reversed phase
column retaining substances largely by dispersive (hydrophobic) interactions. This
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material is popular for separating the enantiomers of basic drugs, in particular, for the separation of
enantiomers containing primary amines and drugs such as Normetanephrine and Octopamine. It is
usually employed with a mixture of 2-propanol or acetonitrile with a phosphate buffer as the mobile
phase. However, thisis an enzyme that is easily destroyed by metals, so a chelating agent such as
ethylenediaminetetra acetate must be used to scavenge any contaminating metal ionsin the system. In a
similar manner to CHIRAL -AGP, the retention and chiral selectivity can be controlled by the pH of the
mobile phase and the concentration of the organic solvent. Another protein based stationary phaseis
produced by bonding human serum albumin to a silicamatrix. This material is also commercially
available as CHIRAL -HSA.
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2 10mM Sod. Phos. pH 6.0
157 10mM Sod. Phos. pH 602 §; @ : - P
S0uM Sod. ETA S0pM Sod. ETA

Talinalol
1 - Talinolo 2 -
5 Atenolol 1.5 Atenclol
04 1 . . v
0 10 20 0 10 20
Chiral-HSA 25,0 Chiral-HSA
15 Aquenus Maohbile Phase 24 Aqueous Mobile Phase
01 M Sod. Phosphate 0.01 M Sod. Phosphate
101 5\ pH 70 15 pH 7.0
5 | Kynurenine 10 Hfi""”"'“
e—— 5 e S
i == - = = = 0
0 2 4 60 2 4, 6
% 2-Propanol
Figure 8.3

The Effect of 2-Propanol Concentration on Retention and Resolution
of Enantiomers Separated on Two Different Protein Stationary
Phases, CHIRAL-CBH and CHIRAL -HSA
Courtesy of ChromTech Sweden
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The three protein stationary phases behave very similarly, in that retention and chiral selectivity is
controlled by pH and the concentration of solvent in the mobile phase. However, the selectivity for a
given enantiomer pair can be very different on each stationary phase despite the fact that they are all
protein based. Thisis demonstrated in figure 8.3. The retention of the enantiomers of Talinolol and
Atenolol decrease with increase in 2-propanol in the mobile phase which, if largely retained by
dispersive interactions, would be expected. However, the chiral selectivity of the stationary phase to the
two pairs of enantiomers of the stationary phase to the two pairs of enantiomers increases with the 2-
propanol content of the mobile phase. This would indicate that the chiral selectivity was more likely to
be due to polar interactions. However, it isinteresting to note that although the retention of Kynurenine
also fallswith increase 2-propanol concentration, when separated on the CHIRAL-HSA phase, the
chiral selectivity also falls.

In this case, it would appear the chiral selectivity was due to increased dispersive forces on the more
retained isomer. This again indicates the difficulties met when trying to predict the degree of chiral
selectivity that might be expected from a given chiral stationary phase, when used to separate a hitherto
unknown specific chiral solute. It must again be stated, that although it isusually fairly easy to give a
rational explanation as to why a specific separation has been achieved, its forecast, prior to achieving
the separation, is more difficult. Considerably more research on chiral separations, particularly with
respect to the physical chemistry involved, needs to be carried out before the optimum conditions that
will separate a specific sample of chira compounds can be accurately educed. However, certain chiral
specific sites have been identified in some of these protein phases, e.g. human serum albumin, and
where a clear stereogenic environment exists, retention and selectivity becomes more predictable.

An example of the practical use of a protein stationary phase for the separation of the enantiomers of
methadone contained in a blood serum sampleis shown in figure 8.4. The mobile phase employed was
acetonitrile/0.01M phosphate buffer at apH of 6.6 : 16/84 v/v. The
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column was 10 cm long, 4 mm I.D., and operated at aflow rate of 0.7 ml/min. It is seen that an
excellent separation of the enantiomers is obtained and the analysis was complete in about 12 min.

CHIRAL-AGP

(=)=-Methadone
(+)-Methadone

| |
- 10
Time (minutes)

Figure 8.4
The Separation of the Enantiomers of
Methadone in Blood Plasma on the Protein
Stationary Phases, CHIRAL-AGP
Courtesy of ChromTech Inc.[6]

The Pirkle Type Stationary Phases

The small molecular weight chiral substances bonded to silica, commonly called the Pirkle phases,
usually have alimited number of chiral centers but alarge number of the groups bonded to the silica.
There have been many types of these phases investigated and found effective for specific types of chiral
separations. The system suffers from certain disadvantages which results from the spatial arrangement
of the chiral center and other interacting moieties around it. The relative short bond between the chiral
agent and the silica restricts the approach of some molecules, so that their chiral center can not interact
with the chiral center of the stationary phase. However, for certain molecules, the spatial arrangement
can be ideal. For example LC-(R)- and LC-(S)- dinitrobenzoylphenylglycine, the structure of which
follows, isatypical example where the structure is appropriate to separate the enantiomers of 1-
naphthymethylamide ibuprofen, which is thought to align itself in the manner shown below. The spatial
arrangement around the stereogenic
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center indicates one confiquration will interact more strongly than its antipode.
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In order to broaden the capabilities of the Pirkle concept, both polar and polarizable groups were
introduced into the molecule. The most popular of thistype of chiral stationary phase are the (R,R)
Whelk-O1 and the (S,S)Whelk-O1 phases, the structures of which are shown below. These phases are
more versatile and have awider field of application than the phases previously described. The phases
are covalently bonded to the silica and so they can be used with almost any type of solvent. However,
they have been found to operate most effectively in the normal phase mode. It should be noted that the
polarizable character of the aromatic ring is essential for the stationary phase to function well. Asthe
Pirkle phases are generally available in both the (R) and (S) configurations, the reversal of the elution
order of apair of enantiomersis possible. This stationary phase was originally designed for the
separation of the Naproxen enantiomers but has found a wide application to the separation of epoxides,
alcohals, diols, amides, imides and carbamates.
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Another, strongly poar, stationewry Pirkle phase synthesized in asimilar manner is also shown below.
this stationary phase is also very versatile, in that it can offer avariety of different interacting groups to
the neighbouring groups of the chiral center of the solute. This stationary phase can provide strong

polar interaction with its carbonyl group, its amide group and the nitrated aromatic nucleus. It can also
interact
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dispersively with the unsubstituted aromatic nucleus as well as providing induced dipole interaction
with a strong polar group.
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These types of columns can also be run under reversed phase or normal conditions of development.
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Consequently, the mobile phase can consist of a hexane/ethanol mixture for normal development or a
water/methanol for reverse phase development. In figure 8.5, the separation of the isomers of 2,2,2-
trifluoro- 1-(9-anthryl)ethanol on a L C-(R)-phenylurea stationary phase is shown developed under
normal phase conditions.

The column was 25 cm long, 4.6 mm |.D., and packed with silica particles 5 um in diameter, carrying
the bonded L C-(R)-phenylurea stationary phase. The mobile phase consisted of a hexane 2-propanol
mixture 1000:15 and aflow rate of 1.0 ml/min. It is seen that an excellent separation was obtained that
must have been achieved amost exclusively by dispersive interaction with the aromatic ring and the
methyl group on the bonded moiety.

Coated Cellulose and Amylose Derivatives

The cellulose types of chiral stationary phase currently available are coated on awide pore silica
support as opposed to being bonded to the silica surface. They take two basic forms, those derived from
cellulose polymers and those derived from amylose polymers; they are reported to have molecular
weights of up to 40,000 Daltons. The basic difference between the two polymersis that the cellulose
adopts alinear structure, whereas the amylose forms a helical structure. Both cellulose adn amylose unit
contains 5 chiral centers. As aresult the polymers contain alarge number of chirally active sites and
thus arelatively high probability of chiral site interaction with the solute. The structure of the cellulose
type of stationary takes the following form.

These type of phase were pioneered by Okamato [12] and there are two main derivatives that are used
in LC as shown below.



Page 240

CH
Sy 3
NH—-CO— CH ?@‘ CO—
CH,
tris(3,5-Dimethylphenyl Carbamate tris(4-Methyl Benzoate)

Both structures contain polar and dispersive interactive sites but, in addition, the aromatic nuclei can
provide polarizability and thus will offer strong polar interactions with any strongly polar group
appropriately situated on the solute molecule.

The amylose structure is somewhat different and is depicted below.

Sk

Thismateria is also derivated with the tris(3,5-dimethylphenyl carbamate) but, in addition, has also
been derivatized with trig[(S)-a-methylbenzyl carbamate]. The latter derivate, aswell as providing
polar, polarizable and dispersive sites, also contributes another chiral center to improve chiral

salectivity. The structure of the tris (a2 methylphenyl carbamate) is as follows,

CH,
NH—CO—

Tris[(S)-at-Methylbenzyl Carbamate]

Due to the fact that the stationary phase is coated on the silica and not chemically bonded to it, certain
limitations are placed on the type of solvents, the linear velocity of the mobile phase and the operating
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temperatures that can be employed. The solvents that are recommended for use as the mobile phase are
heptane/al cohol mixtures which would indicate that the material is used largely in the polar phase mode
(i.e. the dominant forces employed in the retention and selectivity are polar). To prevent peak tailing
that may result from the presence of sites of extra high activity, small amounts of organic acids (TFA)
or bases (TEA) may be used (typically 0.16%, maximum 1%) that may help to block any active sites
and improve peak symmetry.

In practice, it has been found that certain derivatives (e.g. tris (3,5-dimethylphenyl carbamate) render
the coating less culnerable to solvent dissolution. As a consequence this stationary phase can be used
with buffered methanol/water or acetonitrile/water with certain care being taken. Therefore, the tris(3,5-
dimethylphenyl carbamate) derivatives of both cellulose and amylose can, with caution, be used in the
reversed phase mode. As example of a chiral separation using the different modesis shown in figure
8.6.

Reverse Phase Mormal Phase
Separation | separation
27.0 min 712 min 80 mi
| 32.4 min, il
i

NN S

Retention Time

Figure 8.6
The Separation of aPair of Enantiomers on a
Carbamate Derivatized Cellulose-Type Stationary
Phase Using Both the Reversed Phase and Normal
Phase Mode
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The solvent used in the reversed phase mode was methanol/agueous-buffer: 65/35 v/v and in the normal
phase hexane/ethanol: 95/5 v/v. As might be expected the separation ration realized from the reversed
phase mode (a=1.20) is significantly greater than that obtained in the normal phase mode (a=1.13).
Thisreflects the greater dispersive interactive capability of thistype of derivative relative to its polar
capability.

However, it must be pointed out that changing the development mode is often not reversible. For
example, it is often possible to change from the polar mode of development to the reversed phase mode,
but it is usually impossible to return to the polar mode after the change. This appears to be due to some
morphological changes taking place in the stationary phase that destroysits chiral selectivity.

Marcrocyclic Glycopeptide Phases

The concept of using macrocyclic glycopeptides as chiral stationary phases was first introduced by
Armstrong [13]. One methods of preparation isto covalently bond Vancomycin to the surface of silica
gel particles. Vancomycin contains 18 chiral centers surrounding three ‘pockets or ‘cavities which are
bridged by five aromatic rings. Strong polar groups are proximate to the ring structures to offer strong
polar interactions with the solutes. Thistype of stationary phase is stable in mobile phases containing
0-100% organic solvent. The proposed structure of Vancomycin is shown in figure 8.7.

Vancomycin isavery stable chira stationary phase, has arelatively high sample capacity, and when
covalently bonded to the silica gel surface. It can be used with mobile phases with a high water content,
as areversed phase, or with a high solvent content, as alargely polar stationary phase. for example,
when used as a reversed phase strongly polar THF-water mixtures are very effective mobile phases.
Conversely, when used as a polar stationary phase, n-hexane=ethanol mixtures are appropriate.
Vancomycin has a number of ionizing groups and this can be used over arange of different pH values
(pH 4.0 to 7.0) and exhibit a wide range of retention
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characteristics and chiral selectivities. Ammonium nitrate, triethylammonium acetate and sodium citrate
buffers have all been used satisfactorily with this stationary phase.

H
NHCH;"

NH}

A, B and C are inclusion cavities. Molecular weight 1449, Chiral centers 18. pK's 2.9,
7.2, 8.6, 9.6, 10.4, 11.7. Isoelectric point 7.2

Figure 8.7
The Proposed Structure of Vancomycin
Courtesy of ASTEC Inc.

Other than controlling the pH, the effect of the chosen buffer has little or no effect on chiral selectivity.
Thisisverified by the chromatograms shown in figure 8.8. It is seen that virtually the same selectivity
is obtained from all three buffersirrespective of the actual chemical nature of the buffers themselves. It
isinteresting to note, however, that, although the difference is exceedingly small, the slightly greater
separation ratio obtained from the buffer containing triethylamine might reflect the relatively strong
dispersive character of the ethyl groupsin the buffer molecule. The enthal pic contributions to retention
can be strongly dispersive, and/or strongly polar, or result from induced dipole
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interactivity. The aromatic rings will alow induced dipole interactions with the stationary phase and
conversely, the strong polar groups on the stationary phase can induce dipole interaction with
polarizable groups on the solute.

Ho i
CiCH3l,
Terbutaline
OH
o = 138 a = 1.30 a = 1.30
Methanol 100 Methanol 99 Methanol 104}
Acetic Acid 0.3 Amm.Acet. Amm. Hydrox. 0.05
TEA 0.2 (20 mM) TFA 0.05
Figure 8.8
The Separations of the Isomers of Terbutaline Employing Different Buffer
Solutions

The cavities are more shallow than those in the cyclodextrins and thus interactions are weaker however,
this allows more rapid solute exchange between the phases, and thus higher column efficiencies. An
example of the use of the stationary phase to separate the enantiomers of 3-methyl-5-phenylhydantoinis
shown in figure 8.9. The separation is carried out under two conditions, the first used pure ethanol as
the mobile phase, which is strongly dispersive, and in the second, a mobile phase that contains 90% of
water. In thefirst case, the ethanol provides extremely
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strong dispersive interactions in the mobile phase which will significantly exceed any dispersive
interactions involved with the stationary phase.

H
N, .0
i ) —
4]
3-Methyl-5-Phenylhydantoin
100% Ethanol 10/%0 THF
20mM Amoniom Nitrate
pH 5.5
1,288 min. 7.207 min.
8.760 min.
4.290min.
tg 1.85 min, tg 2.80 min.
k; 0.78 ky 1.57
ko 1.32 k2 2.13
o .69 o 1.35
R 218 R 3.0
Figure 8.9

The Separation of the Enantiomers of
3-Methyl -5-Phenylhydantoin Using Polar and Dispersive
Interactions
Courtesy of ASTEC Inc.

It follows that the remaining dominant retentive forces will be polar or ionic in nature. In the second
case, the mobile phase is predominantly water and thus provides very strong polar interactions with the
solute but very weak dispersive interactions. It also follows, that the retention forces of the stationary
phase, in this case, will be dominantly dispersive
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in nature. This demonstrates a very useful flexibility in the use of Vancomycin. By adjustment of the
mobile phase composition, it a can be effective for separating solutes that depend largely on dispersive
interactions (hydrophobic) to provide retention and selectivity or, alternatively, achieve the separation
by exploiting ionic or polar interactions (hydrophilic).

Another macrolytic glycopeptide used in chiral chromatography is the amphoteric glycopeptide
Teicoplanin which is commercially available under the trade name of CHIROBIOTIC T.

H
H NHR
CH:0OH (0]
i
G
CH.OH O
y@;‘\/ -
AncocH, Y T
.-H
“‘-\ OH
m—;pn
0 OH
OH OH

A, B, C and D are inclusion cavities. Molecular weight 1885. Chiral centers 20, Sugar
moieties 3, and R is CH3-decanoic acid

Figure 8.10
The Proposed Structure of Teicoplanin
Courtesy of ASTEC Inc.

This material isalso bonded to 5 um silicagel particles by multiple covaent linkages. Teicoplanin
contains 20 chiral centers surrounding
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four molecular 'pockets’ or 'cavities. Neighboring groups are strongly polar and aromatic rings provide
ready polarizability. The proposed structure of Teicoplanin is shown in figure 8.10. This stationary
phase is claimed to be complementary to the Vancomycin phase and can be used with the same types of
mobile phase, one often providing chiral selectivity, when the other does not. Teicoplanin can be used
in areversed phase mode using strongly polar mixtures such as acetonitrile/agueous buffer: 10/90 v/v,
THF/aqueous buffer 10/90 : v/v, and ethanol/agueous buffer: 20/80 v/v). It can also be used as a polar
stationary phase using n-hexane/ethanol mixtures as the mobile phase. In some casesiit is advisable to
control the pH even when the solutes are not ionic, suitable buffers being ammonium nitrate and

triethylamine acetate.

2.5
Propanolol

2.0— -

Resolution

1.0

I | | | |
0 0.05 0.10 0,15 0.20 0.25 0.30

Acid Base Concentration
(acetic acid and triethylamine)

Figure 8.11
Graph of Resolution against Acid Base Concentration
(Acid/Base Ratio 1:1)

One of the most useful and efficient mobile phases for use with the macrocyclic stationary phases, and
with Chirobiotic T in particular, consists of 100 part of methanol with the addition of acid and base
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(acetic acid and triethylamine) in the range of 1.0 to 0.1 parts. This system has been termed the
polar/organic mode of development. The solvent system has been used very successfully for
enantiomers that contain two groups that are capable of interacting with the stationary phase. It has aso
been found that one of these groups must be on or (a) to the stereogenic center. The best concentration
of the acid and base components appears to depend on the strength of the interaction between the active
group and the stationary phase.

A graph relating the resolution of the enantiomers and the acid/base composition is shown in figure
8.11. It is seen from figure 8.11 that the acid/base concentration is quite critical. If this type of mobile
phase is applicable, there are several advantages. The system offers ssimplicity and versatility and, in
addition, it uses arelatively inexpensive, non-toxic, solvents. An example of the system in the
separation of the Propranolol enantiomersis shown in figure 8.12.

3.99
4,35
6.22115.94
9.73
10.97
15.95
? ’lm.uu
J\ll J k_ S
A i
0.25/0.25 0.10/0.10 0.05/0.05 0.025/0.025
Figure 8.12

The Separation of the Enantiomers of Propranolol Employing
Different Acid/Base Ratios

The separations were carried out on a column 25 cm long, 4.6 mm |1.D., packed with Chirobiotic T. The
mobile phase was methanol containing acetic acid and triethylamine in the concentrations shown in
figure 8.12.



Page 249

The column was operated at room temperature and at aflow rate of 2 ml/min. Teicoplanin is stable over
apH range of 3.8t0 6.5 although it can be used for limited periods of time outside thisrange. In a
similar manner to VVancomycin, by choice of the mobile phase, Teicoplanin can be used in the reversed
phase mode, retention and selectivity depending largely on dispersive (hydrophaobic) interactions
between the solute and the stationary phase. An example of the use of Teicoplanin in the reversed phase
mode is shown in figure 8.13.

p 2
HE —Q*CIT—CH'"‘CQQH HCI)\/\])J\\‘:H
HO NH,
Dopa Glutamic Acid
4.0 min. 6.91 min.
9.12 min.

5.18 min.

R

640 Ethanol/Water 80/20Ethanol/0.1% TEA,pH4.0

Figure 8.13
Chiral Separations on the Stationary Phase, Teicoplanin, Used
in the Reversed Phase Mode
Courtesy of ASTEC Inc.

It is seen that separation ratios of about 1.3 are easily realized indicating fairly strong chiral selectivity
to the particular solutes. It should be appreciated that this stationary phase has a molecular weight of
only 1185 and yet has 20 chiral centers. This provides arelatively high probability of the solute
interacting with a chiral center. In addition, the dispersive groups that are proximate to the chiral centers
provide strong enthal pic contributions to the differential standard free energy of distribution between
the two enantiomers. The stationary phase can also be easily employed in the polar mode by using a
strongly dispersive mobile phase such hexane/ethanol mixtures. The presence of the strongly
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dispersive hydrocarbon completely swamps any possible competing dispersive interactions with the
stationary phase and thus the solutes are retained almost solely by polar and/or (when applicable) by
ionic interactions. Two examples of the use of teicoplanin operated in polar mode are shown in figure

8.14

H H [a]
]
oy g0 s T
CH, J
Phenyl-c-Methyl-o— 5-Methyl-5-
Succinimide Phenylhydantoin
(Hexane/Ethanol 30/70) (Hexane/Ethanol 50/50)
6.71 min.
7.63 min. .01 min.
| i‘ 15.32 min
| | | 0
[,
Figure 8.14

Chira Separations of the Enantiomers of
Phenyl-a-Methyl -a- Succinimide and 5-Methyl -5-hydantoin
on the Stationary Phase Teicoplanin Used in the
Polar Phase Mode
Courtesy of ASTEC Inc.

It is seen that the stationary phase is equally effective when polar interactions are exploited to achieve
the separation. The separation ratio for the enantiomers of phenyl-a-methyl-a-succinimide is about
1.14, amoderately useful selectivity. However, the separation ratio for the enantiomers of 5-methyl-5-
phenylhydantoin is 1.91, an extremely high selectivity which reflects both the highly polar nature of the
solute and the possible inclusion of ionic interactions with the amino groups.

Berthod et al. [14] has demonstrated that the Teicoplanin chiral stationary phase can be used to separate
avery wide range of underivatized amino
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acids and imino acids. They reported the separation of 54 compounds including all the chiral protein
amino acids. Aqueous solvents were used as the mobile phase and no buffers or salts were found
necessary. Thiswork on amino acids was augmented by that of Peter et al. [15], who separated more
than 30 unnatural amino acids such as phenylalanine and tyrosine anal ogs and anal ogs containing
1,2,3,4-tetrahydroisoquinoline, tetraline, 1,2,3,4-tetrahydro-2-carboline, cyclo-pentane, cyclohexane,
cyclohexene, bicyclo[2,2,1]heptane or heptane skeletons. In general, there is no better chiral stationary
phase for the separation of amino acid isomers than Teicoplanin, even after considering the crown
ethers and copper ligand stationary phases.

Another macrolytic glycopeptide which has been introduced relatively recently and has been used as a
chiral stationary phase, is the glycopeptide, Avoparcin [16]. This stationary phase is commercialy
available under the trade name of CHIROBIOTIC A. Avoparcin is an antibiotic complex produced by
Sreptomysces candidus and is commonly used in animal feedstuffs. In particular, it is used to prevent
necrotic enteritus in chickens. Commercialy, it available as a product called Avotan that contains 10%
of Avoparcin, and which is used generally in animal feeds other than chicken feed) to promote animal
growth. Unfortunately, the large scale use of Avoparcin appears to give rise to aVancomycin resistant
enterococci in the feces of chickens and pigs. The structure of avoparcin is shown below. There are two
forms of Avoparcin the unsubstituted a-Avoparcin structure and the chlorinated structure b-Avoparcin,
the molecular weights being 1909 and 1944 respectively. The ratio of a-Avoparcin to b-Avoparcinsis
about 1:4. The mixture is awhite, hygroscopic, amorphous solid with no clearly defined melting point,
soluble in water, dimethylformamide and dimethylsul phoxide and dlightly soluble in methanol. The
aglycon portion of Avoparcin contains three connected semi rigid macrocyclic rings (one 12-membered,
and two 16-membered) which form a pocket providing possible solute inclusion. The glycopeptide
contains seven aromatic rings with four phenol moieties, four carbohydrate chains, 16 hydroxyl groups,
one carboxylic acid, two primary amines, one secondary amine,
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six amide linkages, two chlorine atoms for b-Avoparcin (only one for a-Avoparcin) and 32 stereogenic
centers.

a-Avoparcin R = H
p-Avoparcin R = Cl

It isclear that, there isawide diversity of interactive possibilities ranging from weak and strong
dispersive interactions, to polar interactions that span from induced dipole interaction, through dipole-
dipole interaction, to strong hydrogen bonding. In addition, at the right pK, basic and acidic ionic
interactions can also be invoked. More importantly, with 32 stereogenic centers the probability of
interaction between chiral centers of solute and stationary phase is relatively high. This particular
macrocyclic antibiotic has not been commercially available for long and so its range of application and
its particular advantages have not yet been established. It does however appear to have all the necessary
properties to make an extremely useful chiral stationary phase. This situation may have changed by the
time this book is published and more information may have become available
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Cyclodextrin Based Stationary Phases

Although the cyclodextrin based GC stationary phases have already been discussed, it is now necessary
to consider them in the light of their use as LC stationary phases. The three basic cyclodextrins, a, b

and gare also used in LC but they, or their derivatives are bonded to silica gel, particles, which are then
packed into a column. The cyclodextrin structure is shown in figure 8.15.

Positions 2 and 3 can be Derivatized
to Provide Unique Interactive Properties

OH
OH . Y 0
H
o OH OH
2| 3
—— o
=y
R S D
0
CH,OH 6

\ ____ GHOH

Position 6 is Used to Anchor the
Cyclodextrin to the Silica Surlace

Figure 8.15
Bonding Sites on the Cyclodextrin Structure
Courtesy of Supelco Inc.

One or two of the primary hydroxyl groups (position 6) are used to link the cyclodextrin to the silica
surface. The secondary hydroxyl groups (positions 2 and 3) can be derivatized selectively, usually first
in position 2 and then subsequently in position 3. A number of different derivatives of the cyclodextrins
have been synthesized to provide specific types of interaction to increase their chiral selectivity.
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X-ray data has indicated that the b and g structures are quite rigid whereas the a structure appears to
exhibit some flexibility. Thus solute molecules, if spatially suitable, can be included and interact by
dispersive, polar of ionic forces with any neighboring groups to which they are approriately close. The
inclusion of a solute by the cyclodextrin structure is depicted in figure 8.16. Thus, because of the spatial
differences between isomers, this can result in some interactive selectivity. Thiswill take the form of
another type of entropic contribution to the standard free energy of distribution which, as already
discussed, will also induce an attending enthalpic contribution.

The concept, depicted in figure 8.16, isagrossy over simplified impression of the inclusion
phenomena. It must be remembered that all molecules at the temperatures at which chromatographic
separations are carried out are in continuous and violent motion as aresult of their thermal energy.

x"c::‘f ‘s " i oy
Clos=tadh

Figure 8.16
Diagram Depicting Solute Inclusion in the Cyclodextrin Structure
Courtesy of ASTEC Inc.

The diagram can only represent a statistical possibility and the situation as shown can only be transient
to say the least. Nevertheless, during the passage of a solute through a column, a molecule may
randomly and transitorilly assume a position something like that depicted. Furthermore, inclusion is
considered by many an important factor contributing to retention.

Thus, there are basically two different interactive processes by which cyclodextrins can retain solutes
and resolve enantiomers. One process involves molecular interaction after inclusion, in which case the
proper
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cavity size must be chosen to achieve the desired selectivity. The other process involves the usual
interaction of the solute at the surface of the stationary phase. If the enantiomer molecules are relatively
small, and inclusion takes place, then all three cyclodextrins must be considered in stationary phase
selection. If the enantiomer molecules are large (e.g. 3 to 5 aromatic rings) and inclusion is not possible,
then only the g-cyclodextrin need be considered. In addition, inclusion can be inhibited by the types of
interactive groups that are on the solute moleculeitself. In general, if the solute molecule contains
dispersive groups, including the halogens, sulfo, and phospho groups, inclusion can readily take place.
In contrast, polar groups, amines, aldehydes, ketones, acids etc. do not readily enter the cyclodextrin
cavities and interact preferentially with the surface. As an interesting corollary, if a stereogenic center
contains afunctional group that results in inclusion, then athough the enantiomers may be well retained
there will be little or no chiral selectivity. A computer model of R-Propanolol oriented in ab-
cyclodextrin cavity is shown below.

Thereis considerable evidence supporting the concept of solute inclusion in the cyclodextrin cavity
during chromatographic development including a number of NMR studies [17].

Derivatizing the cyclodextrins result in certain selective reactions and a general distribution of the
derivatives about a mean. As already stated the 2-OH and 6-OH groups are the most reactive while the
3-OH group is significantly less reactive to derivatization. Armstrong et al. [18]
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obtained a plasma desorption mass spectrum for a mixture of O-(S)-2-hydroxypropy! -derivatized b-
cyclodextrin which is shown in figure 8.17
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Figure 8.17
The Plasma Desorption Spectrum of a Mixture of
O-(9)-2-Hydroxypropyl-Derivatized
b-Cyclodextrin
Courtesy of Anal. Chem. [Ref. 10]

The number above the peaks denote the number of substituted hydroxy propyl groups per cyclodextrin
moiety. It is seen that there is a (more or less) symmetrical distribution of substituents about a mean of
6 hydroxy! groups reacted per cyclodextrin structure. There also appears to be a minimum of about 2
and a maximum of 12 substituents per moiety. This distribution, that results from substitution reaction,
shows that the substituted cyclodextrin phases are not necessarily homogeneous substances and that
their net chromatographic properties, including their chiral selectivity, will be the average effect of a
number of differently substituted hydroxyl groups.

The cyclodextrins can tolerate relatively high buffer concentrations and are stable from pH 3 to pH 14.
However, the stability of the silica matrix restricts the pH range from 3.0 to about 7.0, assilicais
significantly soluble at apH of 8.0 and higher. Cyclodextrin type stationary phases may be operated in
the polar or reversed phase mode. Aswith the other LC stationary phases, mobile phases with high
water contents have little dispersive properties and thus the dispersive interactions with the stationary
phase can be exploited. Conversdly, if strongly dispersive
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solvents are employed, the dispersive character of the stationary phase is swamped, and the retention
and selectivity will result from polar and or ionic interactions. These polar interactions will take place
with the many hydroxyl groups that are intrinsically present or with other polar or ionic centers that
may have been introduced by derivatization. The sites of derivatization are shown in figure 8.18
together with an example of a naphthyl carbamate derivative attached to the 2 or 3 positions.

The
Naphthylethyl
Carbamate

Silica Gel
R = Acetyl

R,52-Hydroxypropyl Ether

R,S-Naphthylethyl Carbamate

3, 5-Dimethyphenyl Carbamate

Figure 8.18
The Bonding and Derivative Positions on the Cyclodextrin
Structure
Courtesy of ASTEC Inc.

There are alarge number of possible derivatives that can be prepared and aimost every one will
probably possess some unique property that will enhance the separation of certain enantiomeric pairs.
The examples given in figure 8.18 are those selected by the chiral stationary phase manufacturer
ASTEC as those more broadly useful for chiral separations. Other stationary phase manufacturers may
well select other types of derivatives for optimal use.
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The cyclodextrin cavity readily accepts certain functional groups as well as the aromatic nucleus. For
chiral selectivity one of the enantiomers must fit closer to the neighboring groups to allow stronger
interaction with either the surface diol groups or the groups of a derivative. If significant solute
penetration into the cavity is achieved, then it can interact with the more dispersive groups that are
situated within the cavity. The separation of the enantiomers of arather complex moleculeis shownin
figure 8.19.
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+
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pH 4.1, Flow Rate 1 ml/min.

Figure 8.19
A Chiral Separation that is Interpreted to Result from
Molecular Group Inclusion
Courtesy of ASTEC Inc.

The separation was achieved on a b-cyclodextrin that carried the hydroxy propyl ether group attached to
the lip of the cavity in the 2 and 3-positions. A possible and rational explanation for the chiral
selectivity that is achieved is suggested in the diagram. However, it isimportant to
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appreciate that the suggested interactive mechanism has not been proved athough the explanation is
quite plausible.

Aswith other chiral stationary phases, dispersive interactions with the cyclodextrin structure are
controlled with polar solvents, polar interaction controlled with dispersive solvents and, if ionic
interactions are present, these will be controlled by both the pH and the type of buffer that is employed.
Small changesin pH can be quite critical and athe effect of buffer type on chiral selectivity, under

certain circumstances can be quite profound. an example of the effect of pH and buffer type is depicted
in figure 8.20.
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Figure 8.20
The Effect of pH and Buffer Type on Chiral Selectivity.
Courtesy of ASTEC Inc.

The enantiomeric pair that are separated was Dansy| D,L-phenylalanine separated on cyclodextrin
column at aflow rate of 1.5 ml/min. It is seen that a change in pH from 5.0 to 4.0 has produced a
remarkable increase in chiral selectivity. Even more significant is the effect of changing the
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buffer from acetic acid adjusted with caustic soda, to triethylamine adjusted with acetic acid. This
change has resulted in the complete resolution of the two enantiomers. However, it should also be noted
that the retention time is increased from 18 min to about 32 min indicating that either interactions
between the solute and the stationary phase are significantly stronger or the interactions between the
solute and the mobile phase have become significantly weaker. Another example of the effect of
different buffer concentrations on chiral selectivity is afforded by the separations shown in figure 8.21.
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Figure 8.21
The Effect of Buffer Concentration on Chiral Selectivity
Courtesy of ASTEC Inc.

The same enantiomers are being separated as shown in figure 8.20, but the buffer used at different
concentrations is ammonium nitrate. It is seen that although good selectivity is achieved in the presence
of very low concentrations of ammonium nitrate and in the absence of the buffer, the
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peaks are very broad and the analysis timeislengthy. At arelatively high concentration of ammonium
nitrate (0.1 M) the separation is much more rapid (the distribution kinetics are much faster) but much of
the chiral selectivity islost. At the intermediate concentration of 0.025 M, the kinetics are il
reasonably fast, the selectivity is maintained, and thus the enantiomers are well resolved. It isalso
interesting to note, that if the buffer concentration is kept constant, and the organic solvent changed to
acetonitrile, the resolution islittle effected.

It is seen that, as with the other types of L C stationary phases, some experimental work is essential if
the optimum conditions to achieve the separation is to be identified. The best stationary phase, solvent,
solvent concentration, buffer, buffer concentration and pH must be ascertained, and this can only be
achieved by starting from experimentally confirmed conditions for the separation of similar types of
solutes. If the sample to be separated is unique, then arather laborious set of experiments need to be
carried following the guidelines given by the supplier of the stationary phases that have been selected
for use. It should be pointed out that the recommended procedure will vary between stationary phase
types, and between suppliers.

Synopsis

In LC, as opposed to GC, there are strong interactions between the mobile phase and the solute thus
providing afurther variable to control the separation. These interactions can be increased during the
separation by solvent programming, which greatly extends the polarity range of the solute mixture that
can be separated. However, when inclusion modifies the normal type of interaction the relationship
becomes more complex. The same interactions, dispersive, polar and ionic, are active in the retention
process and the separation is controlled thermodynamically by changesin the standard free energy of
distribution. LC separations are carried out almost exclusively, in packed columns, that exhibit a third
type of solute dispersion called multipath dispersion. This arises from the tortuous path the solute takes
when passing through the interstices between the packing. Some moleculeswill travel shorter paths
than the
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average, and some longer paths, and thus cause band dispersion. The best equation that described the
dispersion in a packed column is derived by Van Deemter et al. The equation for the variance per unit
length of the column takes the form of a hyperbolic function in (u) the linear velocity, from which, by
differentiating and equating to zero, an expression for the optimum velocity and minimum variance per
unit length can be obtained. There are five general types of LC chiral stationary phases. They are the
protein based phases bonded to silica, the small molecular weight chiral compounds bonded to silica
(the Pirkle phases), the cellulose and amylose polymers type phases that are coated onto silicagel, the
macrocyclic glycopeptides that are bonded to silica and the cyclodextrin based materials that are also
bonded to silica. There are several protein type stationary phases, a,-acid glycoprotein,

cellobiohydral ase and human serum albumin being examples. These stationary phases are used with
mobile phases with a high water content (mostly > 90%) and thus separations are largely by dispersive
interactions. There are quite alarge number of small chiral molecules that are used as Pirkle stationary
phases, some of the more common being the substituted urea carbamates. These types of stationary
phases can be operated either in the reversed phase mode or the normal mode. The cellulose or amylose
polymers are derivatized in order to link groups such as carbamates or benzoates to the free hydroxyl
groups. The material is coated onto the silica, not chemically bonded, and thus is vulnerable to attack by
solvents. Heptane- a cohol mixtures are usually employed as the mobile phase, so separations largely
depend on polar interactions. However, the tris(3,5-dimethyl -phenyl carbamate) derivative is claimed to
be stable with high water content mobile phases and thus can be used in the reversed phase mode. The
macrocyclic glycopeptides are chemically bonded to silicagel. Two popular materials are Vancomycin
and Teicoplanin and athird Avoparcin has been recently introduced. Retention and selectivity is
controlled by both the solvent composition, pH of the mobile phase and the type of buffer. They contain
alarge number of chiral centersthat improves the probability of chiral selectivity. They also contain
shallow inclusion centers that augment spatial selectivity. These stationary phases are stable and can be
easily
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used in either the reversed phase mode or the normal mode. Teicoplanin is particularly useful in the
separation of underivatized and blocked amino acids. The cyclodextrin phases can be made form a, b or
g cyclodextrins and offer alarge number of chiral centers and, asresult of their unique structure, contain
anumber of substantially deep inclusion centers. These inclusion centers allow selective intrusion by
appropriately sized molecules and thus can play an important part in chiral selectivity. The
cyclodextrins can be derivatized and the natural chiral selectivity augmented with appropriate
dispersive or polar groups situated close to the chiral centers and on the lip of theinclusion areas. The
stationary phase is chemically bonded to a silica substrate and is stable to a wide range of solvents. It
does not, however, readily tolerate mobile phases having a pH greater than 7.0. Many cyclodextrin
based stationary phases can be used in both the reversed phase and normal phase mode of development.
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Chapter 9—
The Preparation of LC Chiral Stationary Phasesand L C Chiral Columns

Virtually all LC chiral stationary phases are either chemically bonded to, or are coated on, the surface of
silicagel. Silicagel isan amorphous, highly porous, partially hydrated form of silica whichisa
substance made from the two most abundant elements in the earth's crugt, silicon and oxygen. The silica
gel used in LC can take two forms, spherical and irregular. Although irregular silicathat has been
ground by air jet abrasion iswell rounded, and very similar in physical form to spherical silica,

spherical silicais seen as a'state of the art’ material and thusis the silica most commonly used. The
process of making silica of either form is complex [1] and is not relevant to discuss here, but the
properties of silica are indeed important.

