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edited by P.L. DUBIN, Indiana-Purdue University

(Journal of Chromatography Library, 40)

The rapid development of new packings for
aqueous size-exclusion chromatography
has revolutionized this field. High resolution
non-adsorptive columns now make
possible the efficient separation of proteins
and the rapid and precise determination of
the molecular weight distribution of syn­
thetic polymers. This technology is also
being applied to the separation of small
ions, the characterization of associating
systems, and the measurement of branch­
ing. At the same time, fundamental studies
are elucidating the mechanisms of the vari­
ous chromatographic processes.

These developments in principles and
applications are assembled for the first
time in this book.

o Fundamental issues are dealt with: the
roles of pore structure and macromole­
cular dimensions, hydrophobic and elec­
trostatic effects, and the determination
and control of column efficiency.

o High-performance packings based on
derivatized silica are reviewed in detail.

o Special techniques are thoroughly de­
scribed, including SEC/LALLS, inverse
exclusion chromatography, and frontal
zone chromatography.

o Attention is focussed on special applica­
tions of size-exclusion methods, such as

the characterization of micelles, separ­
ations of inorganic ions, and Hummel­
Dreyer and related methods for equili­
brium systems.

o Protein chromatography is dealt with in
both dedicated sections and throughout
the book as a Whole.

This is a particularly comprehensive and
authoritative work - all the contributions
review broad topics of general signific­
ance and the authors are of high repute.

The material will be of special value for the
characterization of synthetic water-soluble
polymers, especially polyelectrolytes. Bio­
chemists will find fundamental and practical
guidance on protein separations. Resear­
chers confronted with solutes that exhibit
complex chromatographic behavior, such
as humic acids, aggregating proteins, and
micelles should find the contents of this vol­
ume illuminating.

Contents: Part I. Separation Mechanisms.
Part II. Characterization of Stationary
Phases. Part III. New Packings. Part IV. Bio­
polymers. Part V. Associating