The Supporting Matrix for Chiral Stationary Phases

The matrix of the silica gel particle consists of a core of silicon atoms joined together with oxygen
atoms by siloxane bonds (silicon -oxygen-silicon bonds). However, on the surface of each primary
particle some residual, uncondensed hydroxyl groups from the original polymeric silicic acid remain. It
isthese residual hydroxy! groups that confer upon silicagel its polar properties and it is with these
hydroxyl groups that the silane reagents react to form the chiral bonded phases. The silicagel surface,
however, does not simply consist of uncondensed hydroxyl
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groups, but is quite complex and contains more than one type of hydroxyl group. It aso contains
strongly bound or 'chemically' adsorbed water and loosely bound or 'physically adsorbed' water
depending on the history of the gel. Theoretically, any surface hydroxyl group can be one of three
types. Firstly, it may be a single hydroxyl group that is attached to a silicon atom which has three
siloxane bonds joining it to the gel matrix. Secondly, it can be one of two hydroxyl groups attached to
the same silicon atom which, in turn, isjoined to the matrix by only two siloxane bonds. These are
called Geminal hydroxyl groups. Thirdly, it can be one of three hydroxyl groups attached to a silicon
atom which is now only joined to the silica matrix by a single siloxane bond. An example of each type
of hydroxyl bond is shown in Figure 9.1.

Geminial OH Groups
Normal Surface OH Groups
Tertiary OH Groups l

H : }!1 l]I 5 lli
o 0 0 0
i ] 1|1 .
' H—0— 9§ —0——8i—0—8i—0 —9—:-1I|—U—u
: I : : -------------------
? Lo ; 0 t
- | | | 0

— Si——Q —8i—0 —S8i—0 —S8i—

Figure 9.1
The Hydroxyl Groups on the Surface of Silica gel

The probability of any one type of hydroxyl group being present and consequently, its fraction of the
total, has been estimated by Sindorf and Maciel employing NMR techniques [2,3], and it appears a
reasonably safe assumption that the single hydroxy! group is likely to by far the most prolific, which is
also the type to which the chiral groups are most likely to be attached. The next most common,
appeared to be the geminal hydroxyl groups followed by the least common, tertiary hydroxyl group.
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However, the silica surface is even more complex than the above diagrams would imply, as water can
be hydrogen bonded to the hydroxyl groups and multi-layers of water physically adsorbed on top of
these or on siloxane groups. Various types of hydrogen bonded water that might occur on the silica gel
surface are depicted in figure 9.2. It must be emphasized that none of the above structures has been
experimentally confirmed in an unambiguous manner but all are reasonably possible.
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Figure 9.2
Adsorbed Water on the Surface of Silica Gel

Before bonding material to the surface, it isusual to heat the silica gel to at least 120°C and often to
200°C to remove all the adsorbed water. If the water is not removed, it will compete with the silanol
groups for reaction with the derivatizing agent and may also cause a polymeric type of bonded phase to
be formed.

In chromatography, there are three physical properties of silicagel that are important. The pore size, the
surface area and the particle diameter. The effect of the particle diameter has already been discussed.
The efficiency of a column increases as the particle diameter of the packing is reduced. However, the
column flow-impedance is also increased as the particle diameter is reduced and a higher pressureis
necessary to achieve the optimum mobile phase velocity. The pore size and surface area of silica gel
tend to vary inversely with one another. The smaller the pore size the higher the surface area. In
addition, the larger the pore size, the
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lower the mechanical strength of the particle. In chiral chromatography, both the stationary phase
molecules, and often the solute molecules, may be relatively large, and so the pores can not be too
small, or either the bonded moiety, or the solute may excluded. In practice, most chiral stationary
phases are either bonded or coated to silica having a mean pore size ranging from 60 A to 150 A or
more. The normal average pore size of non-chiral bonded phases used in LC are about 100 A. As
aready stated, despite its similarity to contemporary air-jet ground, irregular silica, spherical silicais
now the most common media (if not the only form of silica particles) that is used to produce modern
chiral stationary phases. Spherical silica particles used for the production of chiral phasesare 3 umor 5
um in diameter and have pore sizes that range between 100 A and 200 A.

The Preparation of Protein Stationary Phases

Polypeptide and protein phases must be immobilized onto the surface of the silicagel by reaction with
the surface hydroxyl groups. There are a number of different synthetic procedures available to achieve
this, some of which employ techniques used in the solid state synthesis of peptides. There are two or
three stages to this process depending on the condition of the peptide. If the peptide has been
synthesized, then the amino group will probably be protected and then it can be bonded to the silica
surface by atwo stage reaction. If the peptide is not protected then the free amino group must be
protected before reaction. The first stage is to bond an appropriate organic moiety to the silica surface to
which the peptide or protein can be attached. It is important to employ a silicon_oxygen-silicon bond to
the surface hydroxy! group to ensure a chemically stable attachment. The carbon-oxygen-silicon bond is
easily broken by hydrolysis and therefore should not be used. The protected peptide is then reacted with
the attached group and bonded to the silica. The protection group can the be removed leaving the free
amino group at the end of the chain. Depending on the groups available on the surface for reaction, a
protein can be made to react directly with the bonded moiety on the silica surface.
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The amino group of afree peptide can be protected in many ways, one using t-butyloxycarbony! azide
isan example.

{CH:}}_’!CU‘CHNEI + MNH2CRHCOOH
— (CH 3)3 COCONHCRHCOOH

Thereaction is carried out at a controlled alkaline pH in a pH-stat, or in the absence of a pH-stat,
magnesium oxide, sodium bicarbonate or triethylamine have been used to promote the reaction.

The reacting group is then bonded to the silica. For example, the silicais reacted with 3-
aminopropyldimethylethoxysilane. The reaction is carried out in refluxing toluene containing the silica,
and the silyl reagent is added slowly over a period of about 30 minutes. The mixtureis refluxed for
about 2 hours, cooled filtered, washed with methanol and dried. The reaction proceeded as follows.

NH; (CH,)3 (CHj ), SiOC2Hs 4+ go—| Silica

Surface

Silica
Surface

—* NH;(CH,)3 (CHjy ); Si0—
The protected peptide can then be coupled to the amino group on the surface of the silicain
dichloromethane using dicyclohexyldiimide as the coupling agent as follows.
(CH 4)3 COCO NHCRHCOOH
+

NH, CH, CH, CH, (CHj ), $i0 —(gSilica
DCC

(CH3) 3 COCONHCRHCONHCH, CHz CHp (CHz ) SIO—[gonied

If the peptide is large and insoluble in dichloromethane then more polar solvents may be necessary.
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Finally the peptide bonded to the silica gel can be deprotected with hydrogen chloride in a suitable
solvent.

Silica

(CH 3) 3 COCONHCRHCONHCH; CH; CH, (CHj )2 SiO7 gurface

Silica

+ HCl —= NH3CRHCONHCH; CH; CH; (CHj )2 SiO~(Surface

In thisway avariety of relatively large peptides can be bonded to silica. There are many chemical
pathways that can be used to bond peptides and proteins to silica surfaces and thisis just one example.
Another method will be given when the preparation of the macrocyclic peptides stationary phases are
discussed. In principle, there are two groups on a protein that can be used to coupleit to the silicaand
they are free amino groups and free carboxyl groups. In some cases, when there are a number of both
groups available on the protein molecule, care must be taken not to couple the protein molecules
together as opposed to the silica surface. These type of stationary phases have alimited range of pH
over which they will remain stable. Despite the phase itself being stable, and the silicon-oxygen-silicon
bond being chemically durable, very few of these type of phases bonded to silica can be used at pH
values above 7.0 due to the siloxyl bonds being broken and the consequent disruption of the silica
matrix itself.

The Preparation of the Pirkle Stationary Phases

The Pirkle phases are small molecular weight materials with alimited number of chiral centers and are
generally more simple to prepare than the other phases. One of the first methods of linking a chiral
moiety to a silica surface was by ionic bonding. Phenylglycine was treated with benzoy! chloride to
produce the benzoyl derivative, which was then reacted with the 3-amino propyl group that was linked
to the silica viaone or more siloxyl bonds. A solution of the (R)-1-(3,5-dinitrobenzoyl)glycinein THF
solution is added to a suspension of the aminopropyl silicaand the mixture well stirred ssmply
producing the
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ionically bonded stationary phase. The silanizing reagent again is 3-
aminopropyldimethoxyethoxysilane. The structure of the bonded material is represented as follows.

NO,
H 0 OC, K
N 4';l_—«_‘m--.'ﬁ[azf«:Hz % ls;;':
o 0

Thistype of material, obviously, can be somewhat labile in agueous solvents and would only be usable
under certain buffered conditions. However, when this stationary phase is used with normal phase
solvents (dispersive or hydrophobic solvents) the system is stable. The obvious next stage was to couple
the protected glycine directly to the amino propyl group using dicyclohexyldiimide as the coupling
agent. This reaction proceeds as follows.

NO,

H o QC; Hg
N él OH 4 NH,(CH; ) 570
] Lo -
A 7 Ne¥ : ~0
: 2
e
Dicvcelohexyldiimide

H @ 0C, H

I S I _o°

N GCTNHCH )58 L
302 1/' \\C"

Thistype of bonding between the chiral moiety and the silicais obviously far more stable although it
has been reported that the amide bond is vulnerable to extremes of pH and high salt concentrations.
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One of the more common methods of synthesisisto use an isocyanate to react with a hydroxyl group to
form a carbamate or to an amino group to form a substituted urea. There are a number of silyl reagents
available that contain an amino propyl, a hydroxy propyl or an isocyanatopropyl group which can be
bonded to silica.

For example, starting with 3-isocyanatopropyltriethoxy silane this can be reacted with an appropriate
chiral amine in the following manner.

(Et0O) 38i(CH 2) 3NCO + HNRR* —»
(EtO) 3Si(CH 3) 3NHCONRR*

where R* indicates an optically active compound

The urea derivative is then bonded to the silica by the ethoxy silyl reagentsin the usual manner. For
example, the silicais dispersed in toluene and the ethoxy silyl derivative added and the mixture shaken
for 2 or 3 hours. Half the toluene is removed by distillation and more toluene added and again half the
toluene removed by distillation. The derivatized silicais then filtered, washed with hot toluene and
diethyl ether and dried in vacuo.

Two of the more common Pirkle type stationary phases in use today are the a-Burke 1 and the Whelk-
01. The structure of a-Burke 1 is given below.

CH; CH,
! NS NO,
0 (s s\ AN (7
Silica g e : -
Su[m“to_fm—uui2;3-—5—{1.'21{213 I[H \iQ
0 NO
EH3c03{P N 2

The material was synthesized from dimethyl N-3,5-dinitrobenzoyl -a-amino-2,2-dimethyl -4-pentenyl
phosphonate which was covaently bound
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to mercaptopropyl on 5 um silica particles. This stationary phase has found fairly wide application but
is particularly useful for separating b-'blockers' in their underivatized form.

The Whelk-01 was designed specifically for the separation of underivatized non-steroidal anti-
inflammatory drugs. The structure of the Whelk-01 stationary phase is given below.

v

Silica

Surface | NO
{"Hx @

NO,

This materia is synthesized from 4-(3,5-dinitrobenzamido) -tetrahydro-phenanthrene which is also
covaently bonded to silicaparticles 5 um in diameter. It is used to separate the underivatized isomers
of drugs such as Ibuprofen and Naproxen. It isafairly stable phase and is available in both
enantiomeric forms allowing elution order reversal if so desired.

The Preparation of Cellulose and Amylose Stationary Phases

Both cellulose and amylose contain 5 chiral centers per unit and thus the polymeric material offersa
large number of chirally interactive centers and a high probability of interaction. There are basically

two common types of cellulose and amylose derivatives that are used as stationary phases. The first
type are simple esters as shown below
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R may be aliphatic, aromatic or substituted aromatic. The second type, the amylose esters are similar in
form.

OCOR

0
Amylose Derivatives

o~
OCOR 0COR

The ester derivatives are usually formed from the acid chlorides such as acety! chloride or benzoyl
chloride.

The more stable, and probably the more popular derivatives, are the carbamates which are synthesized
from the appropriate isocyanate. They take the following forms.

ocC DNH—Q
X

Cellulose Derivatives

The substituent groups can be 3,5-dimethyl, 3,5-dichloro, or 3,4,5-trimethyl.



Page 275

The derivatives are formed by reacting the polysaccharides with the substituted isocyanates in pyridine
and the desired material isisolated as the methanol -insoluble fraction. Prior to coating, the silica
particles are treated with 3-aminopropyltriethoxysilane using the standard procedure. The
polysaccharides derivatives are then dissolved in tetrahydrofuran and adsorbed on the
aminopropylsilica. The stationary phase loading should be about 25% w/w. The derivatized cellulose
and amylose have been used extensively in the separation of chiral drugs of all types.

The Preparation of Macrocyclic Glycopeptides Phases

Although the macrocyclic peptides can be bonded to a number of different substrates, the material used
most commonly in LC, issilicagel. The bonding reagents may be organosilanes that are terminated by
carboxylic groups, amine groups, epoxy groups and isocyanate groups. Examples of such reagents are
2-(carbomethoxy) -ethyltrichlorosilane, 3-aminopropyldimethylethoxysilane,(3-glycidoxypropyl)
trimethoxysilane and 3-isocyanatopropyltriethoxylsilane, respectively. Thus, the linkage attatching the
peptides to the silicamay be ether, thioether, amine, amide, carbamate or urea. An example of a
reaction sequence that could be used to attach a peptide to silica employing 3-
isocyanatopropyltriethoxylsilane as the bonding agent is as follows.

Initially the 3-isocyanatopropyltriethoxylsilane is reacted with the silica surface hydroxyl groupsin the
following manner

Silica

OH
Surface | . + (EtO) 38i(CH 3) 3NCO

Ei()

Silica 0~ |
Surface o0 Si—(CH 2} 31‘\{(30
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Thisis carried out by adding the silica (e.g. spherical silica having 5 um particle diameter and a mean
pore size of 100 A) that has been dried in vacuo over phosphorus pentoxide to a solution of the silyl
reagent contained in toluene. The mixture is refluxed and the ethanol produced in the reaction with the
silanol groups periodically distilled off. The silica particles are then filtered, washed well with hot
toluene and dried.

The next stage is to react the peptide with the isocyanate group on the silica. The particular bond used
to attach the peptide to the carbamate group will depend largely on the nature of the cyclic peptide that
is used. Prior to reaction, the cyclopeptide may be derivatized and such groups as 3,5 dimethyl phenyl
added to the macromolecule to improve, or change, the interactive nature of the material with regard to
chromatographic retention and selectivity.

Thereaction is carried out by adding the dry peptide (carefully dried in vacuo at 100°C over
phosphorus pentoxide) dropwise, to adispersion of silica particles, in anhydrous N,N-dimethyl
formamide. The reaction is allowed to proceed under dry nitrogen at about 90°C to 95°C. If the
isocyanate reacts with a hydroxyl group on the peptide then a carabamate bond is formed in the manner
depicted below.

EtD
Silica F—0 —_ ! ) ) HO
Surface L _o— Si—(CH 3} JHLU -

l
Et(y
1SHim O | ‘H .) .NHCOO—
Surface 0— 8i—(C L :

Alternatively, if the isocyanate reacts with an amino group present on the peptide structure then the
peptide will be attached to the silica by a urea bond in the manner depicted below.
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Et(

Silica —0 "“‘--,|4 )
Surface | p— Si—(CH ,} 4NCO + NHj;—

10

- |
Silica —0
—_— . N T i o .
Surface o— Si—(CH ,} yNHCONH —

In general, the macrocyclic glycopeptides are more stable than the traditional protein phases and have a
higher loading capacity. In comparison to the cellulose and amylose phases, the glycopeptides can
tolerate a much wider range of solvents and consequently have greater versatility.

The Preparation of Cyclodextrin Based Stationary Phases

The three cyclodextrins, a, b and g are al used as L C stationary phases bonded to a suitable support
such as silica. The cyclodextrins may be appropriately derivatized as previously discussed. They can be
bonded to the silicausing a variety of silane reagents, but that which is most commonly employed is
one of the three 3-glycidoxypropyl silanes such as, 3-glycidoxypropy! trimethoxy silane, 3-
glycidoxypropyldimethyl -chloro-silane and 3-glycidoxypropyltriethoxy silane. The reagent is first
attached to the silica by the following reaction.

Spherical silicaparticles, about 5 um in diameter, are dried for about 12 hours at 170°C to remove all
adsorbed water and then dispersed in 250 ml of dry toluene. The mixture is then refluxed and any
remaining water azeotropically removed. The silane reagent is then added and the reaction allowed to
proceed at 95°C for about 3 hours. The mixture is then cooled, filtered, washed several times with
toluene and methanol and then dried at 60°C over phosphorus pentoxidein vacuo.
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—S8i—0—H FH 3 /ﬂ
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The synthetic procedure varies alittle with the type of silane reagent that is used and this will depend
on the type of linkage that is employed between the cyclodextrin and the active group of the silane

reagent. In asimilar manner, the method of linkage used will also determine the experimental

below.

conditions used to bond the cyclodextrin to the silica. An example of the bonding process is depicted

. Cyclodextrin
—bll-ﬂ—H +
O -[,."I-I:,f 0

|
~$i-0-8i-0-Si~(CH ,) ;~0-CH y-CH-CH,

[
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— 0 CH;y 00

l | é
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In practice, this bonding is carried out with the cyclodextrin in a solvent such as dimethyl formamide or
pyridine. Theoreticaly, the linkage can occur through either the primary or secondary hydroxyl groups
on the cyclodextrin, but more commonly, with the primary groups, as they are less sterically hindered.

If the silane only contains a single functional group to interact with the silica surface, then a single bond
will link the cyclodextrin to the surface of the silica. In cases where the di- or tri-chloro or methoxy
groups are used to attach the silane to the silica, it is possible that more than one bonding link may
occur between the silane reagent and the silica. Thiswill depend on the relative positions of the
hydroxy! groups on the silica surface and the orientation of the reacting chloro or methoxy groups. If
reaction occurs between two of the chloro or methoxy groups and the silica surface a structure similar to
that shown below could be educed.
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This type of bonding would depend heavily on atomic distances between the reacting groups and the
silanol groups on the silica surface matching almost exactly. The positions of the chloro or methoxy
groups are certain and invariate, but, unfortunately, silicagel is not a crystalline substance and, as
discussed earlier in the chapter, is amorphous and irregular in its molecular arrangement. It follows that
the probability of the atomic distances matching is small, but not necessarily impossible.
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Consequently, there may well be asmall proportion of bonds of the form shown in the diagram that link
the cyclodextrin to the silica gel surface.

There is yet another possible mode of attachment. In the reaction between the bonded silane and the
cyclodextrin more than one hydroxyl group on the cyclodextrin macromolecule may react with the
silica surface, locking the cyclodextrin to the surface with two silane chains. Thistype of linking has a
much greater probability, as once the first bond has been made, the cyclodextrin group can rotate and a
second hydroxy! group randomly react with another silane group. This type of bonding is depicted
below.

_‘_'_,.r"
-
-at--_/{'\ H oy /
.(xd'.F\ g o Hu /
T A Ho ﬁ_h
.-"l_ & ~‘+ W g I:IIH o _IR'
3 LE oy [\ GO~ Sy -EHg -0 - [EHpl = Si =1~
I 1

4
Pof Hon O

My f 1

e ]

=7 > l
__;’; T lif'"\' q-li i
t: Hyoli=Clg = O = CHp-O=(CMyly-Fi- 0 l_
5

}

- 4

d‘&#"
Ha
H"'-T“-

o & T
J’ ™ I 1 1 1
I e o)
9 =Y
& o H + gt =_|!I/ - 4
MG H 0 Silica Gel
Y = 2 y _}d: * Particle
I:IﬂI r ar, -\
- “>4-._n1'~ "‘N-.._\

This double bond attachment is substantiated by carbon/hydrogen analysis before and after bonding.
Furthermore, the basic high stability of the cyclodextrin bonded phases support the idea that a
significant number of these types of double bond attachments are, in fact, present. In addition, it is not
theoretically impossible that one cyclodextrin molecule could be anchored to the silica by three or more
chains, although such attachment bonds have not been experimentally confirmed or identified. These
types of phases have been used very successfully in the resolution of the enantiomers of a number of b-
'blockers (e.g. Propranolol, Atenolol,
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Timolol etc.) and awide range of other types of drugs that occur as racemates.

Column Packing Techniques

Virtually all contemporary LC columns are slurry packed and the procedure can be expected to give
column efficiencies close to the theoretical maximum from the material used. i.e. 1.5d, <H>2d_(where
(d,) isthe particle diameter). For obvious reasons, slurry packing techniques are held highly proprietary
by many column suppliers and essential details are often not reported, though some general guidelines
can be given. Nevertheless, is must be said that unless some very specia columns are to be prepared, it
isfar easier and more economic to purchase the columns already packed from areliable supplier.
Columns are generally made from stainless steel 1, 2, or 4.6 mm |.D and common lengths are 3, 5, 10,
15 and 25 cm. Some substances of biological origin, such as certain proteins are thought to denature in
contact with stainless steel, in which case the column can be made from titanium, PEEK or some other
inert material of appropriate strength. It is particularly important, when analyzing plasma samples, to
use titanium or teflon fritsin the column rather than stainless steel to avoid denaturation of the protein,
deposition of protein at the head of the column or racemization of certain the analytes such as the
diazapames.

The packing, carrying the selected stationary phase should also have a very narrow particle distribution,
aswell as having the specified mean particle diameter. Thisis essential if astable, closely packed,
dense bed is to be obtained. It is also extremely important that steps are taken to ensure that each
particle packs as an individual that impinges on the bed asit is formed and not as an aggregate of
particles. For example, if particles 10 um in diameter are being packed it is very easy to allow
aggregates 40 pm or more in diameter to form in the packing solvent. These aggregates form
conglomerate clumpsin the column which initially results in poor column efficiency. Eventualy,
however, there is further deterioration and bed settling occurs, with the consequent formation of column
voids at the beginning of the column, followed by a
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further fall in column efficiency. This problem can be very significant when packing reverse phase
materials and often soluble surfactants must be added and/or certain solvents must be included in the
slurry mixture to prevent this particle aggregation. Many of the solvent mixtures appearing in the
literature for use in slurry packing are not universally applicable to all silica or bonded phases. Some
experimentation may be necessary before a satisfactory mixture is achieved and an appropriate
"aggregation preventing" solvent or surfactant identified.

In addition to the removal of any aggregates that have been formed, the packing must be well dispersed
by sonication with appropriate dispersing agents. The particles must be well disseminated in the slurry
before packing so that they do not aggregate or settle out during the packing process. In principle, there
are two types of solvent that could be appropriate for slurry packing. Firstly, the solvent could be made
to have the same density as the packing material and thus, eliminate the possibility of settling
completely. Thistype of solvent mixtureis called a'balanced density' solvent, but has the disadvantage
of requiring components that are either expensive, toxic or difficult to handle. However, in general,
balanced density solvent mixtures have arelatively low viscosity and thus, do not require such high
pressures to pack the column successfully. Secondly, the dispersing solvent can be made to have a
relatively high viscosity and thus, as Stokes Law predicts, will ensure avery slow settling rate for the
particles. Solvent mixtures that are viscous have the advantage that the components used are relatively
inexpensive but unfortunately the more viscous solvent requires the use of much higher packing
pressures. In practice, solvent mixtures are often used that have a viscosity that is only large enough to
ensure that if the packing procedure is performed as rapidly as possible, the packing is complete before
significant settling can take place. This approach achieves an optimum compromise between solvent
economy and high packing pressures. The apparatus used for slurry packing is shown in figure 9.3.
Appropriate high pressure pumps that can be used for LC column packing are made by Haskel and
operated by air pressure with
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pneumatic amplification. A pump having a maximum pressure of 10,000 p.s.i. would be appropriate for
packing most LC columns.

Gauge—m «— Valve

:‘iﬂlvem: a Slurry

Reservoir Reservoir
Column
—

High Pressure
Pump

Figure 9.3
Slurry Packing Apparatus

The pump is supplied with solvent from areservoir and is then connected to a pressure gauge which, in
turn, is connected to another valve. The exit from the valve is connected to the slurry reservoir which in
turn is connected to the column to be packed. All unions, fittings, valves etc. employed with the system
must be capable of accommodating the full pressure available from the pump. For high pressure

operation Sno-Trik fittings are recommended. A scheme for slurry packing an LC column is as follows.

1. The column should first be cleaned by the series of solvents recommended by Karger [4] viz.
chloroform, acetone, water, 50% v/v phosphoric acid, 10%v/v nitric acid, water (until neutral), acetone
and finally chloroform again. This treatment will remove al grease, extrusion lubricants, surface oxides
and detergents that are present. The column is then connected to the lurry reservoir. Alternatively, the
column can be washed with aresidue free proprietary detergent such as
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Liqui-Nox®. The column is filled with the detergent, sonicated, for afew minutes, washed well with
water followed by acetone and then dried.

2. Unless the packing material is obtained from a commercial supplier it should be sieved through a 200
mesh screen to remove any large particles and in particular any contaminating fiber from filter paper,
filter bed fibers etc. Another method of fines and light material removal is by sedimentation. The
packing is mixed with excess solvent, well shaken and allowed to settle for afew minutes. The

supernatant liquid is then decanted away. The process can be repeated until the upper layer of solvent,
after sedimentation, isclear.

3. To determine the best solvent and surfactant concentration, a slurry mixture should be made up prior
to packing, and dispersed by sonic vibration. The rate of sedimentation should be carefully checked
over the anticipated time of packing to ensure that the solvent is sufficiently viscous and confirm that
no significant settling takes place. When an appropriate solvent mixture isidentified, the slurry should
be prepared using 1-3%w/v mixture of the packing in the solvent and should then be well shaken and
examined under a microscope.

4. The slurry must then be well dispersed by ultra sonic-vibration for at least 10 minutes. During the
sonic process, a vacuum should be applied to the vessel to degas the dlurry. The dispersion should then
again be examined by a microscope to ensure no aggregation remains.

5. The column isfilled with the slurry solvent and the slurry transferred to the packing reservoir. The
following two steps are then carried out as rapidly as possible.

6. The tube from the valve to the reservoir is filled with solvent, the valve closed and the tube connected
to the slurry reservoir. A shield should be placed in front of the packing system to protect the operator
from any accident.

7. The pump is brought to the packing pressure and the valve rapidly opened.
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8. The pump is allowed to force liquid through the reservoir and packed column until a constant flow-
rateis attained (usually 510 minutes). The valve is then turned off, the pump stopped and the excess
pressure in the system allowed to fall to gradually to zero. The column is now packed.

The column should then be disconnected from the slurry reservoir and the top of the column capped
with afrit and end fitting. The column can then be connected to the chromatograph, washed free of
packing solvent and then finally tested. A chromatogram from a high efficiency column packedin 1 m
lengths, and subsequently joined, is shown in figure 9.4.
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Figure 9.4
Chromatogram of an Aromatic Hydrocarbon Extract from Coal
Obtained from a High Efficiency Small Bore Column

The column was 2 m long, 1 mm |.D., packed with a reverse phase having a particle diameter of 10 um.
The inlet pressure was 6000 p.s.i., the mobile phase was an acetonitrile/water mixture and the
chromatogram was devel oped isocratically. The column efficiency was about 250,000 theoretical plates
but it should be noted that the retention time is over forty hours. Unfortunately, very high efficiencies
can only be achieved by employing very high pressures or accepting long retention times [5]. In the
particular example given, the maximum operating pressure of the sample valve was 6000 p.s.i.
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Mechanical Packing Equipment

Slurry packing techniques carried out in the manner described above can produce excellent efficiencies
for columns with internal diameters up to about 2 inches. For columns having diameters above 2 in
however, it isfound that the column performance deteriorates fairly rapidly and voids appear at the top
of the column. Thisisaresult of 'bridging' that occurs in the column which normally helps to support
the packing but in larger diameter columns is unstable and tends to collapse and cause the packing to
settle. The effect of 'bridging' in column packing is depicted diagramatically in figure 9.5.
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Figure 9.5
The 'Bridging' Effect in a Column
Bed

Figure 9.5 shows a'bridge’ of packing particles extending across the column, supported by frictional
forces between the terminal particles and the column wall. The formation of these 'bridges occurs
during packing and causes a void to appear on either side of the bridge. Even with the most efficient
form of slurry packing, this 'bridging' seems to happen; nevertheless, providing the column is not too
wide, the 'bridges are fairly stable and do not either significantly impair the column performance or
diminish the lifetime of the column. However, when the column diameter exceeds about 2 cm the
‘bridges’ become unstable and can collapse during use, causing the packing to settle and voids to appear
at the top of the column. Sometimes the bed only partly settles and the void remains inside the column
and there is no physical evidence for the



Page 287

cause of column deterioration. This effect occasionally happensin analytical columns, but isvery
common in larger diameter columns that have been slurry packed. The process of 'bridging and
mechanical methods of packing, has been discussed in detail by Colin et al. [6]. There are two packing
procedures that have been developed to obviate the effect of 'bridging' and column deterioration in large
bore columns and they are 'Packing by Radial Compression’ and 'Packing by Axial Compression'.

Radial Compression Axial Compression
Packing Packing
-
Mobile Phase

To detector i

Figure 9.6
Radial and Axial Comprssion Packing Techniques

These two packing technigques can be used for column diameters up to about 10 cm; columns having
diameters greater that 10 cm usually employ particles with diameters greater than 20 um and thus, can
be dry packed. The two mechanical packing methods are depicted in figure 9.6.

Radial Compression Packing
Radial compression is achieved by employing a column with aflexible wall situated inside an outer

tube of stainless steel. The flexible-walled column must be made of an inert plastic such as PTFE and
an hydraulic fluid fills the intervening space between the outside of the flexible
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column wall and the inside of the outer case. The column isfilled with athick slurry of the selected
packing material, and a pressure is applied to the hydraulic fluid, compressing the packing and
expressing the packing fluid. This ensures that the whole of the bed is compressed, and not merely from
one end, asit would be with normal slurry packing procedures. This procedure appears to eliminate the
bridging that takes place and as a consequence eliminate any column voids and thus prevents column
deterioration.

Axial Compression Packing

Axia compression packing employs a cylinder and piston as the chromatography column. The principle
of the device isaso shown in figure 9.6; the cylinder isfilled with a slurry of the selected packing, afrit
placed at either end and the top replaced. Frits having a wide diameter will need supporting discs to
provide mechanical strength. The piston is then activated by a hydraulic jack, the slurry is compressed
and the packing fluid expressed from the tube at the top of the column. This procedure minimizes any
bridging that might occur and, as the hydraulic pressure is maintained on the packing during the use of
the column, any bed movement that might occur during use isimmediately accommodated by
compression. As aresult, no column voids are formed, either in the packing itself, or at the top of the
column. It is of course, important to ensure that the column inlet pressure never exceeds the packing
pressure otherwise the reverse would occur and the column would be unpacked. One other important
advantage of the method is that the column can be very easily unpacked and the packing material
recovered. Thisis achieved by removing the top of the column and extruding the packing by applying
hydraulic pressure to the piston.

There are anumber of techniques available to the chromatographer that can be used to pack a column.
The best and most appropriate method will depend on the particle size of the packing, the scale of the
separation and the character of the material to be separated. However, contrary to popular belief, there
is no magic associated with column packing, but the procedure does need alittle experimental skill,
patience, and some
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experience helps. Nevertheless, using the procedures outlined in this chapter it should be possible for an
inexperienced chromatographer to pack an LC column and obtain close to the expected efficiency.

Synopsis

Virtually all chiral stationary phases are bonded or coated onto silica gel particles. Silicagel isan
amorphous solid consisting of silicon atoms joined by oxygen atoms, on the surface of which are free
hydroxy! groups to which other molecules can be chemically bonded. The surface contains various
amounts of adsorbed free water that can be removed by heating to an appropriate temperature. The
important chromatographic properties of silicagel are determined by its pore size, its surface area and
the diameter of the silicagel particles. In most LC analyses, the mean pore sizeis about 100 A. The
most common particle diameter is5 pum. In general, the stationary phase is attached to the silica by first
bonding a silane compound containing an appropriate reaction group to the silica, and then bonding the
molecules of the chiral stationary phase to the attached silane group. The silane group is usually
attached to the silica by methoxy groups or chlorine atoms attached to the silane with the elimination of
methanol or hydrochloric acid. There are a number of linkages that can be use to attach the stationary
phase molecules, some of which are amide, carbamate and urea bonds. Protein phases are often linked
to the silane group by peptide bonds and are probably the least stable of al the chiral stationary phases.
The small molecular weight chiral molecules (the Pirkle phases) are attached to the silicawith
carbamate and urea bonds and are far more stable. Cellulose and amylose based stationary phases are
usually derivatised with either acid chlorides to produce ester derivatives or isocyanates to produce
carbamate derivatives. The derivatized cellulose or amylose is coated onto large pore (650 A—1000 A)
silica particles and not bonded to them. Cellulose and amylose stationary phases are very effective but
can only be used with arestricted range of solvents and at relatively low flow rates due to their mode of
attachment. The macrolytic peptides are attached in a similar manner to the protein stationary phases
but are far more stable
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and can be used with ainfinate variety of solvents. These materials are usually reacted directly with an
appropriately derivatized silicagel. The cyclodextrins, after derivatization, are usually reacted with a
silane reagent and joined via an ether bond by using a silane containing an epoxy group. The
cyclodextrins, under certain conditions can be linked to the silica by more than one silane chain. These
chiral stationary phases are also very stable, can be made by suitable derivatization to have arange of
interactive characteristics, and have awide field of application in chiral chromatography. Columns are
slurry packed and usually have diameters of 1, 3, 4 or 4.6 mm and lengths of 3, 5, 10, 15 and 25 cm. For
efficient columns, the particles should also have a very narrow range of size distribution. It isimportant
to be certain there is no particle aggregation during packing and this is achieved by the correct choice of
solvent or surfactant, which is added to the packing solvent before dispersing the particles. In
preparative columns, bridges can occur during the packing process which results in unstable columns
and poor efficiency. This effect can be reduced by using radial or axial compression techniques.
Column packing is not difficult but needs some experience. Unless dictated by economy, it is more
efficient to buy packed columns than to try to pack them in house.
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Chapter 10—
Column Temperature and Mobile Phase Composition:
Their Effectson Column Length and AnalysisTime

The cost of any chromatographic separation isindemnified in two currencies, pressureand time. In
general, the highest pressure that is usable (normally determined by the life expectancy of the sample
valve or, under some circumstances, the pump) determines the smallest particle diameter that can be
used. In fact, for a given maximum available (or usable) inlet pressure, there will be an optimum
particle size that will achieve a given separation in the minimum time. A discussion of this aspect of
column optimization is outside the scope of this book, but details are given elsewhere [1].

In any event, today, the particle size of the support is not really a practical variable (hopefully this may
change sometime in the future) asit islargely controlled by the stationary phase or column supplier. As
a consequence, the column inlet pressure is normally adjusted to that which provides the optimum
mobile phase velocity. It should again be emphasized that, due to the dependence of peak dispersion on
velocity, if excess theoretical plates are available, the retention time should not be reduced by
increasing the mobile phase velocity. A more efficient method for reducing the analysistimeisto
reduce the column length, while maintaining the same optimum velocity. Increase in mobile phase
velocity may be a short term option for unique sample, but for product monitoring or quality control
analyses, where there is alarge throughput of similar samples, reduction in column length will give
shorter analysis
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times and be more economically advantageous. At the time of writing this book, the most popular
particle diameter used for chiral LC packings appearsto be 5 um. This diameter has been chosen, partly
because such particles can be packed into columns having relatively long lengths, and partly because 5
pum particles are easier to pack reproducibly, particularly in columns more than 3 cm in length. It
follows, that having arbitrarily defined the particle diameter, and consequently indirectly defined the
column inlet pressure (that pressure which gives the optimum velocity), timeis the only remaining
currency that can be utilized for separation efficiency and cost-effectiveness.

The optimum conditions that will separate a given pair of isomers, in the minimum time, can be
extremely difficult and tedious to determinein practical chiral LC, although the procedure is possible.
Thisis because the separation ratio and the capacity factor of the enantiomer pair changes
independently with both the solvent composition and the operating temperature. However, before
discussing optimizing procedures, some problems that arise in measuring corrected retention times,
capacity ratios and separation ratios of solute pairs that are €luted close together, need to be considered.

In order to optimize a separation and produce it in the minimum time, the capacity ratios and separation
ratios must be measured for agiven pair of enantiomers under known conditions of mobile phase
composition and temperature (this will be discussed in detail later in this chapter). Unfortunately, when
two peaks are eluted close together, which frequently occursin chiral chromatography, the positions of
the peak maxima are distorted due to the immediate presence of the other peak. An example of this
problem is shown in figure 10.1, where the peaks are simulated and added, and the composite envelope
plotted over the envelope of each individual peak. It is seen that the actual retention difference, if taken
from the maxima of the envelope, will give avalue of less than 60% of the true retention difference.
Unfortunately, thistype of error will probably not be taken into account by most data processing
software. It follows, that if such datais used in an attempt to calculate the
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necessary efficiency needed to achieve a basaline separation, the results will be grossly in error.

(Column Efficiency 5000 Theoretical Plates)
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Figure 10.1
Position of the Peak Maxima of Unresolved Peaks

Another serious error can occur if it is known that the two peaks are eluted unresolved, and the retention
time of the maximum of the envelope is taken as the mean retention time of the two isomers. This
measurement can only be true if the peaks are absolutely symmetrical and the two isomers are present in
the same proportion. The effect of different proportions of each isomer on the retention time of the
composite envelope is shown in figure 10.2. It is seen that the position of the peak maximum of the
composite envelope is significantly different from the mean of the retention times of the individual
peaks. Furthermore, thisis an ideal case where the peaks are considered to be truly Gaussian in shape

and are completely symmetrical. Asymmetric peaks could distort the position or the peak maxima of the
envelope even
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more. In general, the retention time of a composite peak should never be assumed to have a specific
relationship with the individual retention times of the unresolved pair.

(Column Efficiency 5000 Theoretical Plates)
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Figure 10.2
The Maximum of a Composite Peak Formed by Two Closely Eluting Peaks of
Different Magnitude

Another error can arise when the two partially resolved peaks are asymmetrical (e.g. peaksthat are
described by the Poisson equation). An example of this situation is shown in figure 10.3. It is clear that
there are two errors that occur. Firstly, the retention times, as measured from the peak envelope, will not
be accurate for each isomer. Secondly, because the peaks are asymmetrical (and most L C peakstend to
be asymmetrical to the extent shown in the figure 10.3) the second peak appears higher
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than the first, implying that the second eluted isomer is present in the mixture at a higher concentration.
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Figure 10.3
The Effect of Peak Asymmetry on The Apparent Composition of a Closely
Eluting Pair of Solutes

Itis clear that considerable care must be taken when assessing closely eluting peaks. In fact, if the
resolution is inadequate, the measurements must be taken on the individual isomers and
chromatographed separately on the column. It isimportant to know the value of the separation ratio
above which, accurate measurements can be made on the peak maxima of the individual peaksin the
envelope. In figure 10.4, the apparent peak separation ratio is shown, relative to the actual peak
separation, in standard deviation units (S) for columns of different efficiency. These have been
theoretically calculated. It is seen that for alow efficiency
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column (2500 theoretical plates) the separation ratio must be greater than about 1.055 before accurate
measurements can be made on peak maximain the composite curve. For a high efficiency column
having 10,000 theoretical plates, the separation ratio need only be in excess of about 1.035, before
accurate measurements can be made from peak maxima on the composite curve. These minimum
values, however, assume that the measurements will be precise. Unfortunately, the measurements may
have arandom error standard deviation of 2—3%. As a consegquence, the practical minimum separation
ratio that can be used for accurate measurements will be proportionally greater than those cal cul ated.
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Figure 10.4
Graphs Showing A pparent Separation Ratio Relative to Actual Separationin
Units of (s) for aPair of Closely Eluting Peaks
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The calculation of optimum column conditions for a chiral separation depends on the accurate
measurement of retention data of the individual peaks over arange of temperatures and solvent
composition. It follows, that if resolution is poor, the data must be obtained from the elution of single
enantiomers.

An Optimization Procedure for a Chiral Separation

The optimization procedure depends on identifying the function of solvent composition and temperature
that will provide a precise value for the capacity ratios of the two solutes. It will then be possible, using
arelatively simple computer program, to identify the various operating parameters of the
chromatographic system that will provide the separation in the minimum time. In the example given, a
separation system operating in the normal mode will be used.

A somewhat similar procedure can be described, using the reversed phase mode, but it is more complex,
as aqueous mixtures almost always include association of water with the other solvent. This makes the
binary mixture of solvent and water, aternary mixture, consisting of the water, the solvent and solvent
associated with water. Treatment of this model requires the use of the equilibrium constant for the water
solvent associate and requires some physical chemical measurements to be made.

Consider the separation of two enantiomers (R) and (S). If the enantiomers (R) and (S) have corrected
retention volumes of (V'r) and (V's) respectively and a separation ratio of () when eluted by a binary
mixture of two solvents (X) and (Y), the corrected retention volumes can be described by:

Viry = R(T, Xg) (1)
and:
V'ig) = f5(T, Xg) (2)

where (T) isthe column temperature

and (Xj ) isthevolume fraction of solvent (X)
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and the capacity factors can be defined as:

(kr) = fR(T.Xg)MVo and (ks) = f5(T.Xg)/Vo (3)
In addition:

(T, Xo)
¢ = R (T, X0) (4)

Recalling the equation for the number of theoretical plates that are required to effect a given separation
from chapter 5, [2]:

n
( 1+k)”

R )
k“({o-=-1)

n= 16

This equation presupposes that the peak maxima are separated by (4s) (four standard deviations of the
Gaussian curve, and that both peaks have the same efficiency). It also assumes that thisresolution is
adequate for the analytical accuracy required. If alarger separation is necessary, then the factor 16 must
be appropriately increased. Thus, substituting for (k) and (a):

( Vo +fr (T,Xg,)°

of f5(T.Xep,) [}
fr (TX9) (W‘U

n = 16

(Vo +fR(T.X9.))*

n = 16 3
(fs(T,X0,) - fr (T, X¢,))

(6)
Now, the minimum value of (H) (the variance per unit length of the column or the height of the
theoretical plate) has been shown to be given by the approximation:

Hpyin = 1.45d,

which for a5 um particle, H . (in cm) will be:

min

H i = 1.45 x 0.0005 = 0.00072cm



Thus, the column length (L) will be given by:

( V, +fR(T.X0,))’

L = nH,;, = 0.00072x16 >
(fs(T. Xg,) - fr (T, Xo,))

( V, +fg(T.X,)>
(f(T. Xg,) - fr (T, X,))*

= 0.0115x

Now, the separation time (t) is given by:

Now, it was shown on page 227, equation (9), that:

1.62 Dm
Uopt = dp
Thus:
1.45nd 0.895nd?2
_ P
= T62Dm ki) = —pm—(1+ke)
dI?'

(7)
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where (k. ) isthe capacity ratio of the last eluted peak and which may, or may not, be the second peak of

the chiral pair.

Substituting for (n) and simplifying:

14 k)2 '
Do k" (a-1)

Now, as the mobile phaseisaliquid, (D) will have avalue within the range of 1.25 "~ 105 cm2/sto
about 2.75~ 105 cm?/s thus, taking amean value of 2.00 " 105 cm?sfor (D,,), and (d,) as5 pm, an

approximate value for (t) will be given by:

0.179( 1+k)* (1+k,)
k2 (o-1)>2
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Replacing (k) and (&) by their thermodynamic expressions,

0179V, + g (T, X)) Vo + (T, Xg.))
(fg(T, X, ) - R (T, Xe,))"

= (8)

It must be emphasized that the minimum analysis time will be achieved only at those values of (T) and
(X,) for which the expression for (t) is a minimum and which will need to be ascertained with the use of

acomputer.

Now, the algebraic forms of f (T) and f(T) in the original expressions are well known and can be
precisely defined in thermodynamic terms.

V'r = fr(T) and V's = fs(T)
In contrast, however, the algebraic forms of f_(X;) and f(X,) in the expressions:
kp = frR(Xgp)/Vo and ks = fs(Xp)/'Vo

are not known precisely (although approximations have been suggested) and, even if they were, the
relationships,

LR = t.[{[ r][-RI:_}':(P] .'”'v'.u

and

kg = tS':].]rSl X a) Vo

have certainly not been confirmed in chiral chromatography, and cannot at this stage be assumed.

If, however, (V'r) and (V's) can be measured for practical ranges of (T) and (X, ), then the separation

ratios, the required number of theoretical plates and the column length that will provide the minimum
analysis time, can also be calculated, and an approximate value for the minimum
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analysis time also assessed. The thermodynamic function relating (V') and (I/T) can be used with
confidence, but it must be emphasized that due to the small values of (@) that are usually encountered in
chiral LC, an overall approximation for f_(X;) and f(X;) cannot be used. Consequently, in order to
carry out an optimization procedure with any degree of confidence, the nature of f_(X;) and f(X,) for

the particular enantiomer pair of interest must be determined (albeit by a curve fitting procedure to
accurately measured retention data). This procedure can be lengthy and tedious and unless carried out
with great accuracy will be of little value. Nevertheless, if the laboratory sample load is high enough,
and the analysis time is important, then the procedure will be economically advantageous.

The Experimental Determination of f.(X;), f,(X;), f.(T,X;) and f(T,X;)

The chromatographic system chosen to examine was the chiral stationary phase Chirobiotic V (as
aready described, thisis amacrocyclic glycopeptide called Vancomycin bonded to silica gel particles5
pm in diameter) which was used in the normal phase mode (solute retention controlled largely by polar
interactions), employing mixtures of hexane and ethanol as the mobile phase.

The solutes chosen were (S) and (R) 4-benzyl -2-oxazolidinone. The apparatus consisted of an LC
pump, al ul internal loop sample valve and the column was situated in a thermostatically controlled
oven. The oven could be operated at temperatures between 5°C and 85°C with a precision of £0.2°C.
The mobile phase was passed through a preheater, consisting of 1 m length of coiled stainless steel
tube, 0.010in. I.D., situated in the thermostat, between the sample valve and the column. The column
outlet was connected directly to a UV detector operating at 220 nm. The eluent from the detector was
passed to a50 ml Grade A burette and the retention volumes were measured directly in ml of mobile
phase. The burette was read with an accuracy of 0.02 ml. The output of the detector was displayed on a
digital meter and an electronic recorder/integrator.
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The experimental procedure was as follows. The burette was read, the sample injected and the pump
started. The detector output was observed by the digital meter and when a peak emerged the pump was
shut off at the peak maximum. The system was allowed half a minute to reach equilibrium and the
burette read again. The difference between the readings was taken as the retention volume being
measured. The dead volume was taken as the elution volume of ethanol, the sample solvent.
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Graph of Corrected Retention Volume of the (R) Isomer/Reciprocal
of the Volume Fraction of Ethanol

The retention volume and the dead volume were measured in duplicate at 0.1, 0.2, 0.3, 0.4 and 0.5
volume fractions of ethanol in hexane and at
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5°C, 15°C, 25°C, 35°C and 45°C at each mobile phase composition. If the duplicates differed by more
than 3% then athird measurement was taken. The results obtained, expressed as corrected retention

volume against the reciprocal of the volume fraction of ethanol, are shown in figures 10.5 and 10.6 for
the (R) and (S) isomers respectively.
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The relationship between the corrected retention volume and the reciprocal of the volume fraction of

one component of the mobile phase isfairly well established but does not seem to be generally
employed. Thisrelationship stems from the pioneering work of Purnell and his
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group[ 3], who showed that the retention of a solute on a mixed phase in GC was proportional to the
volume fraction of one component in the stationary phase mixture. This was supported by the work of
Scott [4], who showed that the retention of a solutein LC was inversely proportional to the volume
fraction of one solvent in a mobile phase containing a binary mixture of dispersive solvents. Scott and
Kucera[5], explained this on the basis that, in both cases, the volume fraction of a given solvent, set the
probability of a solvent molecule interacting with a solute molecule, in much the same way as the
partial pressure of a gas determined the probability of a molecular collision with another molecul e of
gas. These papers aroused considerable controversy [6] but the results were further substantiated by the
work of Scott and Simpson [7], Laub and Purnell [8], Hurtubise et al. [9] and Robbins and McElroy
[10]. As stated this ssimple relationship only applies if the components of the mobile phase do not
strongly interact and form an associate. The published relationships between corrected retention
volume, (k) and the distribution coefficient have been reviewed by Laub [11,12].

Theresultsin figures 10.5 and 10.6 show the relationship between volume fraction of solvent (v) and
the corrected retention to be as follows.

The equations (9A) and (9B) are the functions f (X, ) and f (X, ), respectively. Now, if Log(A ) and Log
(A,) for each temperature are plotted against 1/T then the van't Hoff isotherms shown in figure 10.7 are
obtained. It is seen that excellent straight lines are obtained in accordance with that expected from
thermodynamic theory. In asimilar way the intercepts from figure 10.5 and 10.6 can be plotted against
VT and the results obtained are shown in figure 10.8.

Although alinear relationship is obtained, the correlation coefficient is not high. However, asthe
contribution of the intercept to V' isrelatively small, the equation for the intercept will be within the 3%
limit of the experimental measurements.
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It is seen that the intercept can also be described by an exponential function of the reciprocal of the
absolute temperature.

Thus:

. Fs
B =e ! OR and Bg = el Gs

It isnow possible, from the experimental data, to define (V') for either solute at any temperature any
solvent composition.

From equation (9):
+_Ap ) _As
‘u’R = -_'-' .= ER dll[] "r'rf.; = v BS
It has already been shown that:
Cg Cs
L-D -D
ﬁR=&_T R and Ag=eT >
Thus:
Cr Cg
=D —=-D
Vg = -2 and Vg = e

Cg Cs
e -D ]
e T K %—GR eT 75 E..E——(_:S

kR - ‘;.‘,FD . a‘ﬂd kb = ‘,'rn (1{]}

o= ¥ (11)

The datato be used in calculating the necessary operating conditions are obtained from figures 10.7 and
10.8 and are tabulated in Table 10.1.



Table 10.1 Basic Data for Optimization

Symbol Data

Cs 726.93
D, -1.782
Fs 636.98
G -1.563

Dead VolumeV = 2.785 ml
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Symbol Data

C, 641.48
D, -1.571
Fy 661.33
G -1.698

Using the experimental datagiven in table 10.1, the expressions given in equations (10) and (11) can be

put into explicit form:

Lt 636.98

T _ ket

& .
S 2783

LS 661.33

e T _l_.'ﬁ?l.__ETl_lﬁgg
Kr = 2785

2208 641.48

T 641

@ -1.782 r— :

€ —e T _
R e 1.563
SIR T R41.4R 66133

e T -LSTL_ =7 | go8

¥

(12)

(14)

Equations (12), (13) and (14) allow the values of (kJ), (k) and (a SR) to be calculated at any
temperature and any solvent composition. These parameters will alow the efficiency necessary for
resolution to be calculated and from that, the column length and the analysis time can aso be
determined. Using equations (12) and (13) the corrected retention volumes were cal culated for the data
points experimentally measured and the calculated values are shown plotted against the theoretical
valuesin figure 10.9. It is seen that excellent agreement is obtained with a slope of 1.0008 and a small
intercept of 0.042. This validates both the theoretical
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argument and the equation, so they can be used with confidence in column design.
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Figure 10.9
Graph of Calculated Corrected Retention Volume Values
against those Experimentally Measured

The change in the (k) with solvent composition and temperature can be easily examined and by using a
simple program (in this case written in "True Basic' language) and equations (12) and (13), the inversion
of the elution order of the two isomers can be predicted. It is clear, that if the straight lines produced by
plotting Log (V') against 1/T for the isomers have different dopes, then they must intersect, and, after
intersection, the elution order will be reversed.

The curves relating the corrected retention volume of the two isomers to the reciprocal of the absolute
temperature is shown in figure 10.10. It is seen that the reversal occurs at about 120°C. In many
examples, the temperature at which the reversal of the elution order occurs, may be out of practical
range. Unfortunately, this was true for this particular example due to the thermal instability of the
stationary phase above ca
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85°C. In addition, most bonded phases |oose their chiral selectivity at about 86°C and even decomposed
at more elevated temperatures

70 5 Isomer
R Isomer

61 -

50

R Isomer

Corrected Retenion Volume

40 4 —-._’_,.-"‘

8 lsomer
0.025/0.975 Ethanol/Hexane

]
80 100 120 140 160
Temperature "C

Figure 10.10
Curves Relating the Corrected Retention Volume of the Two
Isomers to Temperature Showing Elution Order Reversal

Consequently, the reversal shown in figure 10.9 is difficult to experimentally confirm. In contrast, the
GC stationary phases are much more stable, and the reversal of elution order is more easily
demonstrated. However, at the time of writing this book, a paper was published by Karlsson and
Aspergren [13], that displayed curves similar to those shown in figure 10.10 and which also predicted
elution order reversal but, within the normal operating temperature range employed in LC. In fact, the
authors showed that the order of elution of the two enantiomers of Mosapride (a new drug for
gastrointestinal treatment) could be reversed by either changing the temperature or changing the mobile

phase composition. The curves relating log(k') against the reciprocal of the absolute temperature for the
M osapride enantiomers are
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shown in figure 10.11. The separation was carried out on a Chiral -AGP column with
acetonitrile/phosphate buffer (pH 6.9) : 92/8 v/v. The inversion temperature is about 24°C and it is clear
that, if the particular separation had been carried out solely at room temperature, and the effect of
temperature on resolution had not been examined, it could have been concluded that the particular
stationary phase showed no selectivity towards that particular pair of enantiomers.

I | I
0.0032 | 0.0034 0.0036
Reciprocal of the Absolute Temperature

Figure 10.11
Graph Relating Log(k") against /T for the Enatiomers of
Mosapride
Courtesy of Chromatographia[Ref. 11]

A simple computer program written in 'basic' can be used to identify the optimum column length and
other operating conditions. A copy of the program used in this study is shown in figure 10.11. The
program is written in an extended manner to simplify explanation. Initially, the retention volume of

both isomers need to be measured at three widely dispersed mobile phase compositions, and each at
three widely dispersed column temperatures. The dead volume is taken as the retention volume of the
solvent peak (the sample being made up in one pure component of the mobile phase). All measurements
must be very accurate and made in duplicate.
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LET
Let
For
For
Let
| et
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Let

Let
Let

C2=726. 93
D2=1. 7823
F2=661. 33
G2=1. 698
C1=641. 48
D1=1. 5626
F1=636. 98
Gl=1.571
V=2. 785
S=1000000000000000
J=0.025 to 1.0 step 0.025
I=1to 85 step 1
| 1=1 +273. 4
K2=((10U((C2/11)-D2))/J)-10U((F2/11)-G2)/V
K1=((10U((C1/11)-D1))/J)-10U((F1/11)-Gl)/V
A=K2/ K1
N=16*( ( 1+K1) U2) / ((K1U2) *( A- 1) U2)
L=N*0. 00072

LET T=L/O0. 045

I F
Let
| et
Let
Let
Let
Let
Let
Let

T>S THEN 290

S=T

H1=K1

H2=K2

H3=A

H4=J

H5=I

H6=N

H7=L

Next |
Next J

Pri
Pri
Pri

nt H4, HS
nt Hi, H2, H3
nt S, H6, H7

END

Figure 10.12
Program for Examining Chromatography Retention Data
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From the data, graphs similar to figures 10.5, 10.6, 10.7 and 10.8 need to be constructed. The slopes and
intercepts from the graphs equivalent to those given in figures 10.5 and 10.6 are used to construct

graphs equivalent to those given in figures 10.7 and 10.9. The dlopes and
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intercepts from the graphs equivalent to figures 10.7 and 10.9, are noted and used in the program. C1
and C2 are the slopes D1 and D2 the intercepts from figure 10.7. F1 and F2 are the slopes and G1 and
G2 the intercepts from figure 10.8. Enter the dead volume in line 90. Enter in line 110 the concentration
range of solvent that is to be considered, in terms of volume fraction and the step between each
concentration. Similarly, enter in line 120 the temperature limits and temperature step in °C. Line 130
changes the temperature to absolute values, lines 140 and 150 cal cul ate the capacity factors of the two
enantiomers and line 160 the separation ratio. Lines 170, 180, 190, calculate the necessary efficiency (to
separate the enantiomers by 6s), the column length, and the separation time (the second eluted
enantiomer) respectively. Lines 200 to 280 contain a simple logic sequence that selects the conditions
that provide the minimum analysis time. Lines 290 and 300 complete the search loops and lines 310 to
330 instruct the computer to printout, the solvent composition and temperature that will provide the
separation in the minimum time. They also instruct the computer to print out the capacity factors of the
two enantiomers, the separation ratio at the optimum conditions, together with the necessary column
efficiency and the column length.

The separation chosen to examine is not difficult as, with the best combination of temperature and
solvent composition, afairly high separation ratio can be obtained, and furthermore the high separation
ratios are obtainable at relatively large capacity ratios. The results, printed on the computer screen by
the program, for the separation examined are shown in table 10.2.

Due to the ssimplicity of the separation in pure ethanol at 1°C, the number of theoretical plates necessary
isvery small and the column length, 0.25 cm, is so short, it would be virtually impossible to construct
and operate. It follows that a practical column, (probably the smallest will be 3 cm long) would be used
at ahigher flow rate. However, reducing the analysis timein thisway, is unlikely to shorten the
minimum time as calculated, unless smaller particles were used which would then constitute an entirely
different system. A 3 cm column, if used for the above
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separation, would provide 4170 theoretical plates, which, under optimum temperature and solvent
conditions, iswidely in excess of that required.

Table 10.2 Chromatographic Specifications for the Separation of
the Enantiomers of 4-Benzyl -2-Oxazolidinone

Optimum Solvent Composition (J) Pure Ethanol

Optimum Temperature (1) 1°C

Capacity Factor of 1st Enantiomer (k) 3.938

Capacity Factor of 2nd Enantiomer (k) ~ ©-910

Separation Ratio(a,) 1.399
Analysis Time 5.68s
Required Theoretical Plates 355
Column Length 0.256 cm

Operating at the optimum mobile phase velocity, a 3 cm column would require an analysis time of 66.5
s. Thiswould still be afairly fast analysis and, if desired, could be further reduced, without impairing
the required resolution, by operating at higher velocities.

In many chiral separations, it is often a struggle to adequately resolve the enantiomers and achieve
adequate separation ratios. In such cases, the above procedure may be essential to achieve the minimum
analysis time. In addition, the time would be much extended, the column longer, and the efficiency that
was needed, would be much greater. The same type of approach can be used for reversed phase systems
employing water which, if in abinary mixture, will associate with the other solvent and produce a
ternary mixture. Unfortunately, the procedure becomes extremely involved and its discussion is more
appropriate to atext on chromatography theory and, consequently, is outside the scope of this book.

Synopsis

The currencies used to account for a chromatographic separation are pressure and time. The maximum
pressure is limited by the tolerance of the sample valve and the capability of the pump. The analysis
time can be
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reduced by increasing the linear velocity (if excess column efficiency is available) or by reducing the
column length, the latter being the more efficient. Optimizing a chiral separation can be tedious, dueto
the amount of the retention data that must be collected, and the precision necessary for its measurement.
However, it is easier to optimize a separation that is developed in the normal phase mode, thanitisin
the reverse phase mode. Thisis due to the association of water with polar solvents producing an
additional component in the solvent mixture. Taking retention data from closely eluting peaks should be
avoided as the data can be significantly distorted by the immediate presence of the other peak.
Depending on the column efficiency, data should not be collected from peaks with separation ratios of
less than 1.05. In the normal phase mode, solute retention isinversely proportional to the volume
fraction of the polar solvent in the mobile phase. In addition, the effect of temperature on retention is
predicted by thermodynamic theory. Consequently, taking retention data over arange of solvent
compositions and temperatures, permit an explicit equation to be developed, that will predict retention
for any solvent mixture at any temperature. Relating experimental measurements to those cal cul ated
shows excellent correlation and very little divergence. As the slopes of the log(k) curves against the
reciprocal of the absolute temperature differ for each enantiomer, they must intersect at a specific and
unique temperature. It follows, that two enantiomers will be resolved at temperatures either side of that
for coelution, but their elution order will be reversed. Unfortunately, higher temperatures are not often a
practical option in LC, due to the inherent thermal instability of the stationary phase. A simple
computer program can calculate the capacity ratios of the two isomers, their separation ratio, the
optimum column length, operating temperature and solvent composition for minimum analysis time.
The minimum data for this calculation must be obtained at three temperatures for three different solvent
mixtures.
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Chapter 11—
Chiral Liquid Chromatography Applications

Each of the five main types of LC chiral stationary phase have fairly wide areas of application. Asa
result, there is much overlap in the use of the different stationary phases, and many specific chiral
separations can be accomplished by any one of the five stationary phases, providing the optimum
operating conditions for the particular stationary phase are identified. Probably the most important
applications come from the pharmaceutical and biochemical industries and, to some extent, from the
clinical laboratories. The other important application source for chiral chromatography is the essential
oil industries, but, as most of the components of essential oils are, by definition, fairly volatile the
applications from this source are usually separated by GC.

Another aspect of chiral separations must also be borne in mind when discussing applications, and that
Is the importance played by the contemporary high efficiencies that are now available from open tubular
columns and columns packed with very small particles. Even with the present day technologies,
separation ratios may still be relatively small and separationns are achieved largely by the high
efficiencies available. It isinteresting to note, that the first separation of m- and p-xylene was achieved
by GC in 1958, on the stationary phase polyethylene glycol with no special spatia orientation.
However, this was only possible because a packed column having 50,000 theoretical plates was
available.

Chiral separations are atechnical challenge because the enantiomers are chemically and physicaly very
similar, and most chiral pairs show
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relatively small separation ratios on all types of column, including those that are chirally selective. In
practice, achiral separation is achieved, firstly, by choosing a distribution system which givesthe
greatest possible separation ratio between the isomers (i.e. a stationary and mobile phase combination
that exhibits maximum chiral selectivity) and, secondly, using the phase system in conjunction with a
column having sufficient efficiency to attain resolution. Chiral chromatography has universal
applicability, can be carried out with relatively ssimple and well established apparatus and, asa
consequence, has become a'global’ analytical technique.

If efficiencies could be increased sufficiently, perhaps by using particles 1 um in diameter, and
techniques were developed to efficiently and reproducibly pack them, asingle chiral stationary phase
might be all that is necessary to separate the majority of enantiomeric mixtures. Such a system s, no
doubt, part of the future. It must, however, be preempted by pumps and sample valves that can provide
and tolerate the necessary high pressures. In addition, there must be detectors with sufficient sensitivity
to furnish an adequate linear dynamic range of response to accommodate the inherent low loading
capacity of such columns.

Due to the catholic performance of the different types of stationary phase, several examples of the use
of each type will be given. Each type, however, will not be identified with a particular industry or
application.

The Protein Stationary Phases

The protein stationary phases were the first types to be developed and are still used very effectively for
the separation of chiral mixtures. An interesting example of the use of an a,-acid glycoprotein column
for the separation of the Verapamil enantiomers is afforded by the work of Rasymaset al. [1].
Verapamil is a calcium channel antagonist and is used extensively as an antianginal and
antihypertensive agent. In addition, due to its negative dromotropic capacity, it is used as an
antiarrythmic agent to control supraventricular tachhyarrythmias. It is used as aracemic
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mixture, but it has been shown that the two enantiomers have different pharmacokinetic and
pharmacodynamic characteristics. In-vitro and in-vivo studies have indicated that the (R)-(+)
enantiomer has a greater effect on the atrioventricular conduction than does the (S)-(-) enantiomer.
Further investigations in humans has suggested that the (S)-(-) enantiomer has greater plasma clearance

and lower bioavailability than the (R)-(+) enantiomer.

The determination of the enantiomers in blood serum was carried out in two stages. Thefirst stageisto
isolate and collect the racemic mixture from the serum. The second stage, was to resolve the collected
racemate and to quantitatively determine the enantiomers present. Serum (1 ml) was added to 50 pl of a
standard containing 200 ng of Imipramine and 400 ul of 5 N caustic soda. The mixture was shaken and
5 ml of t-butyl ether added and the mixture shaken for a further 10 min. The mixture was then
centrifuged for 10 min at 1200 g and the aqueous layer frozen in a bath of solid CO, and acetone. The
ether layer was decanted from the container and evaporated to dryness at 45°C under a stream of

filtered air.
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Figure 11.1
Separations Achieved in Stage 1 of the Analysis of
Verapamil
Courtesy of J. Liquid Chromatogr. Ref. (1)
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The residue was taken up in 50 pl of methanol, and the total volume injected onto the column. The
results obtained are shown in figure 11.1. A Dynamax Microsorb CN column, 25 cm long, 4.6 mm |.D,

packed with particles 5 um in diameter, was used with a mobile phase containing

tetrahydrofuran/acetonitrile/0.3 M sulfuric acid : 15/84.6/0.4 v/v/v at aflow rate of 1 ml/min. In figure
11.1, the first chromatogram (A) shows the separation of 8 metabolites of Verapamil and the position of

the elution of Verapamil, if it had been present. Thereis obvioudly no interference. The second

chromatogram (B) is of an extracted drug-free predose serum. The third chromatogram (C) isfrom a
serum sampl e taken 4 hr after a 120 mg oral dose of Verapamil hydrochloride. Peaks (9) and (10) are
for Verapamil and the internal standard I mipramine respectively. The eluate containing the V erapamil
Isomers was concentrated on arotary evaporator at 37°C for 10 min. in a stream of filtered air. The tube
was rinsed with 200 pl of acetonitrile, again concentrated and the residue taken up in 50 pl of double

distilled water.
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(1) is (R)-(+) Verapamil (2) is (S)-(=}) Verapamil

Figure 11.2

The Separation of the Enantiomers of Verapamil
Courtesy of J. Liquid Chromatogr. Ref. (1)
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The whole sample was then injected onto the chiral column, 10 cm long, 4.0 mm I.D., packed with
silicagel particles, 5 um in diameter, bonded with a,-acid glycoprotein (AGP). The results obtained are
shown in figure 11.2. The separation ratio between the enantiomer pair is 1.23. Chromatogram (A) is
the separation of a 50 ng sample of the racemic pair. Chromatogram (B) is from a blood serum sample
taken 4 hours after the oral administration of 120 mg of racemic Verapamil. Chromatogram (C) isfrom
ablood serum sample taken 15 min after the intravenous infusion of 15 mg of racemic Verapamil. It is
clear that thistype of analysiswill allow an accurate pharmokinetic study of the relative biochemical
degradation or excretion of the two enantiomers.

The Separation of the Enantiomers of Epibatidine

Epibatidine, exo-2-(6-chloro-3-pyridile-7-azabicyclo[2.2.1] heptane, the structure of which is shown
below, isan akaloid extracted from the skin of the Ecuadorian frog, Epipedobatestricolor. This
alkaloid has been reported to possess potent, non-opioid, analgesic properties. In order to investigate the
physiological propertiesin more detail Watt et al. [2], synthesized the material and also developed an
analytical procedure for identifying and measuring the enantiomers present in the natural product.
_ = Cl
NH
= N

The separation was carried out on a CHIRAL-AGP column, (a protein stationary phase, a.-
glycoprotein), 10 cm long, 4 mm |.D. The mobile phase consisted of 3% v/v acetonitrile/10 mM
dipotassium hydrogen phosphate and 5 mM pentane sulfonic acid : 5/100 v/v, which was adjusted to a
pH of 7.4 with ortho-phosphoric acid. The separation was carried out at ambient temperature, at a flow-
rate of 1 ml/min. Samples were dissolved in ethanol and 2 ul samples were injected, containing 1 pg of
each isomer. The separation obtained is shown in figure 11.3.



Page 322

40

3“1 Synthetic Racemate 6.679 g 335 A
o A—M

40 J Natural Product 8.119 B
2l VN

D= . .
40) Synthetic Enantiomer A ©.778 C
204

0l | | .- .

Time (minutes)

Figure 11.3
The Separation of the Enantiomers of Epibatidine
Courtesy of J. Liquid Chromatogr. Ref. (2)

Chromatogram (A) is a sample of the synthesized racemic material, (B) is a sample of the natural
product and (C) is asample of the opposite enantiomer of the natural product. Chiral liquid
chromatography iswidely used for this type of investigation providing a fast and accurate means of
enantiomer identification.

Techniquesfor mproving the Detection Sensitivity of the Enantiomers of an Leukotriene Antagonist

Leukotriene D, (LTD,) isformed from the metabolism of arachidonic acid by 5'-lypoxygenase and is
considered to be an important receptor-mediator of human bronchial asthma. As a consequence, specific
leucotriene LTD, receptor antagonists are potential therapeutics for the treatment of asthma. The
compound (R,RS)-b(4(carboxyphenyl)-sulfonyl) -a-methoxy-2-(8-phenyloctyl)benzene propionic acid
(SK&F 107310) is a potent and selective LTD,, antagonist. The compound has two chiral centers and
thus four possible optical isomers. Ho et al. [3] developed a method for separating the two enantiomers,
the structure of which is shown below and also demonstrated that by the simple use of an
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appropriate additive to the mobile phase, the sensitivity of the system could be greatly enhanced.

COOH /@cmn
02 S0,
COOH /\(f.‘t}ﬂH
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The separation was also carried out on a CHIRAL-AGP column, (stationary phase, a,-glycoprotein), 10
cm long, 4 mm |.D. The mobile phase was a mixture of ethanol/20 mM potassium dihydrogen
phosphate buffer (pH 4.6) 40/60 v/v.
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Figure 11.4
The Separation of the Isomers of (R,RS)-b
(4(carboxyphenyl) -sulfonyl) -a -methoxy -2-(8-phenyloctyl)benzene
Propionic Acid
Courtesy of J. Liquid Chromatogr. Ref. (3)



Page 324

The separation obtained on the untreated column is shown in figure 11.4. The upper chromatogram is
obtained on a new, untreated column and the scarcely discernible peak represents 0.002 mg/ml of the
undesirable isomer. The lower chromatogram represents the same mass of enantiomer mixed with 0.53
mg/ml of the other isomer. The column was then pretreated with a mobile phase composed of
ethanol/20 mM potassium dihydrogen phosphate buffer (pH 4.6)/triethylamine : 40/60/0.1 v/viv, a a
flow rate of 0.5 ml/min for about 40 min. and then equilibrated with the original mobile phase. The

results obtained from the pretreated column are shown in figure 11.5.
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Figure 11.5
The Separation of the Isomers of (R,RS)-b

12 14

(4(carboxyphenyl) -sulfonyl)-a -methoxy -2-(8- phenyloctyl)benzene

Propionic Acid
Courtesy of J. Liquid Chromatogr. Ref. (3)

It is seen that the triethylamine has deactivated some high energy interactive sites and allowed the
second isomer to be eluted and monitored. The authors, also found that by using dioctylamine, the
deactivation was further improved, perhaps indicating that the high energy sites were dispersivein

character. Thiswould also indicate that
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the overall retention and the chiral selectivity was, in all probability, dominantly controlled by polar
Interactions.

The Separation of the Enantiomers of Vamicamide Contained in Blood Serum and Urine

Vamicamide is arelatively recent and potent anticholinergic agent and is used as a racemic mixture of
4-dimethylamino- 2-phenyl-2-(2-pyridyl)-valeramide. Preliminary studies on guinea pig ileum appeared
to indicate that the R,R-enantiomer was 80 times greater in anticholinergic activity than the S,S-isomer.
The structure of the two isomers, together with the S,R-isomer which, was used as an internal standard,
are shown below.

@ COONH 3 Q LCOONH,,

(/ o oHy i\ H (H,

CS b N e

CH, \Uﬂj 4 LH3 CH,
R.BE-Vamicanide 8.5-Vamicanide

Q COONH,
\ H  (CH,

C\. \(‘_[-[,2 (! Nf
s I “cu,

CH,

5, R=Vamicanide (Internal Standard)

It follows, that a technique was required for the separation and estimation of both isomers present in
blood serum and urine and a suitable procedure was devel oped by Susuki et al. [4]. The drug
enantiomers were extracted in the following manner. A sample of serum or urine (1 ml) was treated
with 100 ul of the standard solution (S,R-Vamicanide, containing 5 pug per ml for serum, 10 pg per mi
for urine), 100 pl of distilled water and 1 ml of 0.1 M caustic soda. The mixture was then extracted with
5 ml of diethyl ether for 10 min with mechanical
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shaking. The mixture was centrifuged, the organic phase removed and treated with 200 pl of 0.1%
phosphoric acid and shaken. The mixture was again centrifuged and 150 pl of the organic layer
neutralized with 1 M caustic soda (3.5 pl for serum and 4.0 pl for urine) and 100 pl was injected onto
the column. The recovery of the drug by this procedure was shown to be about 80%. The Chiral -AGP
column (a,-acid glycoprotein) was 10 cm long, 4 mm |.D., equipped with a1 cm long, 3 mm I.D. guard
column. The mobile phase was acetonitrile/0.02 M phosphate buffer (pH 6.3) : 1/20 v/v, and used at a
flow rate of 0.9 ml/min. The separation obtained is shown in figure 11.6.
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1-8.5-Vamicamide, 2 = R,BR-Vamicamide and 3 = the Internal Standard

Figure 11.6
The Separation of the R,R and S,S I somers of
4-Dimethylamino-2-Phenyl-2- (2-Pyridyl)-Vaeramide
Courtesy of J. Liquid Chromatogr. Ref. (4)

It is seen that the isomers are well separated; chromatograms (A) and (C) are the blank serum and urine
samples respectively. Chromatograms (B) and (D) are from samples taken 2 hours after the oral
ingestion of 18 mg
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of racemic Vamicamide, from serum and urine samples, respectively. It is clear that the protein phase
separates the enantiomers very efficiently and the overall technique highly practical.

In general, the bonded protein phases, especialy a,-acid glycoprotein, have been extensively used for
the analysis of chiral drugs very successfully. In some circumstances analysis times may be alittle
longer than those obtained with alternative chiral stationary phases.

The Pirkle Stationary Phases

The Pirkle type chiral stationary phases are relatively straightforward to manufacture, are quite stable,
and exhibit good chiral selectivity to a wide range of solute types. These classes of chiral stationary
phase are also popular for the separation of many drug enantiomers and for amino acid analysis. The
majority of the Pirkle phases are bonded to 5 um spherical silica particles and packed into columns
having lengths that range from 5 to 25 cm, using the slurry packing technique that has already been
described. The common covalent linkage to the silicais achieved using aminopropy! silyl reagents and
after linking to the silica, the amino group is reacted with an appropriate carbamate to form a urea bond.
A range of different groups can be bonded in this way, the most common contemporary material being
Whelk-01, synthesized from 4-(3,5-dinitrobenzamido)-tetrahydro-phenanthrene. However, over recent
years a number of different Pirkle type phases have been introduced, such as N-3,5-dinitro-benzoyl -a-
amino-2,2-dimethyl -4-pentenyl phosphonate (known as the a-Burke 2 chiral stationary phase) and are
still available and in general use.

The Separation of the Enantiomers of Some Amino Acids

An example of the separation of two derivatized amino acids on a naphthyl urea Pirkle phase is shown
in figure 11.7. The phase was multiple-bonded to the silica and was contained in a column 10 cm long,
6 mm |.D. The mobile phase was acetonitrile/0.15 M sodium acetate (pH
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5.0) 70/30 v/v and the flow rate 1 ml/min. Each peak represents 250 ng of the original underivatized
enantiomer.
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(A) p-Bromophenylearbamyl Threonine (B) p-Bromophenylearbamy] Phenylalanine

Figure 11.7
The Separation of Derivatized Threonine and Phenylalanine
Courtesy of J. Liquid Chromatogr. Ref. [5]

The separation of the p-bromophenyl derivatives of the enantiomers of a number of amino acids on the
same stationary phase is shown in figure 11.8. One mobile phase component (A) was 50 mM phosphate
buffer (pH 6.0) and the second component (B) pure acetonitrile. The gradient used was isocratic for 12
min 30% (B), then programmed for 12 to 29 min from 30% (B) to 47% (B), then from 29 to 49 min 47
to 67% (B) and finally, from 49 to 57 min, 67 to 93% (B). The flow rate was 1 ml/minute. It is seen that
the chiral selectivity allowed al the enantiomers to be separated and the analysis time was less than 50
min. The solutes were eluted largely by increasing the dispersive character of the mobile phase and thus

the chiral selectivity was probably dominated by polar interactions. The basic character of the mobile
phase, i.e. dispersive,
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polar or ionic usualy accounts for the major contribution to the chiral selectivity, but subtle differences
can play an important part in achieving the actual separation as evinced by the next example.
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1. L-Serine 9, L-Methionine 17.L-Tryptophan
2. D-Serine 10.D-Methionine 18.D-Tryptophan
3. L-Threonine [ 1.L-Leucine and Isoleucine  19.1.-Lysine
4. D-Threonine 12.D-Levcine and Isolencine  20.D-Lysosine
5. L-Alanine 13.L-Tyrosine 21 L-Cystine
6. D-Alanine 14.L-Phenylalanine 22.D-Cystine
7. L-Valine 15.D-Tyrosine
8. D-Valine 16.D-Phenylalanine

Figure 11.8
The Separation of a Series of Amino Acid Derivatives
Courtesy of J. Liquid Chromatogr. Ref. [5]

The Effect of Chain Length of the Mobile Phase Dispersive Solvent Component on Chiral Resolution

The use of predominantly polar interactions, to control retention and chiral selectivity, invokes the use
of dispersive mobile phases having
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either high solvent content or strongly dispersive solvents. Fell and Dyas [6], examined the effect of
chain length of the alcohol used in the mobile phase on the chiral resolution of the enantiomers of
Propanolol. The stationary phase was 3,5-dinitrobenzoyl -a-phenylglycine covalently bonded to
aminopropyl silica particles, 5 um in diameter, contained in a column 10 cm long, 4.6 mm |.D. The
separation of the phenylurea derivatives of the enantiomers of Propanolol using n-dodecane and n-
pentane as the dispersive mobile phase solvents is shown in figure 11.9.

z
1.0 Mobile Phase
= 0.8 n-Dodecane
Eil.tin'_'k__'_'JlL
iﬂ--i- Mghile Phase
=9.2 n-Fentane
- J
U — 8 10 12 14

fime §
ime (minutes)

Figure 11.9
The Effect of Chain Length of Alcohol on the
Resolution of the Propanolol Enantiomers
Courtesy of Royal Society of Chemistry, Ref. [6]

It is seen that the use of the lower molecular weight dispersive solvent, n-pentane gave a better
resolution than that obtained employing n-dodecane. The authors claimed that both the selectivity (as
determined by the magnitude of the separation ratio) was improved as well as the column efficiency as
aresult of using the lower molecular weight solvent n-pentane. However, bearing in mind the apparent
reduction in the separation ratio that occurs when peaks are eluted very close to one another (as
discussed in the early part of chapter 10), it would appear from the results shown in figure 11.9, that if
there was a change in separation ratio for the two enantiomers, then the change was very small indeed.
It seems more likely, that the mgjor part of the improvement in
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resolution arose from the higher column efficiency, which would be a consequence of the higher solute
diffusivity expected from the lower molecular weight hydrocarbon. It should again be emphasized that,
when trying to determine the separation ratio for two closely eluting peaks, each enantiomer should be
chromatographed separately and the separation ratio calculated from the two (k) values. To reduce run-
to-run errors, a standard should be added to the samples containing the individual enantiomers and any
change that may occur due to variable operating conditions can be corrected by using the datafor the
standard.

Stationary Phase Modification to | mprove the Separation of Naproxen Enantiomer

Naproxen, (S)-6-Methoxy-a -methyl-2-naphthal eneacetic acid, is a popular anti-inflammatory, analgesic
and antipyretic drug which is also used in veterinary medicine largely for its anti-inflammatory
properties. Its structureis as follows:

CH,
OH

CH30

Naproxen

Asit is enantiomeric, the resolution of itsisomersis an important analysis for quality control purposes.
Originally, the stationary phase CSP-1, the structure of which is shown below, was synthesized by
Pirkle et al. [7]. It is seen that this material contained along aliphatic chain connecting the structure
with the chiral center to the silicagel surface. An aternative stationary phase, CSP-2 which eliminated
the long aliphatic chain and replaced it with a single methylene group was synthesized by Pirkle and
Welch [9]. This material was found to have significantly greater chiral selectivity than the long chain
material. The rational behind the synthesis was that the shorter chain would favor a different spatial
interaction between the solute and the chiral center. However, it must also be pointed out that removal
of the C9 chain would
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more than double the probability of the solute interacting with that part of the structure containing the

chiral center, which would, without doubt, also increase chiral selectivity.

In addition, the elimination of the long aliphatic chain would also greatly reduce the dispersive

NO;

CHj

Silica Gel
Matrix

interactions of the solute with the stationary phase and thus, relatively augment the polar interactions.

Table 11.1 Relative Chiral Selectivity of the Stationary Phases

Compound
Naproxen
Ibuprofen
Ketoprofen
Flurbiprofen
Pirprofen
Fenoprofen
Cicloprofen

Tioprofenic Acid

k1

3.96
094
4.53
163
253
148
3.03
6.15

CSP1

k2

8.95
1.05
5.03
194
3.49
181
518
6.70

2.26
112
111
119
1.38
122
171
1.09

k1

171
0.19
139
0.37
0.85
0.38
116
2.02

CSP2

k2

5.01
0.28
179
0.59
154
0.61
250
248

293
147
1.29
159
181
161
215
123
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The results obtained for a series of underivatized profens are shown in table 11.1. It is clear that the
significantly reduced retention of Naproxen on the CSP 2 results from the removal of the strong
dispersive interactions that would take place between the solute and the 9 methylene groups. These
dispersive interactions would dilute the differential chiral interactions of the solute with the structure
containing the chiral center and thus, decrease the chiral selectivity. The true explanation probably
involves, to some extent, all these effects. The separation of the enantiomers of Naproxen is shown in

figure 11.10.
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Figure 11.10
The Separation of the Enantiomers
of Naproxen on Stationary Phase
CSP2
Courtesy of the Journal of Liquid
Chromatography (Ref. 8)

The separation was carried out using the CSP-2 stationary phase bonded to silica gel having a particle
size of 5 um. The stationary phase was packed into a column 25 cm long, 4.6 mm |.D. and operated at
ambient temperature. The mobile phase consisted of in n-hexane/2-propanol
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containing 1 g/l of ammonium acetate : 80/20 v/v, and was used at a flow rate of 2 ml/minute.
The Separation of Fullerenes

In the fullerene synthesis, a number of different fullerenes are simultaneously produced. The poor
solubility of the fullerenes, together with their weak interaction with conventional stationary phases,
evoked the development of a specific stationary phase for their resolution. The following structure was
synthesized to facilitate the separation of the fullerenes by liquid chromatography.
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The principal of the interaction depended on the strongly polar groups of the 2,4-dinitro aromatic rings
inducing dipolesin the fullerene structure, thus allowing strong polar interactions between the solute
and the

NO,
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stationary phase. The interaction was augmented by the tripodal arrangement of the nitro aromatic
groups that could provide multipoint interaction with the spherical highly polarizable fullerene
structure. An example of the separation of some fullernes on the tripodal stationary phase is shown in
figure 11.11.
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Figure 11.11
The Separation of Some Fullerenes
Courtesy of RegisInc. [Ref.9]

Although thisis not an enantiomeric separation, the problem is similar as the separation ratios between
the solutes are normally very small due to their chemical similarity. The separation shown in figure
11.11 also demonstrates some interesting effects of the mobile phase. The column
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used was 25 cm long, 1 cm 1.D., packed with silica particles 5 pm in diameter carrying the stationary
phase. The upper separation was developed using a mobile phase comprising toluene/hexane : 40/60
vlv, a aflow rate of 4.5 ml/min. The lower chromatogram was devel oped using a mobile phase
consisting of a methylene chloride/n-hexane : 18/82, v/iv mixture, at aflow rate of 9 ml/min. It isclear
that the mobile phase containing the polarizable solvent eluted the solutes much faster than the mobile
phase containing dispersive solvents only, indicating that polar interactions are dominant in the elution
process. It is also clear that the C_H, B component was eluted more rapidly by the toluene component,
than the methylene chloride component, and thus was the isomer with the greater polarity.

The Céllulose and Amylose Stationary Phases
The most effective cellulose and amylose based chiral stationary phases are those derivatized with the
various substituted tris(3,5-dimethylphenyl carbamates). Okamoto et al. [10], carried out an extensive

study on the effect of the different substituent groups on the chiral selectivity of the stationary phase to
arange of protected amino acid derivatives. An example of one of their separationsis given in figure

11.12.
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Figure 11.12
The Separation of N -Benzyloxycarbonyl Alanine Ethyl Ester
on Cellulose Tris(3,5-Dimethyl phenyl carbamate)
Courtesy of J. Chromatogr. Ref. (10)
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The column was 25 cm long, 4.6 mm |.D., and the eluent was hexane/2-propanol : 90/10 v/v. The
stationary phase was thus operated in the norma mode, so retention and selectivity would be largely
controlled by differential polar interactions. Okamoto et al. reports a large amount of data for a number
of different amino acids, protected and derivatized in a variety of ways. Some selected examples of the
results obtained for alanine derivatives on both arange of cellulose and amylose columns are shown in
Tables 11.2 and 11.3. The data is selected, more from the point of view of discussing the different
properties of the stationary phases, than to provide specific reference retention and selectivity data.

Table 11.2 Capacity Ratios and Separation Ratios of Some Protected Alanine
Derivatives Separated on Cellulose Columns

Ac-Ala-OEt Ac-Ala-OBzI Bz-Ala-OEt
Column k a k a k a
3,5-Dimethyl 1.09 + 112 5562 - 1.04 151 D 134
4-Methyl 1.05 - 125 1.65 - 132 1.26 L 112
4-Ethyl 0.68 - 149 118 - 158 0.66 L 129
H 4.74 - 114 7.69 - 122 201 1.00
4-F 2.08 - 136 311 - 151 2.62 L 149
4-Br 161 - 163 2.58 - 165 274 L 122

Firstly, in assessing data, such as that shown intables 1.1 and 11.2, it isimportant not to try to derive a
rational explanation for the figuresin too great a detail. It is amost certain that a second set of datawill
completely confound the initial speculations, and invoke an entirely different scenario to account for
retention and selectivity. There are, however, some important generalizations that can be educed from
the data. Firstly, it is clear that the benzyl ester of the acetyl alanineisretained on all stationary phases
to agreater extent than either the acetylated or benzoylated alanine ethyl esters. It would appear that a
larger and polarizable ester group, produces a greater overall stationary phase-solute interaction, than a
large polarizable blocking group on the amine fragment. However, it is aso seen that thisincreased
retention is
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not mirrored by strong chiral selectivity, asindicated by the separation ratios. This would indicate that
the ester group does not contribute to the same extent to the relative interactions of the two

enantiomers. It is also seen that the underivatized carbamate results in the greatest retention and thus the
strongest solute-stationary phase interactions. However, the separation ratios for the underivatized
carbamate, with one exception, are the smallest and thus exhibits the poorest chiral selectivity. Hence,
the raison d'étre for the substituted carbamate derivatives. It is also seen that, in general, the 4-ethyl, 4-
fluoro and 4-bromo substituted carbamates give the greatest chiral selectivity. Thus, athough, due to
the nature of the mobile phase, polar interactions must dominate, with respect to the alanine derivatives
examined, the chiral selectivity appearsto arise from significant excess dispersive interactive forces.

Table 11.3 Capacity Ratios and Separation Ratios of Some Protected Alanine
Derivatives Separ ated on Amylose Columns

Ac-Ala-OEt Ac-Ala-OBzI Bz-Ala-OEt
Column k a k a k a
3,5-Dimethyl 073 + 153 233 + 137 164 D 143
4-Methyl 293 - 119 373 - 124 3.26 1
H 3.19 - cal 412 - cal 358 L cal
4-Cl 411 - cal 553 - cal 418 L cal
3,5-Dichloro 227 - 109 457 + 114 356 D cal

The datain table 11.3 indicates that the benzy| ester of the acetyl alanine is also retained to the greatest
extent on amylose as well as cellulose. However, on derivatized amylose, the chiral selectivity isalso
the greatest for this alanine derivative. Thisisin direct contrast to the selectivity exhibited from the
derivatized celluloses. The unsubstituted carbamate and the 4-Cl substituted carbamate give the greatest
retention, indicating strong general polar interactivity, but virtually no chiral selectivity at all. The 3,5-
dimethyl and 4-methyl substituted derivatives of amylose show the best chiral selectivity for the alanine
derivatives
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examined, but in general poorer selectivity than that obtainable from the derivatized celluloses. The
relative merits of the two types of phases for chiral selectivity will vary from one type of solute to
another, and for some solutes the derivatized amyloses have provided better chiral selectivity than the
derivatized celluloses. Unfortunately, the best type of stationary phase for an unknown enantiomeric
separation can only be estimated from the results obtained for similar solute types. The relevance of the
chosen stationary phase must then be confirmed by experiment.

The Separation of Some Chiral Drugs on Different Cellulose Derivatives

Okamato et al. [11] also examined the relative performance of cellulose and amylose derivatives for the
separation of agroup of racemic drugs. At the same time, they demonstrated generally the versatility of
the cellulose based chiral stationary phases for the separation of arange of physiologicaly active
compounds. Examples of such separations are shown in figure 11.13 (A—F).

The enantiomers of Mephenesin are shown separated in figure 11.13 (A) on a stationary phase
consisting of coated cellulose derivatized with tris(3,5-dimethylphenylcarbamate). A mixture of n-
hexane/2-propanol/diethyl-amine : 80/20/0.11 v/v/v was used as the mobile phase. In figure 11.13 (B),
which shows the separation of the enantiomers of Tolperisone, the stationary phase was cellulose
derivatized with tris(3,5-difluoro- phenylcarbamate) and a mixture of n-hexane/2-propanol : 90/10 v/v
was used as the mobile phase.

In both examples, the mobile phase flow rate was 0.5 ml/min. As both mobile phase mixtures were
strongly dispersive in character, the retention and selectivity was dominated largely by polar
interactions. The separation of the Tolperisone was quite adequate, but it would appear that the very
strong polar character of the Mephenesin resulted in some strong adsorption on some active sites on the
stationary phase.
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The Separation of Different Drug Enantiomers
Courtesy of J. Lig. Chromatogr. (Ref. 11)
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This appears to have produced some peak asymmetry with accompanying reduced efficiency and
resolution. The separation of the isomers of Nicardipine on cellulose tris(4-tert -butylphenylcarbamate is
shown in figure 11.13 (C). The mobile phase was n-hexane/2-propanol : 90/10 v/v. It is seen that the
chiral selectivity isvery good, but the retention time was excessive, at 75 minutes. Again, the strong
dispersive nature of the mobile phase indicates that, both retention, and chiral selectivity, was
determined largely by polar interactions between the solutes and the stationary phase.

The same solute, Nicardipine, is shown separated under somewhat different conditionsin figure 11.13
(D). The stationary phase was bis(3,5-dichlorophenylcarbamate and the same mobile phase was
employed as that in the separation in figure 11.13 (C). It is seen that the chiral selectivity is better, but
the retention is also greater extending the separation time to 100 minutes. It is also seen, that the peaks
are significantly asymmetric indicating interaction with high energy sites that are probably on exposed
silicagel.

The separation of the enantiomers of Diktiazem is shown in figure 11.13 (E). The stationary phase was
tris(3,5-dimethylphenyl carbamate and the mobile phase was the same as that used in figure 11.13 (C)
and (D). It is seen that the system exhibits a high selectivity for the two enantiomers, but thereis
significant peak asymmetry, due probably to interaction with high activity polar sites on exposed silica.
The selectivity and retention will be largely due to polar interactions between the solute and the
stationary phase, the solutes being eluted largely by dispersive interactions with the mobile phase.

Finally, figure 11.13 (F) shows the separation of the isomers of Verapamil on cellulose tris(3,5-
difluorophenyl carbamate). In this separation, the mobile phase was n-hexane/2-propanol/diethylamine :
80/20/0.1 v/viv. It is seen that adequate separation is achieved and that the peaks are a little more
symmetrical, probably because the high activity sites on the exposed silica are blocked by the trace of
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diethylamine present in the mobile phase. The basic diethylamine will strongly interact with the acidic
hydroxyl groups of the silica significantly reducing their availability for interaction with the solute. The
use of diethylaminein thisway isacommon and popular method of reducing solute interaction with
exposed silanol groups, when using cellulose and amylose based stationary phases coated on silica.

It isclear that the cellulose and amylose derivatives can be very useful for the separation of drug
enantiomers, and due to the high density of chirally active sites, is particularly useful for preparative
work.

The Separation of the Enantiomers of Propranolol, Metroprolol and Atenalol As Fluorescent
Enhanced Derivatives on Cellulose Tris(3,5-dimethylphenylcarbamate) Coated on Silica Gel

Yang et al. [12] developed a method for separating a number of b-blockers as their fluorescent
derivatives, which were formed by reacting them with an electrophilic fluorogenic reagent, 4-(N-
chloroformethyl -N-methylamino-7-N-N-dimethylaminosulfonyl -2, 1, 2-benzoxydiazole (DBD -COCl).

These derivatives show intense fluorescence at long excitation wavelengths (450, and 560., nm) and
thus significantly reduce the level of detection. It was found that Propranolol, Metoprolol and Atenolol
reacted directly with reagent forming 1:1 adducts by reaction with the secondary amino group of the b-
blockers. The DBD-COCI reagent reacted readily with the drugs under mild conditions, with no
catalyst, and the reaction was complete in about 5 min. The initial separation was carried out on a
TSKgd ODS-80T column, 15 cm long, 4.6 mm I.D., packed with 5 mm particles. A different gradient
was employed for each derivative. A gradient was used to develop the separation that commenced at
50% aqueous solution of acetonitrile and increased to 80% acetonitrile over 40 min. for Propanolal,
from 40% to 48% over 15 min and the increasing to 100% at 30 min for Metroprolol and from 33% to
42% in 10 min and then to 100% at 60 min. for
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Atenolol. The separations obtained are shown in figure 11.15. Peak 2 represents the DBD derivative of
each drug, peak 1 DBD-COOH and peak x was ascribed to the anhydride produced by the reaction of
DBD-COCI with DBD-COOH. The drug derivatives were collected and then subjected to separation on
achiral column.
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Figure 11.14
The Separation of Derivatized Propranolol (Pro) Metroprolol (Met) and
Atenolol (Ate)
Courtesy of the Royal Society of Chemistry, Ref. [12]

The use of CHIRACEL OD-R (acellulose carbamate) and CHIRACEL OJ-R (acellulose ester) were
used to separate the individual enantiomers. It was found that the enantiomers of the DBD-Pro were
well separated on the CHIRACEL OD-R column. However, the DBD-Met enantiomers could not be
separated on the CHIRACEL OD-R column but were well separated on the CHIRACEL OJ-R column
as were the DBD-Ate isomers. The separation of the DBD-Met and DBD-Ate isomers are shown in
figure 11.15 (chromatogram A, DBD-Met and chromatogram B, DBD-Ate). Each enantiomeric pair
represents 50 pmol of the original drug. The separation was carried out on the CHIRACEL OJR

column (15 cm long, 4.6 mm |.D., packed with particles 5 m in diameter coated
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with the cellulose ester. The mobile phase used for the separation of DBD-Met was
methanol/acetonitrile : 90/10 v/v, at aflow rate of 0.5 ml/min, the separation ratio was 1.33. The mobile
phase used for the separation of DBD-Ate was methanol, also at aflow rate of 0.5 ml/min, the

separation ratio being 1.53.
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Courtesy of the Royal society of Chemistry, Ref. [12]

The excitation wavelength was 450 nm and the emission wavelength was 560 nm. The fluorescent
derivatives were found to be stable at 4°C for over 1 week. The detection limits at a signal -to-noise
ratio of 3 were 50 fmoal for both (S)- and (R)-Propanolol, 12 and 17 fmol for (S)- and (R)- Metroprolol
respectively and 15 and 20 fm for (S)- and (R)-Atenolol respectively.

The Separation of the Enantiomers of Two Anticonvulsants

Ethotoin, (3-ethyl-5-phenyl-2,4-imidazolidinedione) is an anticonvulsant that is freely solublein

alcohol, ether, benzene and in dilute solutions of
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akali hydroxides but only sparingly soluble in cold water, athough dlightly more soluble in hot water.
It is commonly used therapeutically as an anticonvulsant. The structure of Ethotoin is asfollows.

0

NH N-C,Hs

Another anticonvulsant of somewhat similar structure is Methsuximide, 1,3-dimethyl-3-phenyl-2,5-
pyrrol -indinedione, a substance freely soluble in alcohol, the enantiomers of which have also been
separated on a cellulose based chiral stationary phase. The structure of Methsuximide is as follows.

The enantiomers of both anticonvul sants were separated on a CHIRAL OJ column which contained a

cellulose ester coated on silicagel particles5 mm in diameter. The separation was carried out at ambient
temperature at aflow rate of 1 ml/min. The separations obtained are shown in figure 11.16. The
ethotoin enantiomers were separated using a n-hexane/2-
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propanol mixture 9/1 v/v, as the mobile phase. The methsuximide enantiomers were separated using
ethanol as the mobile phase.

26 min.

Ethotoin

8.3 min.

Methsuximide

15.1 min.

Figure 11.16
The Separation of the Enantiomers of the
Anticonvulsants Ethotoin and Methsuximide
Courtesy of CHIRAL Technologies Inc.

It is seen that the enantiomer pairs were well separated and as the solvents were largely dispersivein
character, it would appear that the
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chiral selectivity arose largely from differential polar interactions between the solutes and the stationary
phase.

The Macrocyclic Glycopeptides Stationary Phases

There are two popular macrocyclic glycopeptides in common use, the first utilizes Vancomycin bonded
to silicaand the second Teicoplanin. A third, Avoparcinislikely to become available in the near future.
Vancomycin has 18 chiral centers, and three shallow molecular cavities, and so some inclusion can aso
take place, augmenting the entropy contribution to retention and selectivity. There are many dipoles on
the molecule covering awide range of polar intensities, providing a span of polar interactions. There are
also polarizable groups that can provide induced dipole interactions and a range of dispersive groups to
provide dispersive (hydrophobic) interactions. It has pK values of 2.9, 7.2, 8.6, 9.6, 10.4 and 11.7.
Teicoplanin has 20 chiral centers and 4 fused rings and, like Vancomycin, has a complex structure that
provides arange of polar, dispersive and potential ion interactive sites. These types of stationary phase
are very stable, can be used in the polar or reversed phase mode, and have been shown to have awide
field of application.

The Separation of the Enantiomers of Three Racemic Substituted Pyridones on Different
Macrocyclic Glycopeptide Stationary Phases

This example, described by Chen et al. [13] demonstrates the complementary use of the two
macrocyclic chiral stationary phases to separate a range of difficult chiral separations. It will be seen
that where one type of chiral stationary phase fails to achieve a separation, the other can often succeed.
Vancomycin and Teicoplanin were prepared in the manner described by Armstrong [14], and bonded to
silicagd particles5 mm in diameter and packed into columns 25 cm long and 4.6 mm 1.D. The results
that were obtained are shown in figure 11.17. All three racemates were developed under identical
conditions. The mobile phase was methanol/1% triethylammonium acetate buffer, pH 4.1 : 1/90 v/v,
used at aflow rate of 1 ml/minute.
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Figure 11.17
The Separation of Three Racemic Substituted
Pyridones on Two Macrocyclic Chiral Stationary
Phases
Courtesy of J. Lig. Chromatography Ref. [13]

It is seen that all three of the enantiomeric pairs could be separated either on the Vancomycin or the
Teicoplanin. However, the retention times of the different solutes varied widely from about 5 min to
over 16 min. It is clear that although one single macrocyclic antibiotic will not separate
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all optical isomers, two or more of these stationary phases will significantly increase the probability of
success.

Examples of the Use of Vancomycin in Both the Normal Phase and Reversed Phase Modes for the
Separation of the Enantiomers of Five Biologically Active Substances

The dual development technique was demonstrated by Armstrong et al. [14], on a column which was 25
cm long, 4.6 mm 1.D., and packed with 5 mm silicagel particles on which the Vancomycin was
attached. In the reversed phase mode, the mobile phase consisted of acetonitrile/1% triethylammonium
acetate, pH 7.0 : 10/90 v/v. In the normal phase mode, the mobile phase consisted of a 2-propanol/n-
hexane : 50/50 v/v. In both modes, the separation was carried out at room temperature (22°C), and at a
flow rate of 1 ml/minute.

Two racemic mixtures were used; one mixture contained Bromacil, Devrinol and Coumachlor, which
were separated by reversed phase development and the other, N-(3,5-dinitrobenzoyl)-a-
methylbenzylamine and 3-[2-(2-bromoacetamido) -acetamido] - proxyl, which was separated by normal
phase development. Bromacil, 5-bromo-6-methyl-3-(1-methyl-propyl)uracil and Devrinol, 2-(a-
naphthoxy)-N,N-diethylpropionamide are herbicides. Coumachlor is arodenticide, similar to Warfarin,
which produces delayed action on the prothrombin level and blood clotting, which results in death by
hemorrhage. Its chemical name is 3-[1-(4-chlorophenyl)-3-oxybutyl] -4-hydroxy-2H- 1-benzopyran-2-
one and is used extensively in pest control. The structures of Bromacil, Devrinol and Coumachlor are
included in figure 11.18A. Similarly, structures of N-(3,5-dinitrobenzoyl)-a-methylbenzylamine and 3-
[2- (2-bromoacetamido)-acetomido] - proxyl are included in figure 11.18B. The separations obtained are
shown in figure 11.19. Figure 11.18A shows the separation developed under reversed phase conditions,
and figure 11.18B shows the separation developed under normal phase conditions. It should be recalled
that under reversed phase development, the solutes are retained largely by dispersive interactions
between the solute and the stationary
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phase. In normal phase development, solutes are retained largely by polar forces between the solutes
and the stationary phase.
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Figure 11.18
The Separation of Some Physiologically Active Substances on
Vancomycin using Normal Phase and Reversed Phase Mode of
Development
Courtesy of Anal. Chem [Ref. 14]

It is seen that the Vancomycin can be used equally effectively in either devel opment mode, the
separation in both modes are clean, and the peaks well shaped allowing easy, quantitative assessment.
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The macrocyclic glycopeptide Teicoplanin has been used very successfully by Irv Wainer and his group
at Georgetown University, to monitor the enantiomers of Albuterol in blood plasma. Albuterol
(supplied under the names of Proventil and Ventolin) is used to dilate breathing passages and make
breathing easier. It is often used to prevent bronchospasm in certain cases of lung diseases.
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Figure 11.19
The Separation of the Enantiomers of
Albuterol in Extract of Spiked Blood
Plasma
Courtesy of Karen Fried Georgetown
University

Albuterol isinhaled into the lungs (2 to 30 mg) employing a nebulizer, typicaly, several times aday.
The Albuterol was extracted from the plasma and then separated on a Chirobotic T column. The column
was 25 cm long, 4.6 mm |.D., and packed with 5 mm particles carrying the stationary phase. The

mobile phase consisted of a mixture of
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methanol/acetonitrile/glacial acetic acid/diethylamine, 50/50/0.3/0.2 : v/v/v. The separation was carried
out at room temperature at a flow rate of 1 ml/min. The separation obtained is shown in figure 11.19,

(A) and (B) display chromatograms of the two enantiomers, the plasma containing 25 ng/ml of

Albuterol and (B) is plasma blank.

The analysis of human blood plasma after treatment with the drug, is shown in figure 11.20.
Chromatogram (A) is from an extracted human plasma, spiked with 4.0 ng/ml of Albuterol.
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Figure 11.20
The Separation of the Enantiomers of
Albuterol in Human Blood Plasma Extract
after Treatment
Courtesy of Karen Fried Georgetown
University

Chromatogram (B) is from the predose plasma sample, and chromatogram (C) from a plasma sample

taken 45 min after receiving 2.5 mg of racemic Albuterol by a nebulizer.
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The presence of the two enantiomersis clearly detected and can be quantitatively assayed. The
analytical procedure was also used for the assay of the drug in dog plasma and the results obtained are

shown in figure 11.21.
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Figure 11.21
The Separation of the Enantiomers of
Albuterol in Canine Blood Plasma Extract
after Treatment
Courtesy of Karen Fried Georgetown
University

Chromatogram (A) isfrom 1 ml of canine plasma, spiked with 2.5 ng/ml of racemic Albuterol.
Chromatogram (B) is from a predose plasma sample from the dog, and chromatogram (C) isfrom 0.5
ml of dog plasmataken 5 min after the administration of 0.02 mg/kg (R)-(-) Albuterol. It is seen that an
excellent recovery is achieved and the
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individual enantiomer unambiguously identified with more than adequate sensitivity.

The Separation of the Enantiomers of | buprofen on Vancomycin

Ibuprofen, (a-methyl-4-(2-methylpropyl)benzene-acetic acid), isawell known proprietary non-
steroidal anti-inflammatory drug used to reduce pain, fever and inflammation, particularly in arthritis.

The drug exists as two enantiomers and has been successfully separated by liquid chromatography
using Chirobiotic V (Vancomycin).
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Figure 11.22
The Separation of the Enantiomers of Ibuprofen on Vancomycin
Courtesy of Dr. Reinhard Kupferschmidt, Gebro Broschek
GmbH Pharmezeutische

The separation is shown in figure 11.22. The column was 15 cm long, 4.6 mm |.D., and operated at
room temperature at aflow rate of 0.75 ml/minute. The mobile phase consisted of tetrahydrofuran/50
mM
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ammonium phosphate (adjusted to a pH 7.0 with 25% ammonium hydroxide which had been filtered
through 0.45 mm filter) : 10/90 v/v. The resolution and sensitivity of the procedure emphasizes the value
of thistype of stationary phase for drug analysis and also possibly for forensic purposes.

The Separation of the | somers of Citalopram

Citalopram, also known as Nitalapram, is 1-[ 3-(dimethylamino)propyl]-1-(4-fluorophenyl)-1,3-dihydro-
5-isobenzofurancarbonitrile and exists in enantiomeric form. The structure of Citalopram is as follows.

'Hy CH; CH, N(CHjy )5

The drug acts as a serotonin uptake inhibitor and is therapeutically categorized as an effective
antidepressant. Citalopram is often used in cases of acute depression. It is usually employed as the
hydrobromide which is crystallized from isopropanol.

It isusualy monitored in blood or urine samples, using a chiral LC technique. It is necessary to resolve,
and determine the enantiomers of the free Citalopram (CIT), its dimethylated metabolites (DCIT) and
its didimethylmetabolites (DDCIT). A Chirobiotic V column (Vancomycin bonded to silica) was used
for this purpose which was 25 cm long, 4.6 mm |.D., and packed with 5 mm particles.

The results obtained are shown in figure 11.23. Chromatogram (A) isfrom a 1 ml sample of mobile
phase spiked with 100 ng racemic (CIT), 50 ng of racemic (DCIT) and 40 ng of racemic (DDCIT). Itis
seen that al the enantiomers are separated. Chromatogram (B) isfrom a1 ml sample of serum taken
from a patient routinely treated with 50 mg/day of (CCIT).
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The Separation of the Enantiomers of Citalopram on aVancomycin Stationary
Phase
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The measured concentrations were 51.6 ng/ml R(-)-CIT, 17.5 ng/ml S(+)-CIT, 26.9 ng/ml R(-)-DCIT,
18.9 ng/ml S(+)-DCIT, 9.5 ng/ml R(-)-DDCIT and S(+)-DDCIT was below the limit for quantitative
analysis. The chromatograms displayed in figure 11.23 are quite remarkable in that they display the

separation of 6 enantiomersin asingle anaysis.
The Separation of the | somers of 2- and 3-Bromo Phenylalanine

The isomeric bromophenylalanines were separated as their FMOC derivatives by reacting them with 9-
fluorinylmethyl-chloroformate.
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Figure 11.24
The Separation of the Enantiomers of 2 -Bromophenylaanine and
3-Bromophenylalanine
Courtesy of Chirotech Technology Ltd.
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The separation was carried out on a CHIROBOTIC T column, 25 cm long, 4.6 mm |.D., packed with 5
pm particles. The mobile phase was programmed from methanol/1% triethylamine acetate (pH 4.5) :
40/60 v/v to methanol/1% triethylamine acetate (pH 4.5) : 60/40 v/v over 20 min. The flow rate was 1.0
ml/min and the sample solvent acetone. It is seen that the selectivity of the stationary phase was
extremely high, the two enantiomers being very well separated. It is also interesting to note, that the
'pure’ (S) enantiomer did, indeed, contain a significant amount of the (R) enantiomer. Thistype of high
selectivity is often achieved with these type of stationary phases.

The Cyclodextrin Based Stationary Phases

The cyclodextrin based chiral stationary phases are some of the more popular materials used for
contemporary chiral separations. One of their distinct advantages liesin their unrestricted and
successful use with all types of solvent. In particular, they can be used very effectively in the reversed
phase mode (a method of development that is not possible with some other chiral stationary phases)
and, aswell as being usable in anormal phase. They can also be used in the so-called polar organic
mode, where the polar constituents of the mobile phase can be anhydrous diethylamine or glacial acetic
acid, but in the complete absence of water. The cyclodextrins and their derivatives are widely used for
all types of chiral separations, they have a good sample capacity, and can often be used for preparative
separations. Cyclodextrin-based phases are readily available, usually covalently bonded to spherical
silicage particles 5 um in diameter. There are numerous examples of the use of cyclodextrinsin chiral
separations and the following are some applications that illustrate their general use.

The Use of a Cyclodextrin Based Chiral Stationary Phase to Separate Blocking Agentsin
Conjunction with Optically Active Fluorescent Edman-Type Reagents to Enhance Detection

Toyo'okaand Liu [15] used the optically active Edman type fluorescent reagents, 4-(3-
isothiocyanatepyrrolidin-1-yl)-7-nitro-2,1,3-benzoxadiaz-



Page 359

ole[(r)-(-) and (S)-(+)-NBD-PyNCS] and 4-(3-(3-isothiocyanatepyrrolidin-1-yl)-7-(N,N-
dimethylaminosulfonyl)-2,1,3-benzoxydiazole [(R)-(-)- and (S)-(+)-DBD-PyNCS] to produce
diastereomers that could be separated on a simple reversed phase column and, at the same time, provide
enhanced sensitivity. The reagents reacted quantitatively with primary and secondary amino functional
groups, under mild conditions (55°C for 10 min.), in the presence of triethylamine, to produce the
corresponding fluorescent thiourea derivatives. The purity of the reagents were ascertained by
separation on a cyclodextrin column and the results are shown in figure 11.25.
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Figure 11.25
The Separation of Enantiomeric Pairs of
NBD-PyNCS and DBD-PyNCS on Utron
ES-PhCD, a Cyclodextrin Based Stationary Phase
Courtesy of Royal Society of Chemistry, [Ref. 15]
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The separation was carried out on a derivatized cyclodextrin column (ES-PhCD) 15 cm long and 6 mm
[.D., packed with 5 um particles. Chromatogram A shows the elution of the (R)-(-)-NBD-PyNCS
isomer, B, the elution of the (R)-(+)-NBD-PyNCS isomer and C, the separation of the racemic mixture.
The mobile phase consisted of a mixture of acetonitrile/methanol/water : 3/3/4 viv/v. Chromatogram D
shows the elution of the (R)-(-)-DBD-PyNCS isomer, E, the elution of the (R)-(+)-DBD-PyNCS isomer
and F, the separation of the racemic mixture. In this case, the mobile phase consisted of a mixture of
acetonitrile/water : 8/2 v/v. It is seen that the cyclodextrin based stationary phase elegantly resolves
both pairs of enantiomers. The separation of the diastereomers formed by reacting the reagents with
some chiral drugsis shown in figure 11.26.
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Figure 11.26
The Separation of the Diastereomers of
Propanolol and Alprenolol on a Reversed
Phase Column
Courtesy of Royal Society of Chemistry,
[Ref. 15]
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The column was the Intersil ODS 80A, 15 cm long, 4.6 mm |.D., packed with 5 pm particles. The
largest peak in the chromatogram was the reagent itself. Peak 1 was (R)-(+)-Propanolol, peak 2 was (S)-
(-)-Propanolol, peak 3 (R)-(+)-Alprenolol and peak 4 (S)-(-)-Alprenolol. Each peak, except that of the
reagent, represents 25 ng of the original drug.

Determination of Enantiomersin Blood Serum by Direct | njection

In order to carry out in vivo pharmacological profiling of enantiomeric drugs, the direct analysis of
biological fluidsis highly desirable to reduce sample preparation time, and the chance of enantiomeric
change. Unfortunately, many chiral stationary phases, such as the Pirkle types phases and the
derivatized cellul ose phases, demand the use of mobile phases that are incompatible with the biological
fluids. Haginaka and Wakai [16] suggested that the silica should first be reacted with (3
glycidoxypropyl)trimethoxysilane, to cover a significant part of the silica surface with 'spacers, and
then the remaining silanol groups reacted with cyclodextrin-carbamoylated triethoxysilane to attach the
chiral agent.
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Figure 11.27
The Separation of the Hexobarbital Enantiomers
Contained in Blood Serum by Direct Injection on a
Cyclobond Phase
Courtesy of J. Lig. Chromatogr. [Ref. 17]
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Subsequent treatment, would convert the epoxy group to diols that would insulate the analytes from the
silica surface. Stalcup and Williams [17] analyzed a series of these type of materials and found that
there was about 10 times as much spacer on the surface (ca. 2 umol/mg?) as there was derivatized
cyclodextrin (ca. 0.2 pmol/mg).

Thistype of chiral stationary, however, proved to be very effective. The separation of the enantiomers
of hexabarbital on this stationary phase by the direct injection of blood serum is shown in figure 11.27.
Chromatogram A was obtained after 20 injections of serum and chromatogram B after 60 consecutive
injections of blood serum. It is seen that here is very little column deterioration and that, although the
tail of the major peak has become alittle extended after 60 injections, the column could still be used
very effectively for the analysis (it should be noted, that it is essential to employ titanium fritsin the
column, to prevent protein precipitation, which could occur on stainless stedl frits).

The Use of 2-Quinoxal Chloride for Precolumn Derivatization in the Separation of Hydroxy
Carboxylic Acids Enantiomers

A number of hydroxy carboxylic acids have been shown to exhibit significant biological activity and
thus, they are frequently assayed in biological fluid for diagnostic purposes. The majority of the
hydroxy carboxylic acids that have diagnostic use, exist in enantiomeric form, and it has been found
that their enantiomeric ratio can provide some detailed information regarding the biological processes
involved. Unfortunately, the hydroxy acids are somewhat difficult to detect in sufficiently low
concentrations for general diagnostic use. Consequently, Brightwell et al. [18], used the fluorescing
reagent, 2-quinoxal chloride to enhance detector sensitivity, and a derivatized b-cyclodextrin to achieve
the separation of the isomers.

A sample of the acid was reacted at room temperature for 30 min with the same weight of the 2-
qguinoxal chloridein a2 ml flask containing 1 ml of acetonitrile and 1 drop of triethylamine. In the case
of acid-insolubility, small quantities of water were added until solubility was
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achieved. The reaction mixture was diluted appropriately and 5 p1 injected onto the column. The
stationary phase was CY CLOBOND 1 2000SN, a b-Cyclodextrin derivatized with
naphthylethylcarbamate. The column was 25 cm long, 4.6 mm |.D., and operated at room temperature.
The mobile phase used for development consisted of a mixture of acetonitrile/triethylamine/acetic acid :
1000/5/2.5 viviv at aflow rate of 1 ml/min.

The separation of the enantiomers of lactic acid, caprilic acid, palmitic acid and hydroxyhexacosanoic
acid are shown in figure 11.28.
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The Separation of Hydroxy
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Courtesy of the J. Lig. Chromatogr.
[Ref. 18]
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It is seen that the retention and the chiral selectivity decreases as the solute becomes less polar and more
dispersive in interactive character. Thisindicates that both the retention and chiral selectivity islargely
dependent on polar interactions between solute and stationary phase. This technique was applied to the
evaluation of some samples of (-)- and (+)-hexahydromandelic acid, are the results are shown in figure

11.29.
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Figure 11.29
The Analysis of Some Commercial Samples
of Hexahydromandelic Acid
Courtesy of the J. Lig. Chromatogr. [Ref. 18]

It is seen that the peaks are symmetrical, there is excellent chiral selectivity, and there is more than
adequate sensitivity for the accurate quantitative assay of the enantiomeric purity. In the analysis of
lactic acid, the D-enantiomer could be detected at alevel of 0.1 % w/w.

The Separation of the Chlorophenols on a b-Cyclodextrin Bonded Phase

Chlorophenols and their salts are manufactured throughout the world for use as fungicides, wood
preservatives, antiseptics, bactericides and disinfectants. As a consequence of their extensive use,
considerable amounts of chlorophenols are discharged in industrial effluents, into the
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water system. Chlorophenols are not easily degradable and tend to persist in the environment, and as
they are highly toxic, they can induce considerable health problems if not carefully controlled. In view
of the importance of the chlorophenol assay, Paleologou et al. [19] developed an liquid chromatography
procedure employing a b-cyclodextrin bonded phase to selectively retain the chlorophenols for their
guantitative analysis. Although this analysis does not involve the separation of enantiomers, it does
involve the separation of molecules of similar composition, but with different spatial structure
(positional isomers). It was thought that the inclusion properties of the cyclodextrins would provide the
necessary structural selectivity.
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No. Substance No. Substance

1 2-Chlorophenol 11 2,3,6-Trichlorophenol

2 3-Chlorophenol 12 2,34 Trichlorophenol

3 4-Chlorophenol 13 2.3.5-Trichlorophenol

4 2.6-Dichlorophenal 14 3,45 Trichlorophenaol

3 3.5-Dichlorophenol 15  2,4,5-Trichlorophenol

6 2.4-Dichlorophenol 16 2,345 Terrachlorophenol
7 2,5-Dichlorophenol 17 2,3,5,6-Tetrachlorophenol
8 2,3-Dichlorophenol 18 2,3,4,6-Tetrachlorophenol
9 3,4-Dichlorophencl 19 Pentachlorophenol

10 2.4,6-Trichlorophenol

Figure 11.30
The Separation of Monoaromatic Chlorophenols
Courtesy of the J. Chrom Sci. [Ref. 19]
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In addition, as aresult of the dimensions of the cyclodextrin cavity, it would also exclude substances
that might possibly interfere with the analysis, and cause the chlorinated compounds to be eluted early
in the chromatogram. The column wasa CY CLOBOND 1, 25 cm long, 4.6 mm |.D., packed with 5 um
particles of derivatized silicagel. It was found that gradient elution was necessary to separate the
maximum number of the chlorophenolsin areasonable time. The separation obtained is shown in figure
11.30. The separation was carried out at 50°C. and the gradient used was linear commencing with a
solvent mixture comprising methanol/water : 27/73 v/v, the water containing 0.01 M triethylammonium
acetate, buffered at pH 4.0. The methanol concentration was increased at 1% per min. until all the
solutes were eluted. Under optimum conditions, however, it was found that only 15 of the 19
chlorophenols could be resolved and quantitatively assayed.

The Separation of Major Soybean Phospholipids on b-Cyclodextrin Bonded Silica

In plants that are used to provide oils, genetic engineering has yielded a number of interesting
modifications that has improved both the quality and quantity of the oil produced. Phospholipids are
important substances that occur in animal and plant cell membranes and are carried though into the oil.
An accurate assay for such materials, and the distribution of the different speciesin modified oils, can
indicate the quality and stability of the oil. There have been numerous analytical procedures developed
for the analysis of phospholipids. However, with the advent of the derivatized cyclodextrin columns,
Abidi et al. [20] developed a new method for assaying phospholipids in soya bean oil, using a normal
phase devel opment technique and a derivatized b-cyclodextrin as the stationary phase. It was found
necessary to carry out a preliminary separation on silicagel, using a 10 min linear gradient from
chloroform/t-butyl methyl ether : 75/15 v/v to methanol/chlorof orm/ammonium hydroxide : 92/1/7
v/viv. The phospholipids were collected as a group for subsequent separation on the cyclodextrin
column. A flow rate of 0.5 ml/min was employed.
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The Separation of the Phospholipids from
Genetically Modified SoyaBean Qils
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The collected sample was then separated on a derivatized b-cyclodextrin column 25 cm long, 4.6 mm
I.D., and packed with particles 5 um in diameter. The separation that was obtained is shown in figure
11.31. The sample 0.5 to 1.0 ul in volume and containing about 3 mg/ml, were injected onto the
column. The mobile phase used was n-hexane/isopropanol/ethanol/water 5 mM tetramethylammonium
phosphate, pH 6.3) : 35/32/726.8/5.5 v/viviv, which was replaced gradually with
methanol/chloroform/ammonium hydroxide 92/1/7 viviv, over aperiod of 10 min. Chromatograms A,
B, C and D are from different genetically modified soya bean oils, and Chromatogram E is from an
unmodified soya bean oil. This example shows the use of the unique character of the cyclodextrin phase
for separating materials that are neither chiral, or of such a size that inclusion plays a significant part in
the retention mechanism.

The Separation of Porphyrins on an gCyclodextrin Stationary Phase

In the biosynthesis of heme, the polycarboxylated porphyrins are essential intermediate metabolites.

The Basic Porphyrin Structure The Heme Structure
CH 4 CH=CH,
S 3
3 — 1 CHy=C n-—a’_l}l T O,

o YN N -“—u;\

xa\ f ",';_\

F—N  NH cHy A />_ CH,

LW L 12 ([

e, .-'.-"'M""' B . )

lsﬁ‘“""ﬁ R & "H,COOH CH,COOH

Under certain pathological conditions, heme occurs free in tissues and it also occurs in normal tissues as
the prosthetic group of a number of hemoproteins, such as hemoglobin, myoglobins, peroxidases,
catalases and cytochrome c. It is that part of hemoglobin that givesit its color.
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The excessive production of porphyrins and their excretion in biological fluids indicates that the heme
synthetic pathway is disturbed. The basic porphyrin structure and the structure of heme is given above.
A disturbance in the heme biosynthetic pathway can be of genetic origin or result from exposure to
toxic chemicals. Therelative levels of porphyrinsin urine, stool or blood is necessary to diagnose,
among other health disturbances, lead poisoning and iron deficiency anemia. There are five porphyrins
found in normal urine that may contain four to eight carboxylic acid groups, e.g. copro-, pentacarboxyl -

, hexacarboxyl -, heptacarboxyl- and uroporphyrin. The structure of these porphyrins are given in the
following table.

Table 11.4 Porphyrin Structures
Side Chain Substitution

Porphyrins 2 3 7 8 12 13 17 18
Unoporphyrin A P A P A P A P
Heptacarboxylporphyrin 1 M P A P A P A P
Hexacarboxylporphyrin 1 (cis) M P M P A P A P
Hexacarboxylporphyrin 1(trans) M P A P M P A P
Pentacarboxyporphyrin 1 M P M P M P A P
Coproporphyrin M P M P M P M P

where A = -CH, COOH, P =-CH, CH, COOH, M =-CH,.

Although native and derivatized cyclodextrins are normally used for separating enantiomers, they are
also extremely effective for separating positional or structural isomers and other types of complex
molecular configurations. In fact, many separations of spatial isomers are virtually impossible to resolve
on conventional LC columns. Numerous separations involve inclusion in the cyclodextrin cavity, but
thisis not possible if the solute molecules are too large. However, recent studies suggest that the larger
molecules may sit on the top of the cavity like alid, without forming conventional inclusion complexes
[22]. As a consequence, Wu and Stalcup [21], explored the use of the g-cyclodextrins with the larger
cavity for the separation of porphyrins by liquid chromatography with aview to developing a diagnostic
test.
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The column used was a CY CLOBOND 11 (g-cyclodextrin), 25 cm long, 4.6 mm |.D., and packed with
particles 5 um in diameter. The separation was carried out at 18°C using a mobile phase consisting of a
mixture of acetonitrile/buffer (140 mM phosphate, pH 6.9) : 25/75 v/v at aflow rate of 0.8 ml/min. An
example of the separation obtained is shown in figure 11.32.

6

‘ \

Time {(minutes)

Uroporphyrin
Heptacarboxvlporphyrin
Hexacarboxylporphyrin(17)
Hexacarboxylporphyrin{2?)
Pentacarboxylporphynin
Coproporphyrin

O LA e L D —

Figure 11.32
The Separation of Some Polycarboxylated Porphyrins
Courtesy of J. Lig. Chromatogr. (Ref. 22)

For diagnostic purposes, the determination of the porphyrin must be carried out on biological samples,
such as blood serum and urine. Furthermore, ideally the actual fluid itself needs to be injected, to avoid
the labor and time involved in extraction and sample preparation. As aresult of the high water content

of the mobile phase used with the g-cyclodextrin in the separation of the porphyrins, it would be
compatible
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with agueous biological samples. An example of the separation of some porphyrins, spiked into a
sample of blood serum, and then separated on the g cyclodextrin column, using the conditions described
for figure 11.32 is shown in figure 11.33.
Protein

[lrnpﬂrph\-rin

Coproporphyrin

Unknown

EE — 4 = i
0 10 20 30
Time (minutes)

Figure 11.33
Chromatogram of a Serum Sample Spiked with
Uroporphyrin and Coproporphyrin
Courtesy of J. Lig. Chromatogr. (Ref. 22)

It is seen that a good separation is obtained and the method could easily be used quantitatively for
diagnostic purposes.

Synopsis

All five mgjor chiral stationary phases have a very wide range of applications. Nevertheless, the
selectivity that they achieve is sometimes limited and the separation ratios of the enantiomers small. As
a consequence, relatively high efficiencies are usually necessary to achieve the desired resolution.
Examples of the use of the popular protein stationary phases are the separation of the Verapamil
isomers, and the epibatidine and vamicamide enantiomers. These chiral stationary phases have also
been used to separate optical isomers of aleukotriene antagonist. The Pirkle chiral stationary phases are
also very well-liked as



Page 372

they are easy to manufacture, are stable, and exhibit good chiral selectivity. Examples of their use that
are discussed include the separation of the isomers of the derivatized amino acids and Naproxen and
other Profen enantiomers. The effect of the chain length of the solvents used in the mobile phase are
also demonstrated and it is shown that these stationary phases also separate other types of spatial
iIsomers such as the fullerenes. Examples of the use of the cellulose and amylose stationary phases
include the protected amino acids, severa chiral drugsincluding Nicardipine, Diktiazem, Verapamil,
Propanolol, Metroprolol and Atenolol and some anticonvulsants. Examples of the use of the more
recent chiral stationary phases, the macrocyclic glycopeptides, are the three racemic substituted
pyridones, a number of biologically active substances and Albuterol in blood plasma. The cyclodextrin
based chiral stationary phases have the great advantage of being amenable to awide range of solvents
and thus can be easily used in the reverse phase or normal phase mode. Example of their use include
some adrenergic blocking agents Propanolol, Alprenolol and the hexabarbital enantiomers. 2-Quinoxal
chloride has been used as a fluorescence reagent for precolumn derivatization in the separation of
hydroxy carboxylic acids enantiomers to improve the sensitivity. A number of spatial isomers have also
been found to be well separated on the cyclodextrin bonded phases such as the chlorophenols and the
porphorins and some soya bean phospholipids.
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Chapter 12—
Preparative Chiral Chromatography

Preparative chromatography is a complex subject and its comprehensive treatment would warrant a
book to itself. However, preparative separations by chiral chromatography are becoming increasingly
important. Consequently, a book on chiral chromatography must address the subject in a manner that
will at least help the reader understand the basic problems associated with preparative separations, and
to give some guidance as to how to isolate significant quantities of enantiomeric material.

The term preparative chromatography has a variety of meanings that depend somewhat on the
complexity of the separation problem, and the type of application. To the biochemist, preparative
chromatography may mean the isolation of afew milligrams of a substance for subsequent structure
elucidation. To the organic chemist, preparative chromatography will often mean the isolation of 5-50 g
of apure intermediate for subsequent synthetic work. In preparative chiral chromatography, there are
some special difficulties, or combination of difficulties and, in addition, some interesting advantages.
Firstly, the substances to be separated are often very similar and have very small separation ratios. This
means the stationary phase must be carefully chosen and the necessary efficiency obtained from the
column. Secondly, the loading capacity of many chiral stationary phases, if not small, is certainly
significantly smaller than those used in general LC. This means there will alimited choice of stationary
phase Thirdly, in all probability, as aresult
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of the limited choice, the stationary phases that have appropriate selectivity, may not be ideal for
preparative columns.

However, there are a'so some simplifying factors associated with chiral LC. For example, the sample
for separation often contains only the two enantiomers of interest and thus constitutes a simple binary
mixture. Under such circumstances there are no (or very little) contaminating substances present to
eliminate, so that, in principle, the separation should be relatively straightforward. In addition, asimple
binary mixture rarely requires gradient elution which is difficult and expensive on a preparative scale. A
simple binary mixture also simplifies the operating process, and allows the chromatograph to be
automatically managed and, under certain circumstances, permits significantly increased productivity.

Nevertheless, the operating procedure and the problems associated with preparative chiral
chromatography are very similar to those met in general preparative work. Consequently, the genera
operating conditions and procedures in general preparative LC will be discussed, but particular
emphasis will be given to those aspects that are important in chiral preparative work.

The Loading Capacity of a Column

The most common column system used in preparative chromatography is the axial flow cylindrical
column and consequently this type of column will be considered first and in some detail. Radial flow
columns, and simulated moving bed columns are also used very effectively in preparative
chromatography, but these systems constitute very special and expensive apparatus. In addition, initial
work with traditional columns will need to be carried out to evaluate and justify the necessary expense
that is involved with these more sophisticated type of preparative separation systems.

It has been shown [1], that the maximum sample feed volume (V) or sample mass (M) that can be
placed on acylindrical column isdirectly proportional to the plate volume of the column:



M; = Apn(vpy +Kvy)
or.

Vi = Ayvn(vy +Kvg)
where K isthe distribution coefficient of the solute,
(v) isthevolume of stationary phase per plate,
(v.) isthevolume of mobile phase per plate,
(n) isthe column efficiency,
(A,) isaconstant for sample volume,

and (A,) isaconstant for sample mass.

Now:

Vi = Ayn(vy +Kvy)
= A (1+%)
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From the Plate Theory [1], V= nv,_, where (V) isthetotal volume of mobile phase in the column or

the column dead volume.
Thus:

Vi = A, (14 k)

w‘lﬁ
Now:

| =enr’lL

where (r) istheradius of the column,

(L) isthelength of the column,

(e) isthefraction of the column containing solvent.
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And as (e) is approximately 0.6:
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(1+ k) (1)

The magnitude of (A,) will be determined by the separation that is required, and (A,,) will be defined by
both the loading capacity of the stationary phase and the shape of the adsorption isotherm.

Although, apparently ssmple, equation (1) has some very significant implications on preparative column
design. It is clear from equation (1) that increasing radius and length of the column increases both the
maximum sample volume and the maximum sample mass. However, increasing the column length will
also increase the columns efficiency (unless the particle diameter is also increased).

Thisisall fairly obvious, but it is also apparent that increasing the column efficiency will have the
opposite effect, that is, it reduces the maximum sample load. It follows that, having attained the
necessary efficiency to achieve the required separation, then if the column is lengthened to increase the
loading capacity for optimum performance, either the flow rate will need to be increased to reduce the
efficiency and thus maintain the maximum loading, or the particle size will need to be increased to
reduce the efficiency to its required value. Now, increasing the flow rate will also reduce separation
time and thus increase productivity. Nevertheless, the alternative use of larger particles provides a more
permeable column and thus can operate at alower pressure and be constructed of lighter materials. In
addition, as the sampleis usually asimple pair of enantiomers, using automatic operation and injection
on along permeable column will permit multiple sampling, so that there can be a number of enantiomer
pairs in the column being separated and eluted at any one time. This arrangement will also increase
productivity.

To continue with the basic examination of factors that effect the efficient operation of preparative
columns, the maximum sample volume will now be considered. The maximum sample volume is that
which will limit the
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loss of resolution to an acceptable and predefined level. An equation needs to be derived that will allow
the maximum sample volume to be calculated.

The Maximum Sample Volume

Any finite volume of sample placed on to an LC column will have a band variance, and this variance
will contribute directly to the final peak variance that results from the dispersion processes that take
place in the column. It follows that the maximum volume of sample that can be placed on the column
must be limited, or the column efficiency will be seriously reduced.

Consider avolume (Vi), injected onto a column, which will form arectangular distribution on the front
of the column. The variance of the peak eluted from the column will be the sum of the variances of the
injected sample plus the normal variance of the eluted peak.

Thus:
3
o” G? +ﬁf

where s2 isthe variance of the eluted peak,

s2 isthe variance of the eluted sample,

and s 2 isthe variance due to column dispersion.

Now the maximum increase in band width that can be tolerated due to any extraneous dispersion
process is obviously a matter of choice, and may be defined by the nature of the separation, and the
purity of the required product. However, Klinkenberg [2] suggested a 5% increase in standard deviation
(or a10% increase in peak variance) was the maximum extra-column dispersion that could be tolerated
without serious loss in resolution. This criteriais generally accepted in analytical LC.

Now the variance of the rectangular distribution of sample volume at the beginning of the column s

Ill.lll.E
i
12 ]

and assuming the peak width is increased by 5% due to the sample volume:



=0 (v + Kv; (1,057 - 1)

=0 (vy + Kvg)20.102
Consequently:

V2 =n(vy +Kvg)?1.23

Vi =/n{vy + Kvg) 1.1
Bearing in mind that:
V.= n{vm + Kvs]

Then:

T+ (alvm + Keg)® = (1.05(vm + Kvg))?
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It is seen that the maximum sample volume that can be tolerated can be calculated from the retention
volume of the solute concerned and the efficiency of the column. It is also seen, that the sample volume
increases with the retention volume of the solute, and inversely as the square root of the efficiency.

Thus, the sample volume can be increased by adjusting the mobile phase so that the solute pair is eluted

later. Seemingly, this would also increase the separation time, but as will be seen later, due the

somewhat unique nature of most chiral separations, this may often be used to a production advantage.
The calculation of maximum sample volume can be important, if the separation ratio of the enantiomer
pair is small, and adequate resolution is only just attained. If, however, the stationary phase provides
good chiral selectivity, with base line between the peak, then column overload could be justified.
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Sample Volume Overload

Consider the separation depicted in figure 12.1 the retention parameters are labeled according to the
plate theory as discussed in chapter 1. It is clear that the column could be heavily overloaded, to allow
the peaks to disperse until they touched at the base, before resolution would be lost. Under these
conditions the summation of variances cannot be used, as when the sample volume becomes excessive,
the dispersion of the peak becomes, to the first approximation, the volume of the sample itself.
Presented in a different way, the sample volume acts as a part of the mobile phase and contributes to the
elution process in the same manner.

NVt K B¥s )

n(v K 4vg)

S n(ym) n(K ,vg )

: fo— MV (KyKy) _
: =“K.t"ﬁ (a-1)
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Figure 12.1
Theory of Volume Column Overload

Referring to figure 12.1, the peak separation in milliliters of mobile phase will be equivalent to the
sample volume plus the sum of half the base widths of the respective peaks. Bearing in mind that half
the peak width is equivalent to two standard deviations, then:
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(e—DnKave =V +2Vn(vy +Kavg)+2vn(vy +Kavg)
(K,) and (K;) are the distribution coefficients of solutes (A) and (B) and (@) is the separation ratio of
solutes B and A respectively.
Rearranging:
Ve = (o -1)nKavs +2Vn((vy + Kave) +{vm +Kavs))

Noting that:

W V' . .
VA = k'q, V[? :kB, kB:O'.kA

nKavs =V A, nKpvg=Vp,
)

and V,=nv,

'”’L:"'u[{'l—”k'a‘%{2”{'.& *'“k'a]} (2)

)

Taking a practical example of acolumn 40 cm long, 2 cm 1.D., having a dead volume of 75.4 ml (ep
r21), the maximum sample volume can be calculated for arange of separation ratio values (a) and
capacity ratio values (k) for the first eluted peak. The results are shown in figure 12.2
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Figure 12.2
Graph of Maximum Sample Volume against (k')
for the First Solute



Page 383

It is seen that, for the defined column packed with 20 um particles, and operated at its optimum velocity
to give 12,500 theoretical plates, if the separation ratio is as small as 1.5, and the first solute is eluted at
a (k") value of 2.0, avolume aslarge as 66 ml can be still placed on the column. At the other extreme if
thefirst solute is eluted at a (k') value of 10 and the separation ratio is 2.5 then the sample volume can
be over 1 liter. It should be pointed out however, that the mathematical argument inherently
presupposes that sampleisinjected onto the column as a solution, in the mobile phase. That is, the
sampl e solvent does not change the elution conditions in any way. Also, inherent in the argument, is
that the solute concentration in the sample solution is not strong enough to produce significant
solute/solute interaction in the mobile phase and thus effect the conditions of elution.
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Maphthalene and

Mapthalene Anthracene
Sample Sample
Volume Volume
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Column 24 emx 4.6 mm, particle diameter 10 pm

Figure 12.3
An Experimental Example of Volume Overload
Courtesy J. Chromatogr., Ref. [3]
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An experimental example of column overload was demonstrated by Scott and Kucera[3] is shown in
figure 12.2. The column dead volume was ca 2.5 ml. The chromatographic properties of the three
solutes chromatographed on the column at 1 ml/min are shown in table 1.

Table 12.1 Chromatographic Properties of the Three Solutes Separated on the
Column Used for Overload Experiments

Benzene Naphthalene Anthracene
Capacity Ratio k 1.18 2.33 431
Efficiency n 1850 4480 5470
Retention Ratio a — 197 185
Sample Volume V| 3.1ml 6.1 ml —

It isclear, that the column was operated well above its optimum flow rate so the theoretical efficiencies
were not realized. In addition, dispersion in the sample loop also appears to reduce the efficiency of the
two first peaks and it is not until the (k) of the solute reached 4, or more, were reasonable efficiencies
realized. Nevertheless, the results clearly demonstrate the advantages of column overload. Referring to
the chromatograms on the left hand side of figure 12.3, 10 u1, 1 u

I, 2 ml, and 3 ml of sample was placed on the column each containing 176 ug of benzene, 9 g of
naphthalene and 0.3 g of anthracene. So all the samples contained the same mass of solute. It is seen
that a sample volume of 3 ml (calculated from equation (2), viz. 3.1 ml) just permits the separation of
benzene and naphthalene.

Inasimilar manner, 2, 4 and 6 ml of a solution each containing 9.0 mg of naphthalene was injected
onto the column and the chromatograms obtained are shown on the right hand side of figure 12.3. It is
seen that the experimental sample volume of 6 ml (6.1 ml calculated from equation 2) just permits the
separation of naphthalene and anthracene. Destefano and Beachel [4], investigated the effect of volume
and mass overload on resolution and concluded that it is better to overload a column with alarge
volume of adilute solution of sample, than to
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employ a small volume containing a high concentration of sample. The validity of this conclusion,
however, appeared to depend on the capacity ratios of the eluting solutes.

Sample Mass Overload

The effect of excessive sample mass on the chromatographic processis extremely complex. The theory
of mass overload is also intricate [5—7] and requires a considerable amount of basic physical chemical
data, such as the adsorption isotherms of each solute measured over awide range of concentration,
before it can be applied to a practical problem. Unless the production size, and the production economy,
will support the necessary basic data gathering, the problem of mass overload is more conveniently and
thriftily approached from a simple experimental stance.

When alarge massis placed on an LC column, a number of effects can take place, depending on the
ultimate concentration of solute at the point of injection. Initially, as the concentration of solute in the
stationary phase increases, solute-solute interaction takes place, and the adsorption isotherm becomes
non linear. A non linear isotherm will cause peak dispersion as well as peak distortion (peak
asymmetry). Asthe sample massisincreased further, the concentration of solute in the mobile phase
will aso increase, although, assuming the solutes are reasonably retained, not to the same extent as that
in the stationary phase. Thisis because in LC, the distribution coefficient is strongly in favor of the
stationary phase. Nevertheless, the high concentration of solute in the mobile phase, modifies the
mobile phase in much the same way as another solvent and thus increases the migration rate of the
other solute(s) in the mixture. On, yet further increase in sample mass, solute-solute interaction can start
to take place in the mobile phase causing an increase in elution rate for all the solutes.

These complex effects can be best illustrated by experiment. The same column was used for mass
overload experiments as that employed in the volume overload experiment. In this case, the sample
volume was kept
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constant at 200 p1, and a mixture of benzene, toluene and anthracene was placed on the column, the
mass of benzene being increased progressively from 180 pg to 16.9 9 mg. An example of three of the
chromatograms obtained are shown in figure 12.4.

Benzene Benzene
Benzene 5.1 mg 16.9 mg
180 pg \ \
Naphthalene D \ll
Opeg {| Naphthalene \ Naphthalene

Naphthalene .I| Jue | |7 he

0.3 pg | | :
! | Naphthalene| | | Naphthalene
0.3 pg | | 0.3 pg

| tY | |I

R . VI
N I'g__i LN J, ! \ ] | 'u\ .

Column 24 em x 4.6 mm, Particle Size 10 pm, Flow-rate 1 ml/min.

Figure 12.4
An Experimental Example of Mass Overload.
Courtesy J. Chromatogr., Ref. [3]

The mass of naphthalene and anthracene was kept at 9.0 pug and 0.3 pg respectively for all samples.
Visual inspection of the chromatograms indicate that the benzene peak has broadened, and become
asymmetrical, adirect result of the nonlinear adsorption isotherm. It is also seen that up to 16 mg of
benzene could be injected onto the column before the peak merged into that of naphthalene. In fact, by
sacrificing a small amount of benzene significantly more benzene (probably at least 30 mg) could have
been injected before the major portion of the peak was contaminated with naphthalene. This
compromise, which involves sacrificing a small quantity of the selected component to obtain alarger
load, is common in preparative chromatography, and arises from the tailing that again results from the
formation of a-non linear adsorption isotherm. In samples where the two components are present in the
mixture at similar levels and are less well resolved, asin the separation of a pair of enantiomers, this
compromise must be taken with caution. As both peaks
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will be overloaded, and asymmetrical, the tail of one peak will merge with a high concentration at the
sharp front of the following peak, and thus significant contamination of the second peak will occur. The
results of the overload experiment are better examined quantitatively. Curves relating the retention
distance of the front and back of each peak to the sample load are shown in figure 12.5.
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Figure 12.5
The Effect of Mass Overload on Retention
Courtesy J. Chromatogr., Ref. [3]

The different effects of mass overload are now clearly revealed. Firstly, it must be emphasized that the
curvesin figure 12.5 represent the movement of the peak extremes and are in no way related to the peak
shape. It is seen that the retention of the rear of the mgjor peak, benzene, hardly changes with sample
mass as this represents low concentrations of benzene and thus is eluted in the normal manner.
However, the retention of the peak front is reduced progressively as the sample massisincreased. This
results from both the formation of a non-linear adsorption isotherm and the increased elution strength of
the mobile
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phase in contact with the benzene. In fact, as aresult of solute-solute interaction the benzeneis, in
effect, partially eluting itself.

The effect of the mass overload on the other solutesis also clearly demonstrated, the presence of the
high concentration of benzene in the mobile phase increases the elution rate of both the naphthalene and
the anthracene. Its also seen, however, that the effect of the high concentration of the benzene on the
closer eluting peak naphthalene is to produce band dispersion, whereas the anthracene band does not
suffer significant dispersion and the retention of both the front and the rear of the anthracene peak are
linearly reduced with sample mass. The chromatograms shown in figure 12.4 also show that the
anthracene peak maintains its symmetry throughout all sample sizes. The impact of the high
concentration of benzene on the elution of the other solutes only occurs while the solutes are till in
contact with one another at the beginning of the column. Once the separation has started to develop, and
the three solutes are no longer in contact, then the naphthalene and anthracene will be eluted in the
normal manner. This also explains the significant band dispersion of the naphthalene peak, as, being
closer to the benzene peak, experiences the effect of the high concentration of benzene. The increased
dispersion due to mass overload on closely eluting peaks is of particular importance in the separation of
enantiomers and may become the major load limiting factor. It follows, that the phase system that
provides the highest separation ratio should be used, irrespective of any increased and, apparently
unacceptable, retention time, as this can be compensated by multi-sample development.

Prepar ative Chromatography Appar atus

The conventional preparative chromatograph, although certainly more massive, is generaly less
complex than the analytical chromatograph. Although gradient elution has been used in preparative
chromatography, it is avoided, if possible, due to the cost of solvents and solvent recovery.
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As a consequence, gradient facilities are not usualy fitted to preparative chromatographs. In addition,
complex data acquisition systems are not required athough programmable fraction collectors are
usually necessary. The layout of a preparative chromatograph is depicted in figure 12.6.
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Figure 12.6

The Basic Preparative Liquid Chromatograph

Solvent Reservoirs

The solvent reservoir is usually made of glass or stainless steel and should have an appropriate capacity,
normally several gallons. In general, most of the parts of a preparative chromatograph are made from
stainless steel, however for biologically sensitive, or labile substances, biocompatible materials may be
necessary for certain parts of the apparatus. To fabricate the bulky preparative components (e.g. the
column) from titanium that have sufficient strength can become
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inordinately expensive and plated base metal (e.g. using gold or some other suitable biocompatible
metal) may be a more economic alternative.

Pumps

The pump must have adequate capacity, and for columns up to 1 in. diameter, pumping rates of at least
150 mi/min should be available. For larger columns, pumping rates of 500 ml to 1 liter per min may be
necessary. Owing to the limited strength of large diameter columns pressures above 6000 p.s.i. are
rarely required. Any glands involved in the pump should be made from appropriately inert material (e.g.
Teflon). In preparative chromatography, the sampleis usually placed on the column with a separate
pump having its own sample reservoir, usually 1-2 | capacity. The required volume of sampleis placed
on the column by pumping the sample solution at a known rate, for a defined time. In addition, to the
column and subsequent apparatus, the sample pump and reservoir also needs to be constructed of
biocompatible material, if biosensitive materials are being separated.

Sample Valves

Sample valves, with appropriate loops, can also be used for smaller preparative separations, and sample
loop capacities of 20 to 30 ml are practical. Above these volumes, however, a sample pump is
recommended. It should also be pointed out that there can be considerable dispersion in open tubes, and
the sample loop should not be left in-line during devel opment. The valve should be returned to the
flush' position immediately after injection, so that the 'tail' of the sample left in the loop does not cause
dispersion and tailing on the column.

Preparative Columns

Preparative columns are usually made of stainless steel and must be designed to accommodate the inlet
pressure necessary to obtain the required flow rate through the packed bed. Thiswill be determined by
the size of the particles selected for the packing. The larger the column diameter, the stronger must be
the column and the thicker the walls. The
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construction of wide columns (3in. O.D. and greater), irrespective of the packing, can be extremely
expensive and the cost must be included in the design considerations. Column having diameters greater
than 0.5 in. need to have the frit supported on a suitable grid, as the frit material has limited strength.
The porosity of the frit will be determined by the particle size of the packing. In order to minimize the
pressure drop across the frit at high flow rates, the frit porosity should not be made unnecessarily small.

Preparative Detectors

Detectors that are used for preparative work must be able to function linearly at very high solute
concentrations. The refractive index detector is probably the most useful of the analytical LC detectors
for preparative work, but even at its lowest sensitivity setting, it may still be too sensitive. The multi
wavelength UV detector can sometimes be used providing its conduits can tolerate the high flow rates.
A very short path length cell can be installed, or avariable path length cell can be used. Another option
IS to set the wavelength at that which the solutes have very small extinction coefficients. If possible, a
detector specifically designed for preparative work should be used, but there are alimited number of
these available.

Fraction Collectors

Fraction collection in preparative chromatography is usually achieved using a multiport valve and a
number of collection vessels. The selector valve should be programmable on the basis of time, or be
actuated by the detector output signal (preset at the appropriate signal level or signal derrivative) or,
preferably, both. The valve should have at least six ports, or preferably ten. If the system isto be used
solely to separate enantiomer pairs, then asix port valve would usually be adequate. Alternate ports of
the valve should be connected to waste to reduce the volume of solvent that must be evaporated during
product recovery. In addition, this simplifies solvent recovery for future separations. Product recovery
when using normal phase solventsis best carried out by bulking
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the fractions and removing the solvent in arotary evaporator under reduced pressure. For reverse phase
solvents that have a high water content, recovery can be best achieved by passing the fraction through a
reverse phase, C18, column of high capacity. The solute and solvent is adsorbed, and the solute and
solvent content of the fraction can be recovered by displacement with another solvent, and the solute
recovered by evaporation.

Solvent Hazard

Unless solvent recycling can be employed, which is not always possible, the operation of large diameter
columns inevitably involves the use of large quantities of solvent. It follows that there is a possibility of
both fire and toxicity hazards. The solvent should be selected with care and if possible the entire
chromatograph, including the solvent supply, electrically grounded, and the apparatus including fraction
reservoirs should be located in a walk-in fume hood.

Packing Preparative Columns

There are a number of techniques available to the chromatographer that can be used to pack a
preparative column. The best and most appropriate method will depend on the particle size of the
packing, the scale of the separation and the nature of the materia to be separated. Contrary to popular
belief, there is no magic associated with column packing, but the procedure does need some
experimental skill, patience, and experience helps. It also can require some expensive apparatus, if
dlurry packing is to be used. Consequently, before embarking on a preparative column packing project,
the relative cost of purchasing commercially packed columns should be examined. The basic phase
system to be used with a preparative chiral columns should be established using analytical scale
columns. If the particle sizeis 20 um or less, the column must be slurry packed, using similar
techniques to those employed for analytical columns. Care must be taken not to operate at pressuresin
excess of the bursting strength of the tube used for the column. As the column diameter increases, the
maximum permissible pressure rapidly falls
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unless extremely thick walled tubing is used. The safe maximum pressure for any tube can usually be
obtained from the tube suppliers.

If particle sizesin excess of 20 m are used, then the column can be dry packed, with appropriate
longitudinal and radial sonic vibration. The variance per unit length obtainable from a preparative
column should be less than 2 particle diameters (determined using analytical scale samples). It isworth
remembering that, when designing preparative columns, it is better to obtain the necessary efficiency
using alonger column packed with larger particles, than the converse. The long column will permit
much larger charges (as already discussed) and will also allow multiple sample development
techniques. In addition, the larger particles will provide greater column permeability, and thus lower
pressures can be used. Lower pressures will, in turn, allow lighter and |ess expensive materials to be
used in the construction of the preparative system.

The denigrating effect of 'bridging' that can occur when packing wide diameter columns has already
been discussed in detail, together with mechanical methods of packing. A review of these methods has
been given by Colin et al. [§].

Recycling Development

A method for improving the resolution of a pair of closely eluting solutes (such as enantiomers), on a
preparative column of limited length, isto employ the technique of recycling. After the sample has been
placed on the column, the eluent from the column is switched to the pump inlet and thus the mobile
phase is continuously circulated round the column. This means that the column is used many times, and
each time the sampl e passes through the column, the resolution isimproved. Unfortunately, the
resolution is not necessarily proportional to the number of cycles, as significant peak dispersion can
occur each time it passes through the pump. Nevertheless, there is a substantial net gain in resolution on
each cycle. This procedure can be very time consuming if long retention times are involved, but has the
advantage of considerable solvent economy. The recycling procedure, in effect, artificialy increases the
column length and actually tradesin time for solvent economy.
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An example of the recycling process is demonstrated in the separation of the Warfarin enantiomers as
shown in figure 12.7. The chromatogram shows the effect of three cycles. In the first cycle thereislittle
or no visible separation. On the second cycle, the two enantiomers are beginning to separate. In the
third cycle, the separation isimproved further, and is sufficient to allow the collection of significant
quantities of the individual isomers at a high purity. It is also seen that the processisfairly rapid as
three cycles are completed in less than 12 minutes.

The separation was carried out on a CY CLOBOND 1 2000 column, 25 cm long, 1in, I.D., using a
mobile phase consisting of methanol/acetic acid/triethylamine : 100/0.3/0.2 v/vlv, at aflow rate of 12
mi/min.

Cycle 1

Cycle 2
Cycle 3

Lo\ J\:[\'.\____u

Time (minutes)

0

Figure 12.7
The Separation of the Warfarin Enantiomers by Recycling
Courtesy of ASTEC Inc.

An additional example of the technique of recycling, which includes a procedure called peak shaving, is
the preparative separation of the enantiomers of 5-methyl-5-phenylhydantoin. The recycling and peak
shaving procedureis depicted in figure 12.8. The column was 30 cm long, 2 in. 1.D., packed with 10 m
particles carrying Vancomycin as the chiral stationary phase. The mobile phase was ethanol and the
flow rate 100 ml/minute. The sample load was 400 mq dissolved in 5 ml of ethanol.
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Figure 12.8
The Preparative Separation of the Enatiomers of 3-Methyl -5-Phenylhdantoin
Courtesy of ASTEC Inc.

Itisseeninfigure 12.8 that after the first cycle, there is very little resolution of the enantiomers, but an
impurity is separated on the front of the composite peak. This peak is diverted to waste (shaved from
the main peak). After the second cycle, the separation of the enantiomers has
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begun, athough insufficiently resolved for peak collection to beinitiated. After the third cycle, the first
major peak is shaved from the composite peak and, as the overloaded peak tails, the first peak will be
collected virtually pure. The second peak will remain contaminated with a small amount of the first
peak. After the third cycle is complete, the trace of the first peak is shaved from the major peak and
passed to waste, and the remainder of the peak collected. It is seen that the four cycles are completed in
less than 25 min and thus the output of the system would be nearly 1200 mg per hour. The recovery of
each enantiomer was 98% and had an enantiomeric excess of 98%.
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Figure 12.9
Chromatograms of the 5-Methyl -5-Phenylhydantoin
Enantiomer Fractions
Courtesy of ASTEC Inc.
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In addition, this procedure can be fully automated, providing the recycling and collection program is
controlled by the detector signal or at least, if atime program isused is calibrated after each cycle by
the detector signal. The purity of the productsis confirmed by the chromatograms of each major
fraction which are shown in figure 12.9. The chromatograms show that each fraction is very pure and
this purity was obtained, using a 400 mg charge, in less than 25 minutes. It is clear that the recycling
procedure, coupled with the peak shaving technique, can handle significant column loads and provides
excellent solvent economy.

Alternative Preparative Techniques

Although there may well be an economic limit to the scale of preparative chromatography, there does
not appear to be any practical constraint to column size. Columns of over ameter in diameter are
reported to have been successfully operated, but thereis very limited data available due to the highly
proprietary nature of their use. Large diameter columns, however, must have an appropriate sample
distribution system at the column inlet, to ensure the sample is dispersed evenly over the whole cross
section of the column, in order to maintain high column efficiencies. Although the actual column may
need to be custom made, solvent pumps, with high volume delivery at moderate pressures, are readily
available. Most of the pipe fittings, valves, etc. can be obtained from manufacturers that supply
equipment for general chemical plant operation. Large columns, handling large sample loads, will be
effected by the heat generated in the column during solute absorption in the stationary phase.
Consequently, appropriate heat exchange must be arranged to prevent the separation being denigrated in
the larger columns due to localized temperature changes.

A number of alternative L C distributions systems (distribution systems other than simple columns) have
been devel oped for preparative work which need to be discussed. Some of these have found limited use
but, nevertheless, have been shown to be very effective for large scale chromatographic purification for
certain types of application.
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Unfortunately, the successful applications are largely proprietary and so operating details are often not
available.

The Moving Bed Continuous Chromatography System

The concept of the moving bed extraction process was originally introduced for hydrocarbon gas
adsorption by Freund et al. [9] and wasfirst applied to gas liquid chromatography by Scott [10]. A
diagram of the moving bed system suitable for GC was proposed by Scott and is shown in figure 12.10.
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Figure 12.10
The Moving Bed Continuous Chromatography System
Courtesy of Butterworths Scientific Publications Ltd.
[Ref. 10]

Although the feasibility of this device was originally established for a gas chromatographic system,
subsequently, its viability was aso confirmed for liquid chromatography. The original GC system will
be used here to explain the principal of the separating process. The moving bed system takes a
continuous sample feed and operates in the following way. The stationary phase, coated on a suitable

support, is alowed to fall down a column against and upward stream of carrier gas. In the origina
device



Page 399

of Scott, the packing (dinonyl phthal ate coated on brick dust) was contained in a hopper at the top of the
column and was taken off from the bottom the column by arotating disc feed table. As the packing was
removed, it was returned to the hopper by asimple air-lift device. By suitable adjustment of the relative
rates of upward carrier gas flow and downward stationary phase flow (contained on the falling support)
some components were arranged to move upward with the carrier gas, and others move downwards
with the stationary phase. Referring to figure 12.10, if the ordinary chromatogram of the mixture is that
depicted at (A), the relative speed of the carrier gas and the stationary phase define an imaginary line on
the chromatogram. Those components to the left of the line, move up with the carrier gas (B) and those
components to the right of the line, move down with the stationary phase (C). The components that
move down in the stationary phase are stripped out by arranging a portion of the column to be heated
and a second stream of gas elutes them through a second port (D). This system, as described can not be
used for liquid chromatography but a modified form, which will be discussed later, can be used very
successfully using aliquid/solid distribution systems. Scott and Maggs [11] developed a theory that
would predict the necessary operating parameters for the effective separation of a specific component
from a multi component mixture. The equations they derived are as follows,

CKAKE ) vkl
"I"I[ =‘\"’_ = "r:_' = o
d E B r A I B A
| Kg, — hﬁlJ Kg —Kpg,
S A B —6,
Ko, ~Ke, L_I'L[. 'FJH'E'?."J

A N6 -8;) [ A (He-06) )
iIIKﬂ] +W—EKH] [ 4 | B[Hg f J

InKg —(nK§ 1)

l

[




1, nK§ ~(nK§, +f)

I3~ ]nK{;‘I —[]n KE] +1'.'||

where (V)
Vy)

(V")
VgtV
(V"-VYy)
V')

(@)

(@)

(1)

(Kb

(f)

isthe flow rate of stationary phase down the column,
isthe flow of gas at extraction section inlet,

is he flow of gas at the stripping section outlet,

isthe flow of gas at the extraction section outlet,
isthe flow of gas at the stripping section outlet,
isflow rate of gas phase up the column,
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is the distribution coefficient of component (B) at (q,),
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isthe length of the intermediate section,
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isthe Volume of Gas Phase per unit length
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Using this theory, Scott and Maggs designed a three stage moving bed system to extract pure benzene
from coal gas. Coal gas contains arange of saturated aliphatic hydrocarbons, alkenes, naphthenes and
aromatics (benzene, toluene and xylenes). They found that the theory only gave approximate values for
the operating parameters, but values that were close enough to allow optimization by an iterative



experimental procedure. The separations they obtained are shown in figure 12.11.

It is seen that the material stripped form the top section contained the alkanes, alkenes and naphthenes
and very little benzene. The material stripped from the center section consisted of almost pure benzene.
The residue striped from the lower section contained the toluene, the xylenes and even the thiophene
which elutes closely to the benzene. To eliminate the thiophene, however, it was necessary to loose

some benzene to the
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lower stripping section. Nevertheless the separation clearly demonstrates the effective use of the
moving bed extraction technique.
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Figure 12.11

The Extraction of Pure Benzene from Coal Gas by continuous Extraction Using a
Moving Bed Technique

The Simulated Moving Bed Preparative Chromatography System

Barker [12] and Barker and Deeble [13] used a novel modification of this principle involving a column
in circular form. A diagram representing the wheel concept of Barker and Deeble is shown in figure
12.12. The portsto the column are fixed in positions at the periphery of alarge wheel and the wheel is
rotated. The wheel had a series of apertures situated around its periphery that were normally closed
except when they coincided with the ports during rotation.

In this way, the bed moved continuously in one direction relative to the ports and the mobile phase
moved in the opposite direction. As with the
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moving bed system, some solutes (those that eluted at arate slower than the wheel velocity) moved in
the direction of the wheel movement while others (those that migrated faster than the wheel velocity)
moved in the opposite direction with the movement of the mobile phase.

Product 1

4

Sample /
In

4

Product 2

Figure 12.12
The Circular Simulated Moving Bed Column

The two fractions were collected from take off ports and the mobile phase returned for recircul ation.
Thiswas thefirst form of the so called simulated moving bed system, and was used by Barker for
continuous L C separations with moderate success. Leaks at the port seals on the wheel periphery were a
source of difficulty, limiting the pressure that could be applied to the system to produce the mobile
phase flow. The wheel was about 5 ft in diameter and thus was a somewhat heavy and rather
cumbersome device.

The first practical simulated moving bed system was described by Hurrel in the late 1960s [14]. The
system he devel oped was an ingenious extension of the large circular column devised by Barker. The
simulated moving bed has two main advantages over the actual moving bed system. In addition to the
technical simplicity, there is considerable adsorbent conservation and, as the mobile phaseis
recirculated, thereis substantial solvent economy. The system used by Hurrel is shown in figure 12.13.
The circular column is divided up into a number of sections, each section taking the form of arelatively
short preparative column. The columns
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12.15 and can be oriented in anumber of different ways, although they are all basicaly similar to the
Hurrel system.
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Figure 12.14
A Cross section of the Hurrel Disc Valve System and
Columns.

The mobile phase passes through several stationary columns which contain the stationary phase. There
are, in asimilar manner, a number of different ports, one for the mobile phase and one for the return of
the mobile phase. Thereis a central feed port and two take-off ports. These ports can, by appropriate
valve programming (in modern systems these are individual valves and not necessarily disc valves), be
connected sequentially to the link between each column. The apparent counter current movement of the
stationary phase, relative to the mobile phasg, is
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achieved by valve switching which simulates the rotation of the ports between each column.
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Figure 12.15
The Simulated Moving Bed Chromatography System

Exactly the same process takes place as that in the Hurrel system but, in effect, the valving makes the
columns appear to move instead of the packing. Part of the feed moves with the mobile phase and is
collected by asmall take-off flow in front of the feed port (B + solvent). The other, more retained
portion of the sample, accumulates in a column on the other side of the feed port and is collected by a
another small take-off flow behind the feed port (A + solvent). This particular system ideally, produces
two products and thus lends itself specifically to the separation of enantiomeric pairs. However, for
effective separation with high purity yields, the stationary phase capacity for the two enantiomers must
be fairly large and thus the phase system must be carefully selected. The technigue has been
successfully used to isolate single enantiomer drugs [15-17].

Radial Flow Chromatography

Another aternative chromatographic procedure for preparative separations is radial flow
chromatography. The radia flow chromatography columns consist of two concentric porous cylindrical
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frits between which the stationary phaseis packed. A diagram of aradial chromatography column is
shown in figure 12.16.
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Mobile Phase Ensure Even Sample Remover
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Figure 12.16

The Radia Flow Column

The mobile phase flows from the outer cylinder, across the radius of the column to the inner cylinder.
The radial gap between the fritsis the effective bed 'height.’ The solid core houses the inner frit, through
which the eluent percolates and exits at the base of the column. The outer frit is the column inlet, and
consequently the sample initially has alarge area of stationary phase with which to interact. The cross-
sectional area of
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packing decreases progressively as the solute moves to the center, but as the solute bands progressively
decrease in concentration due to dispersion, this does not normally result in column overloading at the
center. The sample isinjected on the top of the column, where it isradially dispersed by radial channels
(see figure 12.16) to ensure an even sample loading around the periphery of the column.

Although this type of column has a high capacity, it is also relatively short and thus not suitable for
complex mixtures that need to be developed isocratically. They can, however, be used very effectively

with gradient elution.

Slurry Waste Slurry

l Solvent ‘J_‘

Figure 12.17
Packing Radial Columns

In practice, the gradient is made to 'lift' the solutes from the packing by the progressive increasein
either the dispersive solvent component of the mobile phase, the polar component, salt concentration or
the pH depending on the type of phase system selected. This meansit is generally restricted to the
separation of substances that have relatively large
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separation ratios and differ significantly in the strength of their interaction with the stationary phase. In
general thistype of column would not be the first choice for chiral separations. The method used for
packing radial columnsis depicted in figure 12.17. Due to the crossectional area decreasing as the
solute progresses through the bed, the linear velocity of the mobile phase also changes and so the
optimum velocity can only be a compromise for the total bed length.

The packing in the form of adlurry passes directly into the column between the two frits. The column
exit is closed, and the slurry solvent passes through the outer frit and exits via the normal mobile phase
inlet port. The columnsis easily unpacked by adopting the reverse procedure. An example of the use of
the radial flow column to separate some large biomoleculesis shown in figure 12.18.
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Figure 12.18
The Separation of Some Large Biomolecules Using Radial -Flow Reverse
Phase Chromatography

The total column volume was 500 ml, and it was filled with a proprietary packing, IMPAQR RG2020-

C18 which was basically a octadecane bonded phase. It was used in the reversed phase mode, with a
linear
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gradient from acetonitrile/0.1% TFA : 20/80 v/v, to acetonitrile/0.1% TFA : 50/50 v/v in 120 minutes at
aflow rate of 46 ml per min.

The Preparative Separation of the Enantiomer s of Chlor okynurenine

Details of this application were obtained by private communication from Dr. Lester Dolak and Dr. Eric
Seest of the Upjohn Pharmacia Company, Kalamazoo. The separation was carried out on a’50 cm x 5
cm Chirabiotic T column (ASTEC) at 40°C. The feed solvent was difficult to make up due to the
relative insolubility of the solute. It was eventually made up at a concentratiojn of 2 mg per ml by
heating and stirring the chlorokynurenine in a 95% aqueous ethanol/water : 50/50 v/v, at 40°C. The
filtered solution and the column were maintained at 40°C throughout the work; 400 ml of the solution
(800 mg) was pumped onto the column at 50 ml/min for 8 minutes, and then eluted at 50 ml/min for 20
minutes.
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Figure 12.19
The Preparative Separation of the Enantiomers of Chlorokynurenine
Courtesy of Dr. Lester Dolak and Dr Eric Seest of Pharmacia Upjohn Inc.

The flow rate was increasd to 60 ml/min as soon as the second enantiomer began to emerge. The actual
separation is shown in figure
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12.19. It is seen that a very good separation was obtained and the results from an analysis carried out on
an analytical Chirobiotic T column indicated that the first enantiomer was >99% pure, and the second
enantiomer was 98% pure. The mid fraction, that was collected between the two main peaks, was
recycled. Thetota cycle took 49 minutes and it is seen that the system operated very effectively.

The use of preparative chromatography for the separation of physiologically active enantiomersis now
quite well established but, even so, it is only the beginning. The technique of LC is probably the only
practical technique for the large scale resolution many racemic mixtures.

Synopsis

Preparative chromatography can include a wide range of sample sizes extending from afew milligrams
to hundreds of grams. Preparative chiral chromatography is somewhat unique, as it mostly involvesthe
separation of two very similar solutes, eluted relatively close together, and thus makes special demands
on the separation process. The maximum sample load must often be placed on the column and, where
possible, the column may need to be overloaded to achieve the necessary sample through-put.
Increasing the column radius and columns length, increases both the maximum sample volume and the
maximum sample mass. However, increased column length will also increase the column efficiency
(unless the particle diameter is changed). Both the maximum sample volume to restrict dispersion to
10%, and the maximum permissible sample overload volume to maintain adequate enantiomeric purity,
can be calculated from the basic chromatographic properties of the system. Mass overload resultsin the
adsorption isotherm becoming non linear and causes peak broadening and peak distortion. The high
concentration of the solute in the mobile phase also modifies its interactive properties and causes the
retention of later eluting peaks to be reduced. Preparative chromatography apparatus is not complex and
consists of a high capacity reservoir(s), high volume delivery mobile phase pump, a sample reservoir
and pump, a preparative column, alow sensitivity detector and an appropriate fraction collector.
Columns
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packed with particles 20 um and less in diameter need to be slurry packed, particles with diametersin
excess of 20 um can be dry packed. Preparative columns can also be mechanically packed using either
radial compression or axial compression. Such techniques also alow the column to be easily unpacked,
which permits efficient packing recovery. The column can be used repeatably for the same sample by
recycling the mobile phase. In this process, the sampleisrecycled until the desired separation is
obtained and is very effective if used with a peak shaving technique. This procedure is very economic
with regard to both packing and solvent. Other preparative techniques include the moving bed
continuous chromatography and the simulated moving bed chromatography. The latter uses a series of
columns connected in series by a complicated valve system. The mobile phase flow rate is adjusted so
that part of the sample movesin one direction in the column (in the direction of the movement of the
mobile phase) while the remaining sample moves in the opposite direction with the apparent movement
of the stationary phase. This can be very effective for a binary mixture such as a pair of enantiomers but
the stationary phase capacity must be relatively large for it to be successful. The radial columnisalso
an alternative for preparative chromatography. The separation is developed from the outside of a
cylindrical bed to the inside. This process does not work well for solute pairs with small separation
ratios and is thus not ideal for chiral separations. Liquid chromatography is probably the best separation
technique available for the preparative scale resolution of many enantiomer drugs, and those substances
that are used in relatively small quantities, but have a high intrinsic commercial value.
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Chapter 13—
Chiral Separations by Capillary Electrophoresisand Capillary
Electr ochr omatography

Capillary Electrophoresis

Capillary electrophoresis, although carried out in a capillary tube, is not fundamentally a
chromatographic technique. It evolved somewhat tenuously from the traditional gel electrophoresis and,
as the separation procedure differs considerably from chromatography, the basic principlesinvolved in
an electrophoretic separation will be briefly described.

Electrically charged compounds can be transported in agel or liquid under the influence of an electric
field and this process has been termed electrophoresis. There are basically three different

el ectrophoretic methods of separation and they are, zone electrophoresis, isotachophoresis and
isoelectric focusing.

Zone electrophoresisis carried out in an electrolyte, across which an electric field is applied. The
sample to be separated is placed in the center of the electrolyte, which could be a electrophoretic plate
or capillary tube depending on the system being used. Those components carrying a negative charge
migrate to the anode, while those carrying a positive charge migrate to the cathode. Eventually, the
substances separate into
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individual bands, their relative positions depending on their individual mobilities. A zone
electrophoretic separation is depicted, diagramatically, in figure 13.1.

Anode Cathode
+ —

Electrolyte {(Buffer)

Figure 13.1
Zone Electrophoresis

| sotachophoresis

Although based on the same principle of electrophoretic migration, isotachophoresisis carried out in
quite adifferent manner. The sampleis placed at the junction between aleading and terminating
electrolyte contained in a capillary tube. The leading electrolyte must have a higher mobility than any of
the sample components, and the terminating el ectrolyte must have a mobility that isless than any of the
sample components. In addition, the leading el ectrolyte should have a buffering capability at the pH at
which the samples are to be separated. A separation by isotachophoresisis shown in figure 13.2. On
application of the electric field, the compound with the highest mobility, (3), will migrate faster, leaving
those moving at aslower rate, (1) and (2), behind. Thisresultsinitially in amixed zone being formed
before the leading electrolyte and after the terminating el ectrolyte. The sample
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components can never enter the leading electrolyte, because their mobility is less than that of the
electrolyte. In asimilar manner, the terminating electrolyte can never enter the sample mixture, asits
mobility is less than those of the sample components.

Anode Cathode
+ —
Capillary Tuhe
Terminating Leading
Electrolvte Electrolyvie
Anode Cathode
+ T

Capillary Tube

Terminating
Electrolyte

Leading
Electrolyte

Figure 13.2
An Isotachophoresis Separation

Eventually each sample component is separated from its neighbor in order of their increasing mobilities,
the one with the least mobility being situated next to the terminating el ectrolyte and that with the
greatest mobility next to the leading electrolyte. The separation is depicted in figure 13.2. The bandsin
Isotachophoresis are not dispersed by diffusion in the normal way, as any dispersion that does occur
must result in the solute entering its neighboring bands. However, the solute will immediately be driven
back as aresult of their differential mobilities and thus the solute bands are sdlf -sharpening.

| soelectric Focusing

Isoelectric focusing is used to separate amphoteric substances and, as a consequence, the separation is
based not on their differential mobilities but on their different isoelectric points (pl). The isoelectric

point of an
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ampholyte isthat (pH) at which it has no net charge. At the (pl) the ampholyte will not migratein an
electric field asit will be existing probably as a zwitterion (an internal salt) with no charge. A
separation due to isoelectric focusing is depicted in Figure 13.3.

Anode Cathode
+ bl
-.z.l.
Anode Cathode
+ —

Figure 13.3
A Separation by |soelectric Focusing

Using a mixture of ampholytes (usually polyamino polycarboxylic acids) contained in the capillary
tube, the anode vessel containing an acid solution, and the cathode vessdl filled with an alkaline
solution, a (pH) gradient will be formed along the capillary tube on the application of an electric field.
When this gradient is stabilized, the sample isintroduced into the center of the electrically arranged
ampholytes. Each substance will migrate under the applied field until it reaches the position where the
(pH) isequal toits (pl) and, as at that point it will no longer be charged, it will come to a halt. If any
solute tends to move out of the isoelectric point, it will immediately ionize and become charged again
and under the electric field forced back into itsisoelectric position; i.e. it is focused. As aresult, aseries
of bands of solutes are formed in the capillary tube in the order of their increasing (pl) values. It isclear
that the resolution of such a system can be extremely high and separation will
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depend on all the substances having sufficiently different isoel ectric points.

The fourth type of electrophoresisis ahybrid of the previous three, and can be used under certain
conditions to separate enantiomeric materials. However, before discussing the technique itself, some
mention must be made of electro-osmotic flow.

Electro-Osmotic Flow (Electro-Endosmosis)

The movement of aliquid, when in contact with a charged surface, situated in a strong electric field is
called electro-endosmosis. The flow of liquid through a silica tube under el ectro-endosmosisis of ‘plug'
form, and does not exhibit the parabolic velocity profile that normally occursin Newtonian flow. Asa
result of this, thereislittle, or no, resistance to mass transfer similar to that in open tubular columns. It
follows, that there is very little band dispersion when the flow is electrosmotically driven and
consequently extremely high efficiencies can be attained.

— —
_— =
. —_—
—_— S
MNewtonian Flow Electroosmotic Flow
Figure 13.4

Newtonian Flow and Electro-endosmosis

The different types of flow areillustrated in figure 13.4. In electrophoretic separations, electro-osmotic
flow can often affect the separation adversely, but it can aso be used to advantage in placing samples
onto the capillary electrophoretic system.

A diagram of the basic instrument used for capillary electrophoresisis shown in figure 13.5. It consists
of two reservoirs, one carrying the anode and anode el ectrolyte, and the other the cathode and cathode
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electrolyte. Each end of afused quartz capillary dipsinto two reservoirs, thus joining them electrically.
At one end of the tube, thereisa'T" join connecting to another reservoir containing the sample solution
and, at the other end, a detector.

Capillary
Sample
i Vessel i i
Buffer Bulfer
Reservoir + —— Reservoir
‘ e ©

Power Supply

Figure 13.5
Capillary Electrophoresis Apparatus

The capillary is usually a polymer-coated fused silicatube and the detector consists of a small section of
asimilar tube, from which the polymer coating has been removed. Detection is achieved by a variety of
procedures, the most common being the adsorption of UV light by the solutes as they pass the aperture
in the polymer coating, usually employing afiber optical system. Alternatively, the section of tubeis
irradiated by an appropriate laser, and the intensity of the fluorescent light monitored with an
appropriate light-sensing cell. The sample is introduced into the system using electro-osmotic flow, by
connecting a high potentia to the electrode in the sample reservoir. When sufficient sample has passed

into the tube, the high potential is again connected to the anode, in the anode reservoir, and the
separation devel oped.
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Unfortunately, most chiral substances are not ionic and so are not appropriate for electrophoretic
separation. However, it has been shown that neutral, uncharged substances can be separated by
partitioning the solutes between an ionic phase and miscelles containing long aliphatic chains. In effect,
thisisreplacing an electrophoretic technique by a chromatographic system, where the mobile phaseis
driven by electro endosmosis.

The micelles form the second phase that can offer dispersive (hydrophobic), polar (hydrophilic) and
ionic interactions with the solutes in contrast to largely polar interactions with the aqueous electrol yte.
It isclear that thistype of system could be also used with some slight modification for the separation of
enantiomers. Thistype of separation has been termed miceller electrokinetic chromatography [1].
Watarai [2] carried the concept further and used a micro emulsion to the same purpose and termed the
technique micro emulsion electrokinetic chromatography. In chiral, capillary electrophoresis, the chira
selector can aso be an additive to the electrolyte, or take the form of an emulsion or be immobilized on
the capillary tube surface as atraditional type of stationary phase.

The most common chiral additives used in chiral capillary electrophoresis with micellular solutions
(mostly micelles of sodium dodecylsulphate) are derivatives of the three basic cyclodextrins. This
system might be considered more of a chromatographic process than one that is electrophoretic, asthe
solutes are distributed between the aqueous el ectrolyte phase and the cyclodextrin/micelle phase. The
derivatized cyclodextrin additive will also be distributed between the electrolyte and the micelles, the
extent of which will depend on the type of derivatized cyclodextrin and its capacity for dispersive or
polar interactions with the micelles. Asthe cyclodextrin additive itself partitions between the electrolyte
and the micelle (albeit the distribution under certain circumstances may be small) some of the chiral
additive will be distributed on the micelle surface and will act as a chiral stationary phase.
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The movement of the solute, relative to the phase system, can be understood by considering the
distribution system. If the micelle electrolyte system is treated as a chromatography distribution system
with the micelles stationary, and the mobile phase moving at an el ectrosmotic velocity of (u), then from
chromatography theory, the velocity of the solute relative to the micelles (v) will be given by:

(e

A

where isthe effective capacity ratio coefficient of the solute
(k) between the micelles and the electrolyte

and (u) isthe electrosmotic flow-velocity

where (v,,) isthe effective volume of micelles present,
(vp) isthe effective volume of electrolyte present,

and K isthe distribution coefficient of the solute
between the micelles and the electrolyte

Now, in practice, the micelles will usually be traveling at a velocity (w) in the opposite direction to the
electrolyte and so the actual velocity of the solute, (V), relative to the stationary column will be given
by:

It is seen that the solute can move either way depending on whether:
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It is also seen that the solute velocity (V), and thus its retention time, will not only depend on the
distribution coefficient of the enantiomer, but also depend on the relative electrosmotic velocities of the
electrolyte and the micelles, together with the relative volumes of the electrolyte and micellesin the
system. There is afurther complication, the cyclodextrin additive must also behave as a solute and,
although it is often assumed that it resides solely in the electrolyte and is not distributed in the micelles,
thiswill depend on the character of the derivatized cyclodextrin and whether or not it can interact with
the micelle. Thiswill obviously differ from one derivative to another.

Thus, the chiral agent will also move in the system, which will be governed by a similar equation to that
of the solute:

1)
Yo = — U
- {1 r K )

b

where isthe effective capacity ratio coefficient of the solute
(k'.) between the miscelles and the electrolyte,

and (v_) isthevelocity of the cyclodextrin derivative.

where isthe distribution coefficient of the cyclodextrin
(K,) derivative between the micelles and the electrolyte,

and (V) isthe absolute velocity of the cyclodextrin derivative.

It is seen that the cyclodextrin derivative also moves through the system and the enantiomeric
selectivity can either arise from specific interactions between the solute and chiral agent in the
electrolyte, or as aresult of specific interactions between the solute and the chiral agent adsorbed on the
surface of the micelles. Thisis analogous to the different selectivity's that can be employed in LC,
where the chiral agent can
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either reside in the stationary phase, or in the mobile phase. Micellular electrokinetic chromatography,
however, is more complicated in that the effective stationary phase is also moving and thus, it is more
akin to counter current chromatography, with the flow rates electro-osmotically driven.

The mechanism of retention, however, is il basically smple. The chiral selectivity isexplained in
exactly the sameway asin GC and LC. The entropic term that results from one enantiomer approaching
the other more closely is till the primary agent. Asin LC, this entropic contribution to retention is
augmented by the ensuing enthal pic effect that results from relatively greater polar, dispersive or ionic
interactions between the closer associating enantiomer and the stationary phase. Irrespective of the
distribution system, beitmay, agas and aliquid, aliquid and aliquid, aliquid and a solid or an electro
osmotically driven liquid-liquid system, the separation will depend primarily on the spatial fitting of the
two enantiomers with athird. Only as a secondary effect, will the magnitude of the differential retention
be determined by the strength and nature of the molecular forces that can occur during interaction and,
consequently, the structure of the enantiomers and that of the chiral agent. In electrokinetic
chromatography, however, besides the nature of the phases and the relative volumes of them present in
the system, the electrolyte velocity, and the second phase velocity will effect both resolution and
analysistime. Thisin turn will depend on the salt concentrations and the nature of the electrolyte and
that of the micelle material. Consequently, optimum conditions are usually determined by experiment
or by comparison with other known separations of asimilar nature.

In certain instances, enantiosel ectivity can be influenced by the addition of a second chiral additive such
as akylhydroxyalkyl cellulose [3,4], hexadecyltrimethyl ammonium bromide or cetylpyridinium
chloride [3]. Extra additives, will not only introduce a different enantiomeric selectivity, but it will aso
increase the probability of the solute interacting with achiral center and thus increasethe selectivity.
This
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will take the form of apparent chiral synergism which hasin fact been reported by Okafo et al. [5].
Guttman and co-workers [6] immobilized the cyclodextrin derivative by inclusion into a
polyacrylamide gel. Cross linking [7], produced an alylcarbamoylated cyclodextrin-acrylamide
copolymer gel. The chiral selectivity of the liquid gels was found not to be as great as the solid gels, but
the columns were more efficient and thus the resolving power of the two systems were somewhat
similar. Mayer and Schurig, [8,9], used columns coated with immobilized dimethylpolysiloxane
containing permethylated b- or ¢ cyclodextrin that was chemically bonded with an octamethylene
spacer for the separation of drug enantiomers. Armstrong [10] also described the immobilization of
permethylated b-cyclodextrin. by coupling the allyl or pentanyl substituted TM-b-cyclodextrin to a
organohydroxysilane polymer.

Crown ethers have also been used in capillary zone electrophoresis and have been established as
suitable for separating optically active primary amines by LC [11,12]. In addition, they have been used
in conjunction with the cyclodextrins [13,14] to improved chiral separations. As already discussed, the
introduction of a second chiral agent would be expected to improve the enantiomeric resolution, as, in
addition to introducing a second type of chiral selectivity, it would also increase the probability of the
solute interacting with a chiral center.

The common use of miceller electrokinetic chromatography evokes some discussion on the production
of micelles. Surfactants can organize themselves into micelles, at or above the critical micelle
concentration, and at temperatures in excess of the Krafft point. After the critical micelle concentration
has been reached, the concentration of the surfactant monomer remains constant, and any excess of
surfactant aggregates to form micelles. The diameter of the micellesis only 3—6 nm and the solution
exhibits properties similar to homogenous solutions that have relatively high electrical conductivity.
When employing miceller electrokinetic chromatography to separate enantiomers, chiral surfactants can
be employed or, alternatively, chiral additivesin conjunction with nonchiral detergents can be used. The
separation is carried out in very
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small diameter tubes (50—100 um 1.D.) to prevent excessive ohmic heating (Joule heating). The smaller
the cross sectional area of the tube, the smaller the current for a given applied voltage and thus, less
energy is generated as heat along the capillary tube.

There are two classes of chiral surfactants that have been used, optically active amino acids derivatives,
and natural surfactants such as bile salts, digitonin and the saponins. Bile salts possess both dispersive
(hydrophobic) and polar (hydrophilic) interactive sites and form chiral, helically shaped aggregates with
areversed micelle conformation. The bile acids have quite different chiral selectivity from the long
chain surfactants. Their dispersive (hydrophobic) character appears to dominate in their interactive
capabilities. An example of the alternative class of amino acid derivatives is N-dodecanoyl -L -valinate.
These chiral agents must be used under neutral or alkaline conditions unless sodium dodecyl sulfateis
also added to produce co-micellation, in which case the system can be used under acid conditions.
Columns used with these agents can exhibit reduced efficiency, but this can be improved by adding
urea, or small amounts of methanol, and by reducing the electro-osmotic flow, by adding glycerol.

It must be emphasized that a mixture containing micelles will not necessarily produce asimple, single
component stationary (or non aqueous) phase. Not only will the solute be distributed between the
micelles and the aqueous phase, but also, to alesser or greater extent, will any other component in the
electrophoretic solution. The presence of any other organic component distributed between the micelles
and the aqueous phase will modify the solute interactions with both phases. In general, increased
interaction of the solute with the micelles will slow the migration rate of the solute. Increased
interaction of the solute with the aqueous phase will increase the migration rate of the solute.

Although peptides, proteins, polysaccharides and certain polymers have been used successfully in LC to
separate chiral substances, they have found only limited use in miceller electrokinetic chromatography.
Due to the large number of different chiral, dispersive and polar sites available
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on each macromolecule, the probability of unique selectivity for a particular enantiomer may be very
high. Unfortunately, due to the limited number of these special sites that will be available in the
molecule, the probability of the solute interacting with the appropriate site will, in contrast, be very
small. As aresult, the selectivity necessary to achieve the separation is often not realized. Nevertheless,
bovine serum albumin has been used as a buffer to separate the racemates of leukovorin, ibuprofen and
DNS-amino acids [13,14] and bovine serum albumin cross linked with gluteraldehyde has been used to
separate the isomers of tryptophan [15]. In addition, human serum albumin has also been used for the
separation of dibenzoyl tartaric acid, amino acids and indole lactic acid [16].

Application Examples
The Separation of Peptides

The reproducible analysis of peptides was one of the first successes of capillary electrophoresis. Acidic
peptides, that have proved difficult to separate by LC, are readily separated in low pH buffer systems,
such as 100 mM sodium phosphate at pH 2.5. In figure 13.6A, the separation of 10 peptides has been
achieved with baseline separation in 15 minutes. Each peptide was injected at a concentration 50 ng/ml
in 5 mM phosphate, pH 2.5. The sample was introduced by an 8 sinjection, at 8 kV, into a27 cm x 50
nm capillary, equilibrated with 50 mM phosphate buffer and separated with a constant voltage of 10 kV
at 28°C. The solutes were detected by UV adsorption at 200 nm.

In figure 13.6B is shown the separation of peptides labeled with CBQA (3-(p-carboxybenzoyl)-
quinoline 2-carboxy aldehyde) following atrypsin digestion of cytochrome c. The cytochrome ¢ (100
ny) was digested overnight at 37°C with 3 ng of sequencing grade trypsin. The sample was injected by
a 10 sec pressure injection into a57 cm x 75 mm capillary that had been equilibrated with 100 mM
borate at pH 8.3 and separated at 25 kV constant voltage at 28°C. The solutes were detected by
fluorescence excitation by alaser at 488 nm and sensed at 520 nm. The total on column mass was 4
fmol.
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Figure 13.6
The Separation of Some Peptides by Capillary
Electrophoresis
Courtesy of Biotechniques (ref. 17)
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The Separation of the Stereoisomers of a Mixture of Pseudoephedrine and Ephedrine

The separation of the pseudoephedrine and ephedrine isomers was carried out using b-cyclodextrinsin
the mobile phase. The separation, shown in figure 13.7, was carried out on a capillary 72 cm x 50 mm
[.D. and the solutes were detected by UV adsorption at 214 nm. The mobile phase chiral additive was
the sulfobutylether derivative of b-cyclodextrin.
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Figure 13.7

The Separation of the Stereoisomers of a
Mixture of Pseudoephedrine and Ephedrine
Courtesy of Journal of Chromatographic Science
(ref. 18)
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The separation was carried out using 1.5 mM of the cyclodextrin derivativein 20 mM tris-phosphate

buffer. A volume of 5 nl of the sample was hydrostatically introduced into the column for 10 s. and the
separation developed under a potential of 30 kV. The cyclodextrin derivative was made up in a50 mM
phosphate solution pH 4.0, containing 5 mM sodium chloride. It is seen an excellent separation of each

enantiomer is achieved.

The Effect of pH on the Separation of Duloxetine Enantiomers Using Hydoxypropyl -b-Cyclodextrin
Additives

The separating system consisted of 75 cm = 50 nm capillary which was operated at 30 °C with an
applied voltage of 23 kV. The enantiomers were detected by UV adsorption at 214 nm. The separation

obtained is shown in figure 13.8
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Figure 13.8
The Effect of pH on the Separation of the Enantiomers of
Duloxetine Employing Hydroxypropy! -b
Cyclodextrin
Courtesy of Eli Lilly and Co.

It is seen that good chiral selectivity is obtained at pH 4.5 or lower. The (R) enantiomer eluted first on
hydroxypropyl-b cyclodextrin. It is clear
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that pH plays an important role in electrophoretic separation even when chiral additives are employed.
The Separation of the Enantiomers of Some Amino Acids with the Chiral Additive Vancomycin

Vancomycin can be used very effectively as achiral additivein capillary electrophoresis, but isin some
ways inconvenient. as it adsorbs strongly in the UV. However, as low levels of the agent are employed,
adequate sensitivity is often realized. Neverthel ess, solutes are sometimes detected by fluorescence

using an appropriate fluorescing derivative. The separation of the AQC derivative of phenylaanine,
methionine and serine is shown in figure 13.9.
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Figure 13.9
The Separation of the Enantiomers of the AQC Fluorescent Derivatives
Phenylalanine, Methionine and Serine
Courtesy of LC/GC. (Ref. 18)

The separation was carried out on a30.5 cm silicatube, 50 mm I.D., containing 0.1 M phosphate buffer
and 5 mM Vancomycin. The pH of the buffer was 7.0 and the electrophoretic voltage 5 kV.
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The same system was used to separate the Dansyl derivatives of valine except that the pH was adjusted
to 4.9. The separation that was obtained is shown in figure 13.10.
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Figure 13.10
The Separation of the Enantiomers of the Dansyl
Derivatives of Valine
Courtesy of J. Chromatogr. (Ref.19)

Separations can also be achieved very effectively in capillary electrophoresis using crown ethers as the
chiral additive and example of this we given by Bereufer [18]. In figure 13.11, the separation of
erythro-2-amino 3-phenylbutyric acid is shown as thefirst pair of solutesin chromatogram (A) and
threo-2-amino-3-phenybutyric acid the second pair of solutesin chromatogram (A). The racemic pair in
chromatogram (B) are those of threonine. In chromatogram (A) the buffer was 10 mmol of Tris adjusted
with citric acid to apH of 2.2 and 10 mmol C6-tetracarboxcylic acid. In chromatogram (B) the buffer
was 10 mmol of Trisand 11 mmol of benzyltrimethylammonium chloride adjusted with citric acid to a
pH of 2.2 and 15 mmol C6-tetracarboxylic acid [19]. The chiral stationary phase was a crown ether.

It isclear that many of the chiral agents used in LC can be equally effective in capillary e ectrophoresis.
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This technique was used by Rellly and Risley [21] to separate some Dansy| glutamic acid enantiomers.
The separation was carried out on a 27 cm neutral capillary 50 nm 1.D. The buffer was 100 mM
phosphate at apH of 6.0. The results are shown in figure 13.12.
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Figure 13.12
The Separation of the Enantiomers of Glutamic Acid
by Counter Current Capillary Electrophoresis
Courtesy of LC-GC. (Ref. 21)

The buffer used for chromatogram (A) contained 2 mM Vancomycin and chromatogram (B) 2 mM of
the antibiotic A82846B. It is seen that there is no problem with detection, and the Vancomycin
produces an excellent separation, the peaks of both enantiomers being very symmetrical. The
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Figure 13.11
The Separation of (A) Racemic Erythro- and
Threo-2-amino-3-phenylbutyric Acid and (B) Racemic

Threonine

Courtesy of LC-GC. (Ref. 20)

The Separation of Enantiomers by Counter Current Capillary Electrophoresis

Although the macrocyclic antibiotics are very effective for separating chiral substances by capillary
electrophoresis, as already stated they have the disadvantage of adsorbing strongly in the UV, and thus
can make detection less sensitive. Park et al. [20] used anovel counter current capillary electrophoresis
process, that incorporates the macrocyclic antibiotics ability to separate racemates, but also overcomes
the problem of UV interference. A coated capillary is employed to suppress electro osmotic flow, which
prevented the antibiotic from passing the detector window. The column isfilled with buffer containing
the Vancomycin and the sample is loaded onto the tube. When a voltage is applied, the chiral selector
moves in the opposite direction to the solute and away from the detector window. As a consequence,
there is no background adsorbance from the antibiotic when the solutes are sensed.
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other antibiotic producing a good separation but the second enantiomer is avery asymmetric peak.

Synopsis

There are three electrophoretic methods of separation: zone el ectrophoresis, where the components are
separated on the basis of relative mobilities; isotachophoresis, where the separation is again based on
relative mobilities, but the solutes are sandwiched between leading and terminating el ectrolytes, and
finally, isoelectric focusing, where the solutes are separated according to their isoelectric points. In all
electrophoretic systems, movement of charged speciesis always accompanied, to a greater or lesser
extent, by electro-osmotic flow. Electro-osmotic flow is the movement of aliquid, when in contact with
acharged surface, under the influence of an electric field. The flow is'plug’ form and is not
accompanied by the parabolic velocity profile associated with Newtonian flow. In 'plug’ flow thereis
virtually no band dispersion resulting from resistance to mass transfer effects and thus very high
efficiencies are attainable. The capillary electrophoretic apparatus consists of two reservoirs, each
containing electrolyte, and fitted with electrodes. Each reservoir is inter-connected by fused quartz
capillary tubing dipping into each reservoir. A third reservoir, containing another electrode, is
connected by a'T" to one end of the capillary, through which the sampleis applied. At the other end of
the tube is the detector. The most common detector is a UV absorption system measuring the intensity
of the light passing through a cleaned section of the tube using fiber optics. Using the same physical
system, detection by fluorescence measurement has also been found satisfactory. Chiral selectivity can
be introduced into the buffer by employing standard L C stationary phases such as the crown ethers, the
cyclodextrins or the macrocyclic antibiotics. Unfortunately, most chiral substances are not ionic, but
these can be separated by introducing micelles (usually formed with sodium dodecylsulfate) or
emulsions into the buffer. The chiral solutes partition between the long aliphatic chains of the micelles
and the electrolyte as do the chiral additives themselves. In general, under an electric field the micelles
move in the opposite direction to the
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solute, and thus the actual movement of the solute relative to the capillary will be the difference
between the micelle velocity and the solute velocity. The chiral selectivity arises from spatial
interaction between the enantiomers and the chiral additive in exactly the sameway asin LC and GC.
Surfactants organize themselves into micelles at or above the critical micelle concentration and at
temperatures in excess of the Krafft point. After the critical micelle concentration has been reached, the
concentration of the surfactant monomer remains constant, and any excess of surfactant aggregates to
form micelles. The diameter of the micellesis only 3—6 nm, and the solution exhibits properties similar
to homogenous solutions that have relatively high electrical conductivity. In some cases chiral
surfactants can be used, such as the saponins and bile salts. The distribution system with micellesis
complex in that the chiral agents themselves, and the solutes, distribute between the micelles and the
electrolyte. The capillary electrophoresis technique has been successfully employed to separate many
different chiral substances including peptide enantiomers and a range of chiral drugs. A technique has
been devel oped to avoid the strongly UV adsorbing macrocyclic antibiotics from interfering with UV
detection. An internally coated capillary is used which eliminates el ectro osmotic flow and the electric
field isarranged so that the chiral agent migratesin the opposite direction to the solute and, thus, never
passes the detector window.
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Chapter 14—
An Experimental Approach to Chiral Chromatography

I ntroduction

Manufacturers of chiral phases usually provide an experimental protocol for their particular products
and, in many instances, recommendations from these protocols will be included here. The rational
behind the phase selection procedure, suggested by each manufacturer, differs considerably, and is
sometimes a little obscure. However, in this section, the phase selection process will be discussed using
the already established concepts of spatial orientation, entropic and enthalpic contributions to retention,
and the different molecular forces that control retention.

There are anumber of general considerations that need to be presented before detailed discussion of the
individual phase systems commences. In any chiral separation the following conditions should be met,

1. The phase system must provide the necessary chiral selectivity to resolve the enantiomers of interest.

2. The phase system, in addition to providing the necessary chiral selectivity, must provide reasonably
low capacity ratios, to ensure acceptable analysis times.

3. The phase system, and in particular the stationary phase, must be stable to the conditions under which
it isto be used. (e.g. pH, solvent type, temperature, etc.)
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4. If the analysisisto be aroutine quality control assay, then, in LC, the solvents used should be non-
toxic, easily recoverable, inexpensive and easily, and safely, disposable.

5. The phases (stationary phase and mobile phase) need to be economically priced, and readily available
in areproducible form.

The above conditions should be adhered to, irrespective of the technique that is used, the sample type,
or the phase system selected.

The choice of the techniquesis basically between GC or LC, as only under specia circumstances would
electrophoretic procedures be considered. If an electrophoretic system is deemed appropriate, then
information should be sought from original references. In general, GC can provide much higher
efficiencies and a much wider range of operating temperatures than LC. The GC procedure is simple
and no subtle choice of mobile phase is necessary. After the stationary phase has been selected, the only
important variable left to the analyst, is the operating temperature, or the temperature program. In
addition, there is amore restricted range of stationary phases from which to select in GC, making the
choice of stationary phase simpler.

In contrast, as has been discussed throughout the book, there are at least five different classes of LC
stationary phase available and, within each class, there can be a number of alternative materias, each
having different physical properties and unigque chiral selectivities. The choice of phase systeminLCis
further complicated by the wide choice of solvents, and solvent mixtures that can be used with them. In
addition, in some cases, a number of solvents must be excluded from choice, due to stationary phase
instability. Thusin LC, after choosing the stationary phase from a wide range of possibilities, the
optimum mobile phase components must be selected, together with the optimum mobile phase
composition and then the optimum operating temperature. It is hardly surprising that, in LC the
optimization process for a particular separation can be very confusing and, at the every least, tedious.
To the newcomer,
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it may appear amost impossibly difficult (ipso facto the contemporary popularity of practical training
courses in chiral chromatography).

In this section, on experimental procedures, the subject will only be briefly surveyed. If the reader
selects a particular commercial chiral stationary phase or column for use, then it is advisable to obtain
the most recent product literature available from the supplier, as references and protocols are being
continuously revised and updated.

Chiral Gas Chromatography

Chiral gas chromatography should be selected as the separation technique if the materials are volatile
and stable at elevated temperatures. In addition, if the solutes can be derivatized to form a sufficiently
volatile product without racemizing the enantiomers, or changing their racemic proportion, then GC
may be the choice. GC offers much higher efficiencies, much higher peak capacities and significantly
higher sensitivitiesthan LC. It follows, that GC can easily contend with multicomponent mixtures, such
as the essentia oils and other complex mixtures from biological sources. In addition, the columns have
short equilibrium times, trace impurities are easily assayed, and the analyses are shorter providing much
faster sample throughput.

Derivatization

There are two ways of using derivatization in chiral GC. Thefirst is to derivatize with a chiral reagent
to produce diastereoisomers which can be separated on conventional GC columns. The second, isto
derivatize with an achiral reagent to increase volatility and separate the derivatives on a column with a
chiral stationary phase.

Thefirst approach has met with limited success. There are certain disadvantages. The reagent must be
enantiomerically pure, the resulting diastereoisomer must be adequately volatile and the derivatizing
procedure must not produce racemization, either of the reagent or, the sample.
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Derivatization with achiral reagents are more advantageous. The more volatile derivative usualy
exhibits greater column efficiency, the separations are rapid, and, in some cases, interactions between

the derivative group and the stationary phase will enhance the chiral selectivity.

Table 14.1 Achiral Derivatization M ethods

Compound Class
Alcohols and Carbohydrates

Hydroxy Acids and Carboxylic
Acids

Amines

Amino Acids

Amino-acohols

* First Choice

Derivatives

Acylation—esters
Trimethylsilation—silyl esters
| socyanates—urethanes

Alkylation®
Sylation
| socyanates—urethanes, amides

Acylation-
trimethylsilylation

Alkylation®
Acylation

Acylation*
trimethylsilylation

Table 14.2 Derivatization Procedures

The Preparation of the Methyl Ester of a Carboxylic Acid

1. To approximately 1 mg of the sample, contained in a screw top vial, add 1 ml
of 2 M methanolic hydrochloric acid. Place in boiling water for 30 min with the

screw top tightly closed. Use asilicone rubber seal.

2. After 30 min, remove the cap, and allow the solution to evaporate to dryness.
The removal of the last traces of water can be aided by the addition of methanal.

Care must be taken not to loose any of the sample by evaporation.

(table continued on next page)
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3. Dissolveresidue in an appropriate solvent (diethyl ether, methylene chloride,
methanol, ethanol, dimethoxypropane etc.) and inject appropriate sample onto
the GC column.

The Preparation of the Trimethylsilyl Ester of a Carboxylic Acid

1. To approximately 5 mg of the sample, contained in a screw top vial, add 2 ml
of bis-(trimethylsilyl)-trifluoroacetamide containing 10 % v/v of
trimethylchlorosilane.

2. Add 0.1 ml of pyridine, seal vial and mix well.

3. Heat for 5 min at 45°C, cool to room temperature and inject sample onto
column.

The Acetylation of Alcoholsand Amines

1. To approximately 1 mg of the sample, contained in a screw top vial, add 0.2
ml of methylene chloride.

2. Add 0.2 ml of trifluoroacetic anhydride (or other appropriate anhydride), cap
the vial and heat to 60°C for several minutes.

3. Remove cap from via (using the appropriate precautions).

4. Place capsules back on hot-plate and evaporate the solution to near dryness.
The final drying must be carried out with care, so that none of the sampleis

volatilized and lost.”
5. Dissolve residue in methylene chloride and inject onto the column.

“If there is concern over evaporation losses, the solution can be extracted twice
with 5% sodium bicarbonate solution which will remove the free acid (the
solution may foam and care must be taken in venting the vial). The methylene
chloride can then be dried by passing it through a small bed of anhydrous
sodium sulfate in a Pasteur pipette.

The Polysiloxane Based Stationary Phases

The Amino Acid-Peptide Polysiloxane Stationary Phases
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There are two commonly used chiral GC stationary phases from which the analyst can choose. Firstly,
there are the polysiloxane based stationary phases that contain amino acids or peptides included in the

polymer or reacted with the polymer matrix, secondly, there are those that contain one of the

cyclodextrins, or derivatized cyclodextrins
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included in the polymer. The broad basis of choice for the peptide polysiloxane phases are as follows.
Peptide-Dimethylpolysiloxane Chiral Stationary Phases

The dimethylsiloxanes are dispersive in character (retention largely depending on dispersive
(hydrophobic) interactions), and have relatively lower temperature stability. They are not in common
use today, and would be appropriate for separations at temperatures (conservatively) up to about 150°C.
Such materials would separate dispersive solutes of small molecular weight (solutes with alkyl chains,
naphthene rings and aromatic rings).

Peptide-Phenylpolysiloxane Chiral Stationary Phases

Incorporating the chirally selective material into a phenylpolysiloxane polymer raises the operating
temperature significantly and, in addition, the polarizability of the phenyl group allowsinduced dipole
interactions (p interactions) with polar solutes. Materials based on the phenylsiloxane polymers can be
used up to temperatures (conservatively) of about 180°C. These materials are suitable for the separation
of enantiomers that are essentially polar but, insufficiently polar to render them involatile. Derivatives
of polar substances would also separate well on phenylpolysiloxane polymer stationary phases, but the
derivatizing procedure must not effect the enantiomeric ratio.

Cyanopolysiloxane Peptide Chiral Stationary Phases

The cyanyopolysiloxane chiral stationary phases can be used in two ways. The polymer can include the
chiral agent, usually a peptide or dipeptide and thus provide an overall polar interaction with the
solutes, which would be more suitable for the separation of polar solutes. The temperature stability of
the cyano polymer phasesis, however, less than that of the phenyl polymer phases and can only be used
up to temperatures (conservatively) of about 160°C.

Alternatively, the cyano group can be hydrolyzed to the acid and coupled to an acid-protected amino
acid or peptide. This stationary phaseis
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probably one of the more popular polysiloxane chiral stationary phases an is claimed to be stable up to
280°C. Thistype of stationary phaseis largely polar, and thus the overall retention will be controlled by
polar interactions. Such a material would be effective for the separation of enantiomers where the
chiral center was located relatively closely to polar groups such as amino acids.

In practice, the sample should be injected onto the column (probably the bonded hydrolyzed cyano
polysiloxane would be a good first choice.) and the temperature programmed from about 50°C to 200°C
(depending on the upper published thermal limit of the stationary phase). The best chiral selectivity is
usually obtained by operating isothermally. Thus, from the temperature program, the best isothermal
temperature can be estimated and, from subsequent results at that temperature, the optimum operating
temperature that will achieve the required separation in the minimum time, can be assessed by iteration.
In general, the column length should be adjusted to provide just the separation that is necessary and in
this way reduce the analysis time. Accelerating the separation by increasing the mobile phase velocity,
although effective, is not the best way to reduce analysistime.

The Polysiloxane-Cyclodextrin Based Stationary Phases

The polysiloxane-cyclodextrin based stationary phases are probably the most popular as they have both
good chiral selectivity, and high temperature stability. The cyclodextrins that are commercially
available can have three different ring structures and can be derivatized with different interactive
groups. In addition, they can also be included in diverse polysiloxanes, so there is anumber of different
stationary phases of thistype available. Introducing akyl or alkyl-acyl substituents into the cyclodextrin
by derivatizing the hydroxyl groups produces materials that have lower melting points, are till
thermally stable, and, more important, are soluble in the solvents used for coating capillary columns.
The range of cyclodextrins available from Advanced Separation Techniques Inc. as stationary phases
for GC including their maximum



alowable operating temperature (MAOT) are typical of those shown in table 14.3.

Table 14.3 Derivatized Cyclodextrin GC Chiral Stationary Phases

Stationary Phase

1. 2,6-di -O-pentyl -a -cyclodextrin

2. 2,6-di -O-pentyl -b-cyclodextrin

3. 2,6-di -O-pentyl -g-cyclodextrin

4. permethyl -(S)-2-hydroxypropyl-a -cyclodextrin

5. permethy! -(S)-2-hydroxypropyl-b-cyclodextrin

6. permethyl - (S)-2-hydroxypropyl-g-cyclodextrin

7. 2,6-di -O-pentyl -3-O-trifluouroacetyl-a-cyclodextrin
8. 2,6-di -O-pentyl -3-O-trifluouroacetyl-b-cyclodextrin
9. 2,6-di -O-pentyl -3-O-trifluouroacety!- g cyclodextrin
10.2,6-di-O-pentyl-3-O-propionyl-g-cyclodextrin
11.2,6-di-O-pentyl-3-O-butyryl-g-cyclodextrin

12. permethyl-b-cyclodextrin (in polysiloxane)

13. 2,3-dimethyl -6-silyl-b-cyclodextrin (in polysiloxane)

MAOT
180°C
180°C
180°C
180°C
180°C
180°C
180°C
180°C
180°C
180°C
180°C
230°C
250°C

Code
A-DA
B-DA
G-DA
A-PH
B-PH
G-PH
A-TA
B-TA
G-TA
G-PN
G-BP
B-PM
B-DM
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The cavity size (the &, b, and g, cyclodextrins) can be chosen on the basis of the size of the solute
molecule. If the molecule can fit into the cavity of a particular cyclodextrin, then, that cyclodextrin

could permit inclusion interactions and thus might provide greater chiral selectivity. If the solute

molecule is large compared with all the cavities of all three cyclodextrin, then inclusion interactions are
not possible, and the g-cyclodextrins are likely to be the most appropriate. Although the stationary
phase B-PM has proved to be the most popular, in the majority of applications the performance of B-

DM has been shown to be superior.

In choosing the stationary phase it can be generally said, that if nitrogen (amine) oxygen (ester alcohol)
or ahalogen isafunctiona group or atom attached to the stereogenic center, the G-TA stationary phase

would be afirst choice. If the molecule has few or no functional groups
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attached to the chiral center then the B-PH would also be another frequently successful alternative. A
list, showing the applicability of the different phases to different types of chiral separation, isshownin
table 14.4. Thislist has been developed from published applications and represents contemporary
knowledge. The stationary phases may well have wider areas of application than those indicated by the

table.

Table 14.4 The Cyclodextrin Application Table

Stationary Phase
Chiraldex A -DA
Chiraldex B-DA

Chiraddex G-DA

Chiraldex A -PH

Chiraldex B-PH

Chiraldex G-PH

Chiraldex A -TA
Chiraldex B-TA

Chiraldex G-TA

Chiraldex G-PN

Chiraldex G-BP
Chiradex B-PM

Application Class
Single ring molecules, small cyclic amines, alcohols and epoxides

Nitrogen heterocyclics, heterocyclics, some lactones, aromatic
amines, sugars, amino acid derivatives, bicyclic compounds and
epoxides.

Aromatic amines containing 2 or morerings, large cyclic diols,
Some heterocyclics, multi-ring compounds and those with bulky
substituents.

Small linear saturated amines, acohols, carboxylic acids and
epoxides.

Structural isomers, unsaturated no aromatic compounds, Linear and
cyclic amines and alcohols, acids, lactones, amino alcohols, sugars,
bicyclic compounds and epoxides.

Cyclic and bicyclic dials, steroids and carbohydrates.
Small alcohols, amines, diols, propylene oxide.

Broad range, alky! alcohols, halogen acid esters, amino alkanes,
amino acids derivatives, halogenated cycloalkanes, certain
lactones, diols, alkyl halides, furan and pyran derivatives.

Alcohols, polyals, amines, amino acohols, lactones, halogenated
carboxylic acid esters, furans, pyrans, epoxides, amino acids and
glicidyl analogs.

Epoxides, higher alcohols (>C4), lactones, aromatic amines
(amphetamines).

Amino acids, certain primary amines, oxides and furans.

Carboxylic acids, alcohols, barbital's, diols, lactones, terpines and
tertiaryamines.
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(The bold type in the previous table indicates the more broadly applicable GC phases and has been used
successfully in ahigh proportion of applications).

Cyclodextrin stationary phases are applicable to as wide variety of compounds, often without
derivatization. Chiral separations by GC are becoming more and more important, and for very difficult
separations, it is easy to increase the length of the capillary column to produce the necessary number of
theoretical plates.

Chiral Liquid Chromatography

As aresult of the development of thermally stable chiral stationary phases with good selectivity, many
samples that were, hitherto, separated by L C are now separated on GC. They are separated, either in
their natural state, or asvolatile derivatives. LC is, therefore, now largely used for separating those
substances that are involatile and cannot be made volatile by derivatization. Such substances include
those that are highly polar or ionic, or those substances that have relatively high molecular weights. The
general use of LC for chiral separations has been developed over many years, and so there are, now, a
number of different types of chiral stationary phases available for LC. There are basically five different
types of L C stationary phase which have been discribed at some length earlier in this book. The
experimental techniques and the protocol for choosing the most applicable chromatography system will
be discussed for each type of phase.

The Protein Bases Stationary Phases

There are three commonly used protein based LC chiral stationary phases, the a,-acid glycoprotein

phase (CHIRAL-AGP), cellobio-hydrolase (CHIRAL-CBH) and human serum albumin (CHIRAL -
HSA). The properties of these stationary phases are afollows.

Chiral-AGP

The a,-acid glycoprotein phase has extremely broad applicability and can separate the enantiomers of a
wide range of drug compounds. It has
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been used successfully for the separation of amines (primary, secondary, tertiary and quaternary), acids
(strong and weak) and amides, esters, alcohols, etc. This stationary phase can be used with very simple
mobile phase mixtures in the reversed phase mode, mostly with an aqueous buffer containing and
organic modifier such as 2-propanol or acetonitrile. Retention and selectivity can be adjusted by
changes in the buffer concentration, the pH or the concentration of organic modifier.

The most frequently used organic modifiers are 2-propanol, acetonitrile. methanol, ethanol, 1-propanol
and tetrahydrofuran (THF). Normally increasing the organic modifier will reduce both retention and
chiral selectivity. However, there are certain exceptions, where increasing the modifier content will
decrease the retention and increase enantio-selectivity. Examples of these exceptions are the resolution
of the enantiomers of Tiaprofen and Warfarin. Thisis probably due to the overall retention being
controlled largely by dispersive interactions whereas the chiral selectivity results from polar interactions
with polar groups proximate to the chiral centers. Chromtech provides the chart given below to help in
the use AGP. The chart islargely self explanatory: when the organic modifier isincreased, the
dispersive interactions in the mobile phase increase, reducing the relative strength of the dispersive
interactions with the stationary phase. Similarly increase in buffer concentration increasesionic
Interactions in the mobile phase.

Cellobio-hydrolase is a stable enzyme and is also used in the reversed phase mode. This stationary
phase has a more narrow area of application than the AGP material, and is used preferentially to
separate compounds containing one or more basic nitrogen groups, together with more polar groups
(alcohol, phenoal, carbonyl, amide, ether, sulfoxide, ester etc.) It has found particular usein the
separation of basic drugs. The common mobile phase is a mixture of phosphate or acetate buffers and
an organic solvent such as 2-propanol. Asin the case of the AGP phases, retention and selectivity can
be adjusted by changes in the buffer concentration, the pH or the concentration of organic modifier.



AGP Protocol Amine (polar), Acid {weak), Nonionic Material
Starting Mobile Phase 3% 2-propanal 10 mm Phosphate Buffer (pH 7.0)

N or Low Chim m“”iﬁ’

Low Retention

Decrease 2-Propanol
Concentration

Teo High Retention

Increase the 2-Propanol
Concentration or 1:|1H.-.._____1h

o

Separation

Scparation 4=

\ / Separation
No or Low No or Low

Chiral Selectivity / Chiral sflccumy
* Try a low concentration of charged

Try another modifier

(acetonitrile, methanol ete.)

modifier, hexanoic acid,

quarternary salt ete,

Amine (dispersive)
Starting Mobile Phase 10 mM ammonium or sodium acetate buffer (pH 4.5)

i ivi Chiral Selectivity
Mo or Low Chiral Selectivity o .
Low Retention Too High Retention

Decrease pH to 4.0 and/or add 2-propanol

Increase pH stepwise, and adjust retention by
adding 2-propanol. Increase buffer

concentration siepwise

Separation
No or Low

Chiral Selectivity

Separation

Try another modifier
(acetonitrile, methanol eec.)

Acid (strong)
Starting Mobile Phase 10 mm Phosphate Buffer (pH 7.0}
T (Chiral Sectivity
No or Low Chiral Selectivity Too High Retention
Low Retention

Add 2- 1
Decrease pH andfor increase propana

buffer concentration to 0.1 M H""*-‘ &-""’f --\“
/ Neo or Low Chiral Selectivity Separation

Separation Try another nmd*ﬁﬂr

{acetonitrile, me
Separation

thanol ctﬂ:.h

Try low concentration of
N AN-dimethyloctylamine
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The chart giving an experimental protocol for CHIRAL-CBH is given below.

CBH Protocol Polar (hydrophilic) and Dispersive (hydrophobic) Amines

Stanting Mobile Phase 5% 2-propanol in 10 mM Phosphate Buffer and
50 mM Disodium EDTA

4 T

Chiral selectivity but No or low chiral selectivity  No or low chiral selectivity
too high retention and low retention but high retention

l

Decrease pH and/or increase  1nerease pH stepwise Increase mniﬁer or buffer
2-propanol or buffer to pH 7.0 Concentration

/N N\

. Low chn‘a] selectivity T th
ry another
Separation Separation o ber
Try anm‘hm‘
maodifier

Again, the chart isrelatively self explanatory and the recommended procedure is very similar to that
given for CHIRAL-AGP It would appear that the manufactures of these phases recommend, in the first
instance, the use of 2-propanol as the organic modifier (the agent that introduces dispersive interactions
into the mobile phase). If necessary the alternative acetonitrile is then tried and after that there appears
to be no specific choice. Changing to methanol will, provide aless dispersive, but more polar solvent,
changing to THF will provide a more dispersive solvent.

Chiral-HSA

Bonded human blood serum has an even more restricted application range than CBH. Itisalso used in
the reversed phase mode with mixtures of phosphate buffers and organic modifiers such as 2-propanol
as the mobile phase. Retention and selectivity can be adjusted in the same manner as AGP and CBH.
It's preferred use is to separate strong acids
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and zwitterionic substances and certain non-ionic materials. The protocol for this stationary phase

provided by Chromtech is given below. In general, over 95% of the separations that have been

investigated, using these types of stationary phase, have required nothing more than a buffer and an

organic modifier as the mobile phase.

HSA Protocol Acidic Compounds

Starting Mobile Phase 5% 2-propanol in 10 mM Phosphate Buffer at pH 7.0

— T

Chiral selectivity but No or low chiral selectivity  No or low chiral selectivity
a0 high retention and low retention but high retention.
Increase 2-propanol, if not Decrease 2-propanol,add Try ancther
sufficient change to 1-propanel,  and/or increase buffer mdifier
if necessary add octanoic acid concentration andfor

decrease the pH

/N N\

. . Low charal selectiviry . _
Separation + Separation

Try another
modifier

However, in certain cases, charged modifiers are needed, such as octanoic acid, quaternary compounds
etc., to induce adequate enantiosel ectivity. Such additives, have been shown to be necessary when

separating arylpropionic acids and profens, i.e. such substances as | buprofen and Naproxen.

The Célulose Based Stationary Phases

The cellulose and amylose based stationary phases are more often effectively used in normal phase
mode. The carbamates, however, are claimed to function in high concentrations of water, and have been

used successfully with a mobile phase of pure buffer. There are three basic
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types, the amylose carbamates, the cellulose carbamates and the cellulose esters. The range of stationary
phases provided by Chiral Technologies Inc. together with their selection chart are shown below. In
addition, the solvent mixtures recommended for use with each phase are also included.

Stationary Phase Type Trade Name Solvent
Amylose Carbamate CHIRALPAK® AD Hexane/IPA
Amylose Carbamate CHIRALPAK ® AS Hexane/Ethanol
Cellulose Carbamate CHIRALPAK® OC
Cellulose Carbamate CHIRALPAK ® OD Hexane/IPA
Cellulose Carbamate CHIRALPAK ® OD-H Hexane/Ethanol
Cellulose Carbamate CHIRALPAK ® OD-R
Cellulose Carbamate CHIRALPAK ® OF Hexane/IPA
Cellulose Carbamate CHIRALPAK ® OG Hexane/IPA
Cellulose Ester CHIRALPAK ® CA -l
Cellulose Ester CHIRALPAK ® OA
Cellulose Ester CHIRALPAK ® OB Hexane/IPA
Cellulose Ester CHIRALPAK ® OB-H Hexane/Ethanol
Cellulose Ester CHIRALPAK® OJ
Cellulose Ester CHIRALPAK ® OK
Solute
Weakly Tonic or Nonionic
Aromatics  Cyelo Aliphatics Cyelo Alkanone
ADAS.OD or Lactone
Amylose Carbamate OB, 0AAS
Cellulose Carbamate Amylose Carbamate
Cellulose Ester
|
¢ . 4‘ ADAROD
Aromatic Aromatic Others Amvlose Carbamate
only ester OD-H.ODAD Cellulose Carbamate
oD OJ,0B-H.OB UG,UF,:‘L.S
Cellulose Cellulose Amylose Carbamate
Carbamate Ester Cellulose Carbamate
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Chiral Technologies Inc. provide a solvent protocol for use with their columns. If anormal phase
development is to be used, a simple mixture of hexane/IPA : 90/10 v/v or heptane/IPA : 90/10 v/v is
recommended as a good average stating mobile phase. Samples that are nonionic or weakly ionic are
suitable for normal phase development. In general, the goal of sample optimization is to achieve agood
separation of the enantiomersin 30 min or less. The following approximate rules can be helpful.

If chiral selectivity isobserved in:  Chance of a satisfactory separation in
30 min. or less

R=0.8in 10 min probable
R=0.8in 20 min. possible
R<0.8in 20 improbabl-change columns

The following approximation can also be useful.
Element content of sample Initial mobile phase
Oxygen hexane/IPA : 90/10 v/v
(0.15% TFA if an acid is present)
Nitrogen hexane/IPA : 80/20 viv
(0.15% DEA if abaseis present)

Nitrogen and Sulfur hexane/lPA : 70/30 viv

Recommended Initial Conditions

1. Temperature 25°C (room temperature)

2. Flow rate 1 ml/min (compatible with available pressure)
3. Sampl e dissolved in mobile phase 2-5 mg/ml

Increasing the IPA content would decrease retention and probably selectivity. If the retention is still
high, a change to amore polar solvent such as ethanol is recommended. Conversely, increasing the
hexane content would increase retention and in most cases, also increase chiral selectivity. In general,
lowering the temperature will increase retention raising the temperature will reduce retention. However,
as already
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In reverse phase separations, retention can be strongly pH and buffer dependent. An example of some
starting conditions are as follows.

Sample Type Initial Mobile Phase

Neutral acetonitrile/water : 40/60 v/v

Basic acetonitrile/0.1 M salt : 40/60 v/v/

Acidic acetonitrile/ aqueous buffer pH 2.0 : 40/60 v/v/

Recommended Initial Conditions

1. Temperature 25°C (room temperature)

2. Flow rate 1 ml/min (compatible with available pressure)
3. Sampl e dissolved in mobile phase 2-5 mg/ml

To adjust the retention and selectivity, the solvent ratio can be changed in much the same way as the
normal phase. However, now, as dispersive forces are controlling retention, increasing the buffer
content will increase retention and probably chiral selectivity, whereas increasing the acetonitrile
content will have the opposite effect. Temperature changes will also control retention but, again, the
effect of change in temperature will depend on the cross-over temperature. Some cellulose based chiral
stationary phases are not very thermally stable and so the operating temperature should be kept well
within the recommended range. It follows, that temperature may not be a very effective variable for
controlling retention and chiral selectivity asit iswith other phases.

The cellulose and amylose stationary phases have been used successfully for the separation of awide
range of sample types. They have competently resolved alarge number of different drug enantiomers,
amino acids, protected amino acids, peptides etc. These types of stationary phase have ahigh
concentration of chirally active centers, and therefore exhibit a high chromatographic capacity for many
chira
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substances. As aresult, the cellulose based stationary phases have been very effective in preparative

chiral chromatography.

The Pirkle Stationary

Phases

The Pirkle phases have evolved over the years and there are basically, two groups of phases, as shown

in the table below.

Packings

Resolvable
Compounds

Compound Types

Pirkle Chiral Phases

Strong Polar Phases
(p-Electron Acceptors)

D-Phenylglycine
L-Phenylglycine
DL -Phenylglycine
D-Leucine
L-Leucine
(R,R)-b-GEM 1
(S,9)-b-GEM 1
(R)-a-Burke-1
(9-a-Burke-1

Polarizable and Polar Compounds (p-

Electron Donors) Aromatics

Aromatic Alcohols
Aromatic Amino Acids
Aromatic Amino Alcohols
Aromatic Thiols

Aromatic Amines
Aromatic Sulfoxides
Mandelic Acid Analogs
Aryl-Substitute Phthalides
Aryl-Substituted Lactams

Aryl-Substituted Succinimides

Aryl-Substituted Hydantoins

a-Hydroxy-a-Aryl Phosphonates

Aryl Propionic Acids

Phenoxybenzylamines

(b-Blockers)

Polarizable Phases
(p-Electron Donors)

D-N-2-N-Naphthylalanine
L-N-2-N-Naphthylalanine
DL -N-2-N-Naphthylalanine
(S)-N-1-N-Naphthylleucine

Strong Polar Compounds (p-
Electron Acceptors) DNB or
DNA Derivatives

Alcohols

Amino Acids
Amino Alcohols
Thiols

Amines

Diols



Examples 2,2,2-Trifluoro-1-(9-anthryl)- 1,2-Cyclohexane Diol

ethanol
Hexabarbital 2-Amino-1-butanol
Propanolol aanine

Phenylethyl Alcohol

Thefirst type are strongly polar (designated in the table as p-electron acceptors) and can therefore
interact with a solute in two ways. If the
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solute has one or more aromatic rings, then dipoles will be induced into the ring and dipole-induced
dipole interaction can take place.

If, on the other hand the solute has a strong dipole, then dipole-dipole interaction can take place directly
between the two dipoles. The second group contain polarizable structures(designated in the table as p-
electron donors) such as aromatic rings, and, in this case, the opposite can occur. A strong polar solute
can induce dipoles in the aromatic ring of the stationary phase and again dipole-induced dipole
interaction will take place. It isinteresting to note that phenylethyl alcohol is given as a suitable type of
solute to be separated on the second class of stationary phase. This solute molecule has a permanent
dipole from the alcohol group, a polarizable aromatic ring that can provide strong induced dipole
interactions and finally the aromatic ring and the two methylene groups will provide strong dispersive
interactions. Thistype of molecule will interact strongly with amost any other molecule by at least one
of the three availabl e interactive mechanisms.

By far the most popular, and the most extensively used Pirkle stationary phase today, is, without doubt,
the Whelk-01 chiral stationary phase. This phase has already been described, but it should be recalled
that it contains strong polar groups for dipole-dipole interactions, three aromatic nuclei to provide
strong induced dipole interactions and finally, a naphthene ring together with sundry methylene and
methyl groups to provide strong dispersive interactions. Like the phenethyl acohol, just considered, it
is capable of interacting strongly with almost any other type of molecule, whatever its interactive
character. As such, it isnot surprising, it is so versatile and popular stationary phase.

Most of the Pirkle phases, and in particular the Whelk-01 phase, are stable to al types of solvent and
can be used either in the reversed phase mode, or the normal mode, which again, adds to its universal
applicability. In the normal phase mode of development, hexane/I PA would be a good mobile phase
from which to start. A mixture, hexane/lPA : 80/20 v/v, would be a practical scouting composition to
assess the possible level of retention and chiral selectivity. Again,
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increasing the dispersive interactions in the mobile phase, by increasing the hexane content, will
increase the retention and probably the chiral selectivity. Conversely, increasing the polar solvent, will
increase the mobile phase polar interactions, thus reducing retention time and chiral selectivity.

If a solvent composition cannot be found that will provide an appropriate combination of retention and

chiral selectivity, then adifferent polar solvent, such as ethanol or acetonitrile, should betried. Using a
different polar solvent will change the polar/dispersive ratio of the solvent mixture, and thus provide an
aternative balance between retention and chiral selectivity.

In the reversed phase mode, a good scouting solvent mixture might be acetonitrile/buffer : 20/80 v/v,
which should give reasonably high retention and chiral selectivity, if the stationary phase and the
dispersive solvent is appropriate. In this case, changes in water content has the reverse effect. Increasing
the water content will reduce the dispersive interaction of the mobile phase with the solute and thus,
increase the retention and probably selectivity. Conversely, reducing the water content will, by the same
argument, increase retention and selectivity. If a mixture cannot be found that will provide adequate
chiral selectivity and moderate retention, then the solvent will need to be switched to change the
potential dispersive/polar interaction ratio of the overall solvent mixture.

The Whelk-01 stationary phase is relatively temperature stable and thus the operating temperature can
be changed to give afinal, and more subtle, opportunity to fine-tune the separation. However, the
operating temperature must be kept with the published limits, for the safe operation of the stationary
phase, as thermal degradation of chiral stationary phasesis amost always irreversible. Having found a
suitable solvent mixture that will provide satisfactory retention and chiral selectivity, it isaways worth
while to explore the effect of temperature on the separation as long as the temperature range does not
exceed that recommended by the suppliers. Again, it must be recalled, that there will be a crossover
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temperature where both enantiomers coelute. Thus, to increase chiral selectivity the temperature must
adjusted further away from the coelution temperature.

The Macrocyclic Glycopeptide Bonded Phases

The two most established macrocyclic glycopetide stationary phases are Chirobiotic V (Vancomycin)
and Chirobiotic T (Teicoplanin). The two phases have unique chiral selectivities and are
complementary to one another. In most instances, if separation fails on one, it islikely to be successful
on the other. The macrocyclic glycopetide stationary phases have been successful in separating a wide
range of sample types, in particular the phases show good chiral selectivity for amides, acids, esters,
cyclic amines and are particularly useful for the separation of amino acids and N-blocked amino acids.
The broad selectivity evinced by these stationary phase can be realized in all three modes of
development, reversed phase, normal phase and the so-called polar organic phase, but is different in
each mode. The stationary phase is uneffected by switching rapidly from one solvent system to another,
during method devel opment.

A method development scheme for Chirobiotic V is given below. The first consideration is the number
of functional groups the enantiomers have, particularly those associated with the chiral center. If the
compound has more than one functional group, i.e. the possibility of strong chiral selectivity is
potentially good, then the first choice of development mode, as recommended by the manufacturers,
would be the 'polar organic'.

The key factor to achieving the best possible separation in the polar organic mode isto identify the best
ratio of acid to base. The actual concentration of acid plus base only effects the retention. Each
Chirabiotic phase has a different recommended initial acid/base concentration. If the solutes are eluting
too fast, then the acid/base concentration should obviously be reduced. Conversely, increasing the
acid/base concentration reduces the retention. The proximate practical range for the acid/base
concentration is between 1.0% and 0.001%. If



increasing the acid/base concentration to 1% is still inadequate, then a reversed phase system is

probably more appropriate.

Solutes with =1
Functional Group

!

Polar Organic Phase

Type 1
CH3 DlifHOﬂHTEA
100/0.1/0.1

No Eluption

Soluies with 1
Funcitional Group

-

Mormal Phase

5 (Type2)
Hexane/EtOH 2020

Reversed FPhase
THF/20 mM NH ;NG
pH 5.5 10/90

No Separation

Elution< Smin.

T

CH3; OH/HOAWTEA
100/1.0/1.0

v

Retention andfor
Separation

1?

Acid/Base Ratio

CH 3 OH/HOAGTEA
100/0.1/0.01

!

Retention andfor
Separation

1r

Optimize
Acid/Base Ratio

Optimize W

No Elution and/for
No Separation [

A Method Development Protocol for CHIROBIOTOC V
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If the acid/base concentration is reduced to 0.001% with inadequate results, then anormal phase
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development is probably the most suitable. Solutes that only have one functional group associated with
the chiral center are more likely to be resolved using the conventional normal phase or reversed phase
modes. Optimization of the reverse phase separation is accomplished in the usual way, by adjusting the

organic modifier concentration and the nature of the modifier.

Solutes with =1
Functional Group

Solutes with 1
Functional Groop

v

¥

Polar Orgariic Phase o

Type elation
CH3 OH/HOACTEA
100/1.0/0.1

Reversed Phase
H/19% TEA
pH 4 : 20080

'

Elution<5 min

N“E'I’.“a] i;l;ase
¥
HtxanefE:()H 20720

v

CHa OH/MHOACTEA
10040,171.0 Separation

v ¥

Optimize

Elution<S min Acid/Base Ratio

v

100/0.01/0.01

CH3 OH/HOACTEA = Elution<5 min

[]

Separation

v
Optimize
Acid/Base Ratio

A Method Development Protocol for CHIROBIOTOC T

Acetonitrile, methanol, ethanol, IPA and tetrahydrofuran have all been shown to provide good

selectivities for different solutes. In general,
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tetrahydrofuran appears to be the most useful for Chirobiotic V and methanol for Choribiotioc T. The
protocol for Chirobiotic T is shown above.

Chirobiotic T exhibits a unique chiral selectivity for anumber of classes of solutes. It is particularly
useful for resolving the enantiomers of underivatized amino acids, N-derivatized amino acids and small
peptides but is widely applicable to many classes of compounds. Chirobiotic T can also be used with a
very wide range of solvents, and can be used with the polar organic system, in the reversed phase mode
and in the normal phase mode. In addition, the chiral selectivity changes greatly from one devel opment
mode to another. The optimization protocol as seen in the chart Chirobiotic T isvery similar to that
used for Chirobiotic V and the same adjustments are made to optimize the separation.

The Cyclodextrin Bonded Phases

The b-, &, and the a-cyclodextrins are the basis for the production of the CY CLOBOND |,
CYCLOBOND Il and CYCLOBOND Il stationary phases, respectively. The phase with the broadest
field of applicationis CY CLOBOND I 2000. It is particularly useful for the separation of relatively
small molecular weight enantiomers, typically drugs from the pharmaceutical industry. In choosing the
appropriate cyclodextrin (i.e. @, b or g), the size of the solute molecule relative to that of the
cyclodextrin cavity needs to be taken into account. Interactive groups, next to the chiral center of the
solute molecule, must be able to interact with the hydroxyl groups on the lip of the cavity, or any group
with which they have been derivatized. When used in the reversed phase mode, the pH and the buffer
concentration will effect the degree of resolution. When separating amines, the pH should be varied
between 3.0 and 5.0. When separating acids, the pH should be varied from 5.0 to 7.0.

Temperature also has a pronounced effect on chiral selectivity, in general, the lower the temperature the
better the chiral selectivity. In method development, it is necessary to determine both the retention ratio
and the separation ratio at least at temperatures 5°C, 15°C and 25°C.
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—
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-
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A Reverse Phase Method Development Protocol for CY CLOBOND 1 2000
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A graph of retention ratio against the reciprocal of the absolute temperature can also be helpful in the

manner previously discussed. The previous chart gives a method development protocol for

CYCLOBOND 1 2000 operated in the reverse phase mode. The chart is self explanatory, the first
solvent being acetonitrile/buffer 35/65 v/v. A method devel opment protocol for CY CLOBOND 1 2000

operated in the polar
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organic modeis asfollows. Thisis for molecules that have at least 2 functional groups capable of
interaction with the cyclodextrin surface. One functional group must be on the stereogenic center.

Preferred Buffers Concentration Range Preferred pH
TEAA/TEAPO, 0.01%—2% 4.0 (alcohols, amines)
Ammonium Nitrate 10-500 mM 7.0 (acids)

Citrate 10-200 mM

Ammonium Acertate 10-200 mM
Acetic acid, TEA,DEA 10-25 pul/250 mi

CYCLOBOND 1 2000
CHy CN/CH3 OH/HOAGTEA
0E/510.3/0.2
Peaks Elute 4 No Elution
Separation ¢ No Separation l
1. Optimize by
Alterin 1. Decrease CH yOH
HOACTEA tol% 1.Increase CH ; OH
Ratio ) 2. Alter Ratio of to 10 S
2. Adjust Retention and Decrease 2.JIncrease HOAC
by Increasing Concentration +TEA Cone.
HOACTEA of HOAGTEA
Concentration
in Same ratio
Separation No Separation
T - _T Peaks]Eluie

A Polar Organic Phase Method Devel opment Protocol for CY CLOBOND 1 2000

Acetonitrile is the first choice for the organic moderator asit has alow viscosity and thus gives
somewhat higher efficiencies. Unless the unique interacting properties of methanol are required to
obtain the required chiral selectivity, this solvent should be avoided as it has a high viscosity and

consequently lower efficiencies are often obtained. A list of preferred buffersis aso given above. The
polar organic solvents used
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with the cyclodextrins are the same as those described previously for other stationary phases. They
consist predominately of an organic solvent (e.g. acetonitrile) mixed with small quantities of dry glacial

acetic acid and anhydrous triethylamine.

CY¥CLOBOND 1 2000 SN, RN, and DMP

Hexane/TPA @ 9010

|

Peaks Elute J{R"D Elution

Increase [PA |

to #) % i

No Scparaﬁunl Separation  Peaks Elute ., No Elution

| :

!

Go to Optimize Separation Ef&}iﬁ%}:&%x
1.Polar Organic by Varying IPA % Add 0.1 fo L.0%
or alter modifier : bt
Mode (BuOH, Pentanol) HQAc and TEA
2.BReversed Phase WS, Fentanol; for Acids and
Mode Bases
Separation
¥

Optimize Scparation by ¥Varying
Ampunts of HDAc and TEA or
Trying DEA or MEA

v
Mo Separation

¥

A Normal Phase Method Development Protocol for CY CLOBOND 1 2000

The chart isagain largely self explanatory. This type of solvent system for chiral separations has a
number of advantages. The column is more stable in this form of mobile phase, and the sample capacity
is higher. Retention times are shorter and chiral selectivity appears to be improved. Finally, the solvent
is easy to remove and thus, is appropriate for preparative separations. The following, is the protocol for
normal phase development. If the solute is acidic and polarizable (or can be made
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polarizable by introducing an aromatic ring using the derivatizing reagent 3,5-dinitrobenzoylchloride)
then such substances are often easily resoved by the simple manipulation of the hexane/IPA ratio using
CYCLOBOND 2000 SN asthe chiral stationary phase. The preferred solvents and solvent
concentrations are as follows.

Solvent Solvent Range

Hexane/I PA 98-50% Hexane/2-50%I PA
Acetonitrile 100% 0.1 to 0.2 % Acetic Acid or TEA
Methanol or Ethanol 100% 0.1 to 0.2 % Acetic Acid or TEA
Acetonitril/Methanol 90-99% Acetonitrile/10-1% Methanol

Increasing the dispersive solvent hexane will increase the retention and probably the chiral selectivity.
Increasing the polar solvent, will increase the polar interactions in the mobile phase, which will
compete for the solute against the polar interactions between solute and stationary phase. The net effect
will be areduction in retention.

The cyclodextrins have become very popular due to their stability, reproducibility and high chiral
selectivity. A list of examples of their useis given at the end of this chapter.

The procedure for finding the optimum conditions for the separation of a particular pair of enantiomers
Isvery similar, irrespective of the stationary phase that is chosen. Certain phases may give a higher
chiral selectivity than others, but the optimizing procedure will be very comparable. In general, raising
the proportion of one solvent will increase the retention. Conversely, increasing the proportion of the
other solvent will reduce retention. The same principle will hold with salts, buffers and the pH of the
mobile phase. It isimportant to remember that there are only three basic types of interaction that can be
exploited in the control of retention and selectivity, and they are dispersive, polar and ionic interactions.
They may vary widely in relative strength, but they are the only basic interactions that are operating in
the retention process.
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Appendix
The Solution of the Differential Equation that Describes the Rate of Change of Concentration in a
Theoretical Plate with the Volume of M obile Phase that Passes Through it.

dX m(p)

o m(p-1) = Xm(p)

First consider the conditions of the above equation when an initial charge of concentration X, has
been placed on the first plate of the column, but chromatographic development has not commenced,
that isv=0.

Then: Xm(p) = Xo(m) when p=0

(i.e. for thefirst plate)

and: Xm(p) = 0 when p>0

(i.e. for any other plate in the column)

The first condition merely states that before the chromatographic development commences, the
concentration in plate (0) is (X,,) and is that resulting from the injection of the sample on the column.

The second condition states that the remainder of the column is free of solute.

Thus, for plate p=0, and asthereis no plate (p-1);

dX 1 (0)
dwv
dXm0) _
Xmy

=X m (0)

dv

Intergrating:

InXo(m) = -v+ constant
Whenv =0, X, = X,.,- Consequently, the constant = log, X..

Thus:

logeXo(m) =-v + logeXp



or:
Xo(m) = Xpe™V (1)
For Plate 1:

de{l}

& =X m = Xm(1y (2)

Substituting for X, from (1) in (2):

{lxmtlfl _
dv
+ };rni]j }'{n‘:_\lr

Xot€ ' Xm(1)
i.1 X il 1 )
—

Multiplying throughout by ev:

d?‘im“) v v
S et . e’ =X
dv mil) 0

Now, this equation can be recognized as the differential of a product.

Hence:

dXm(ye") _
dv

o

Intergrating:

Xmeye' =Xgv+k

Now, whenv =0, X_, =0, then,k=0. Thus, X , =X, e

Inasimilar way, it can be shown that,

for Plate (2):

—v_2
= v

XmLE] = XET

for Plate (3):

gyt

xm[:!'] = X'} ]..2-.3‘

Thus, for the nth plate:

Page 498






I ndex

A
acquisition, LC, data 212
adsorption
isotherm 31, 72
on asurface 72
Albuterol analysisin plasma 351
amber oil, GC analysis 158
amino acids
analysis by CE 429
analysisby GC 108
analysisby LC 327
amphetamine, GC, analysis 168, 169
amplifier, scaling 213
amylose stationary phases 239
applications 336
preparation of 273
analysis
CE
amino acids 429
Duloxetine 428
ephedrine and pseudoephidrine 427
peptides 425
GC

amber oil 158

Page 499



amphetamine 168
aromatic hdrocarbons 169
ephedrine 168
essential oils 156
Ibuprofen 166
juniper oil 160
ketamine 165
lavender oil 161
pharmaceuticals 165
Prozac 167

silanes 170

spearmint oil 163

white pine oil 157

Albuterol 351
amino acids 327
anticonvul sants 344
Atenolol 342
blocking agents 358
Bromacil 350
carboxylic acids 362
chlorophenols 364
Coumachlor 349
Devrinol 349
Diktiazem 341
drugs 339
epibatidine 321

Ethotoin 346



fullerenes 334
Hexobarbital in serum 361
Ibuprofen 353, 355
leukotriene antagonist 322
Mephenesin 339
M ethsuximide 345
Metroprolol 342
Naproxen 331
Nicardipine 341
Nitalapram 355
optimization procedure 297
phospholipids, soybean 366
porphyrins 368
Propanolol 342
pyridones 347
solvent optimization 303
Tolperisone 339
Vamicamide in serum 325
Verapamil 341
Verapamil in serum 319
minimum time 291, 299
anomers 20
anticonvulsants, analysis of 344
apparatus
capillary electrophoresis 418
GC 179
LC 173



preparative
columns 390
detectors 391
fraction collectors 391
pumps 390
reservoirs 389
sample valves 390
preparative chromatography 388
applications
GC 141
LC317

Atenolol, analysis of 342



automatic injector 88
availability, stationary phase 47
Avoparcin, stationary phase 251

axial compression packing 288

B

bibliography 465

cellulose and amylose phases 476

cyclodextrin phases 483

macrocyclic glycopeptides 482

Pirkle phases 473

protein phases 465
birefringence 7
blocking agents, analysis of 358
blood serum analysis, LC 361

Bromacil, analysis of 350

C

capacity ratio 37

capillary columns 124

capillary electrophoresis 413
apparatus 417
applications 425
band velocity 421
chiral additives 422
counter current 431
retention mechanism 422

carboxylic acids, analysis of 362

Page 500



CD spectrometer 6
cellobiohydrolase, LC stationary phase 232
cellulose phases 239
applications 336
preparation of 273
chiral
additives 72
chemistry 23
detector 8
detectors 207
selectivity, GC 141
chiral chromatography
GC experimental approach 439
L C experimental approach 446
chiral phases
GC111
cyclodextrins 119
metal chelates 116
polysiloxane 114
small molecule 112
LC 221, 229
amyloses 239
celluloses 239
cyclodextrins 253
macrocyclic glycopeptides 242
Pirkle type 235
protein 230

chiral sdectivity



LC317
chirality, physiological effect 14
chlorokynurenine, separation by radia flow 409
chlorophenols, analysis of 364
chromatograph
gas79
liquid 173
chromatography
experimental approach 437
derivatization 439
GC 439
LC 446
cellulose phases 450
cyclodextrin phases 460
macrocyclic glycopeptides 457
Pirkle phases 454
protein phases 446
preparative 375
Size exclusion 48
circular dichroism 5
close eluting peaks 293
columns
LC
axia compression packing 288
bridged packing 286
mechanical packing 286

minimum length 299



optimum temperature 291
optimum length 291
packed, HETP equation 224
Packed, minimum H 227
packed, optimum velocity 226
packing apparatus 283
packing techniques 281
preparation 265
radial compression 287

open tubular 124
design and choice 129
dynamic coating 125
HETP eguation 130
minimumH 132
minimum length 133
optimum velocity 132
static coating 127

oven, GC 88

oven, LC 181

preparative 390
loading 376
mass overload 385
packing 392

sample volume 379



Page 501

regeneration, open tubular 127
computer program, LC optimization 311
conditions, for separation 37
configuration 15

rules 15
continuous chromatography 398
corrected retention volume 36
Coumachlor, analysis of 350
counter current electrophoresis431
cruformate, structure of 13
crystallization procedures 24
cyclodextrin

a,b and g 253

derivatives for GC 142

derivatives, for LC 255

effect of buffer on selectivity 259

GC phases 119

inclusion effects 254

L C phases 253

LC, applications 358

phases, preparation of 277

selectivity, GC 149

structure 119, 253

torroidal cavities 120
D

data

acquisition 103



acquisition and processing 212
conversion 213
processing 103
derivatization
experimental approach 439
solute, effect on chiral selectivity 154
detector
chiral 207
GC 89
electron capture 98
flame ionization 95
katharometer 101
nitrogen phosphorus 97
LC 185
chiral 8
electrical conductivity 193
fluorescence 195
light scattering 197
evaporative 198
low angle 199
multi angle 201
refractive index 204
UV 185
UV, diode array 189
UV, fixed wavelength 187

UV, multiwavelength 188

preparative 391



specifications 90

flow sensitivity 95

linear range 91

linearity 90

noise level 92

pressure sensitivity 94

response 93

sensitivity 93

temperature sensitivity 95
development, recycling 393
Devrinol, analysis of 349
diasterecisomers 18
Diktiazem, analysis of 341
diode array detector 189
dipole-dipole, interactions 57
dipole-induced-dipole interactions 59
dispersive interactions 54
distribution coefficient, thermodynamic properties 39
distribution, equation for 31
drugs, analysis of 339
Duloxetine, analysis by CE 428

dynamic coating, open tubular columns 125

E

efficiency, required for specific resolution 129
electrical conductivity detector 193
electro-endosmosis 417

electro-osmotic flow 417



electron capture detector 98
electrophoresis
capillary 413
apparatus 418
applications 425
band migration 420
band velocity 421
chiral additives 422
counter current 431
micelle phase 419
retention mechanism 422
zone 413
elution curve equation 34
elution order reversa
GC 146
LC 309
enantiomeric excess 10
energy, free 40
measurement of 41
enthalpy
effect on retention 44
free 40

measurement of 41



relationship to entropy 44
entropy

effect on retention 44

relationship to enthalpy 44
ephedrine

CE analysis427

GC, analysis 168
epibatidine, analysis of 321
epimers 20
equation

distribution 31

elution 34
error, from close eluting peaks 293
essential oils, GC chiral analysis 156
Ethotoin, analysis of 346
evaporative light scattering detector 198

extra column volume 35

F
flame ionization detector 95
flow

controllers 81

sensitivity 95
fluorescence detector 195
forces

ionic 60

polar 56

fraction collectors 391
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free
energy 40
enthalpy 40
entropy 40
Fresnel rhomb 6

fullerenes, analysis of 334

G
gas
chromatograph 79
supplies 81
glycoprotein phases 230
H
HETP equation
open tubular column 130
packed column 224
Hexobarbital, analysis in serum 361
history 1
hot wire detector 101
human serum albumin, stationary phase 233

hydrophobic interactions 61

hydrophilic interactions 61

I
I buprofen
anaysis of, LC 353, 355

analysis of, GC 166

injection systems

gas



automatic 88
large bore capillary columns 86
packed columns 83
retention gap 87
small bore capillary columns 85
solute focusing 87
liquid 178
external loop valve 179

internal loop valve 178

preparative techniques 390
injector
automatic 88
retention gap 87
solute focusing 87
split-flow 85
interaction
dipole-induced-dipole 59
dipole-dipole 57
dispersive 54
energy 55
hydrophilic 61
hydrophobic 61
ionic 60
lyophilic 62
lyophobic 62
molecular 53

molecular, in mixed phases 65



polar 56
ionic

forces 60

interactions 60
isoelectric focusing 415
isomers, nomenclature 21
isotachophoresis 414

isotherm, Langmuir 31, 72

J

juniper oil, GC analysis 160

K
katharometer detector 101

ketamine, GC, analysis 165

L
lactic acid, structure of 11
Langmuir adsorption isotherm 31, 72
lavender oil, GC analysis 161
length
minimum packed column 299
open tubular column 133
leukotriene antagonist, analysis of 322
light scattering detector 197
evaporative 198
low angle 199
multi angle 201
linear

dichroism 5



dynamic range 91
linearity, detector 90
liophilic interactions 62

low angle light scattering detector 199



lyophobic interactions 62

M
macrocyclic glycopeptides
applications 347
preparation of 275
stationary phases 242
Avoparcin 251
Teicoplanin 246
Vancomycin 242
mass
flow controller 82
overload, preparative 385
mechanical packing, LC columns 286
mechanism of retention 29
Mephenesin, analysis of 339
Meso structures 22
metal chelates, GC phases 116
Methsuximide, analysis of 345

methyl butanol, structure of 12
Metroprolol
analysis of 342
chiral separation 231
micelles
capillary e ectrophoresis 418
formation of 423
minimum

detectable concentration 93
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H, open tubular columns 132

H, packed columns 228

Separation ratio, peak measurement 296
mixed phases, interaction in 65
mobile phase

optimum mixture 303

pump 176

reservoirs 174

solvent programmer 174
modulation, polarization 7
molar polarizability 55
molecular

association 68

interaction 53

mixed phases 65

moving bed chromatography 398

simulated 401

multi angle light scattering detector 201

N
Naproxen, analysis of 331
Nicardipine, analysis of 341
Nitalapram, analysis of 355
nitrogen phosphorus detector 97
noise

drift 93

long term 92

short term 92



noise level, detector 92

O
open tubular columns 124
design and choice 129
dynamic coating 125
HETP equation 130
minimumH 132
minimum length 133
optimum velocity 132
static coating 127
optical
purity 10
rotary dispersion 5
optimization
data 307
experimental method 301
for LC analysis 297
program for 311
optimum
column length, LC 291
temperature for resolution, GC 46
temperature for resolution, LC 291
velocity
open tubular column 132
packed columns 226
oven

column, GC 88



column, LC 181

P
packed columns

HETP equation 224

minimum H 228

optimum velocity 226
packing

axial compression 288

LC columns 281

preparative columns 392

radial compression 287
peaks

close eluting 293

minimum separation ratio 295
peptides, analysis by CE 425
pharmaceuticals, GC, anaysis 165
phases

composition on retention 70

mixed, interactionsin 65
phosphine oxide, structure of 13
phospholipids, soybean, analysis of 366
photochemical reactor 197
physiological effect, chirality 14
Pirkle phases 235

applications 327

preparation of 270

plate



theory 30



volume 33
polar interactions 56
polarimeter 3
polarizability 57
polarization modulation 7
polarized light

circularly 5

linear 5

polysiloxanes, GC phases 114

porphyrins, analysis of 368

preparative chromatography 375

aternative techniques 397

apparatus 388

column loading 376
columns 390

fraction collectors 391
pumps 390

radial flow 405

sample overload 381

sample mass overload 385

sample valves 390

sample volume 379

solvent reservoirs 389
pressure sensitivity 94

priority sequences 17

program, computer, LC optimization 311

programmer
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solvent 174
high pressure 175
low pressure 176
temperature 88
Propanolol analysis of 342
protein phases
applications 318
bonding to silica 269
preparation of 268
protein
phases 230
Prozac, GC analysis 167
pseudoephedrine, analysis by CE 427
pump
mobile phase 176
preparative chromatography 390
purity
chromatographic 10
enantiomeric 10

pyridones, analysis of 347

R
radial

compression packing 287
radial flow chromatography 405
ratio

capacity 37

separation 38



reactor, photochemical 197
recycling development 393
references

chapter 1 27

chapter 10 314

chapter 11 372

chapter 12 411

chapter 13434

chapter 251

chapter 377

chapter 4 106

chapter 5 140

chapter 6 172

chapter 7 219

chapter 8 263

chapter 9 290
refractive index detector 204
regeneration, column 127
reservoirs

mobile phase 174

solvent for preparative 389
resolution, optimum temperature for 46
response, detector 93
retention

gap injector 87

mechanism 29

volume 34



reversal
elution order, GC 146
elution order, LC 309

rotation, specific 4

S
sample
valve
external loop 179
internal loop 178
preparative 390
volume overload 381
volume, preparative, 379
sampling devices 83
scaling amplifier 213
sec. butyl chloride, structure of 12
selectivity
effect of solute derivatization 154
GC, control of 123
sensitivity
detector 93
flow 95
pressure 94
temperature 95
Separation
conditions for 37

ratio 38



techniques, chiral 23
serum

analysis, LC 361

Varapamil content 319
silanes, GC, analysis 170
silicagd

support, structure of 266

support, water content 266
simulated moving bed chromatography 401
sizeexclusion 48
slurry packing 283
solute focusing injector 87
solvent

composition, effect on retention 304

programmer 174

high pressure 175
low pressure 176

solvents, hazards 392
spearmint oil, GC analysis 163
specific

optical rotation 5

rotation 4
specifications detector 90

flow sensitivity 95

linear range 91

linearity 90

noise level 92
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pressure sensitivity 94
response 93
sensitivity 93
temperature sensitivity 95
spectrometer, CD 6
split-flow injector 85
standard
free, eneray 40
free, enthalpy 40
free, entropy 40
static coating, open tubular columns 127
stationary phases
availability 47
GC 107
chiral 111, 136
cyclodextrins 119, 136
early days 107
metal chelates 116
polysiloxane 114
small molecule 112
LC 221, 229, 327
amylose derivatives 336
amylose, preparation of 273
cellulose and amylose 239
cellulose derivatives 336
cellulose, preparation of 273

cyclodextrin applications 358



cyclodextrins 253
cyclodextrins, preparation of 277
macrocyclic glycopeptides 242, 347
matrix support 265
Pirkle type 235
preparation of 265
preparation of Pirkle phases 270
preparation, protein 268
protein based 446
protein type 230
Teicoplanin 348
Vancomycin 347
loading, effect on selectivity 123
polysiloxane based 441
cyclodextrin 443
peptides 441
stereochemistry 3
sulfoxides, structure of 13
surface adsorption 72
synopsis 433
chapter 1 25
chapter 10 313
chapter 11 371
chapter 12 410
chapter 13 433
chapter 2 50
chapter 376
chapter 4 104



chapter 5138
chapter 6 171
chapter 7 215
chapter 8 261
chapter 9 289

-
Teicoplanin
applications of 347
stationary phase 246
temperature
detector sensitivity 95
GC, effect on selectivity 123
optimum for resolution GC 46
optimum for resolution LC 291, 297
programmer 88
test mixtures
chromatogram of 144
for GC columns 143
thalidomide, effect on chiral chemistry 2
theory plate 30

thermal conductivity detector 101



thermodynamics, the distribution coefficient 39
time, analysis, minimum 291
Tolperisone, analysis of 339

torroidal cavities, cyclodextrin 120

U
UV detector 185
diode array 189
fixed wavelength 187

multiwavelength 188

\%
valve, sample

externa loop 179

internal loop 178
Vamicamide, in serum, analysis of 325
van't Hoff curves 42
Vancomycin

applications of 347

stationary phase 242
Verapamil

analysis of 341

in serum, LC analysis 319
volume

corrected retention 36

extra column 35

plate 33

retention 34
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sample overload 381

W
Warfarin
preparative separation of 394
separation of isomers 49
Whelk-01, stationary phase 236
preparation of 272
white pine oil, GC analysis 157
Z

zone electrophoresis 413





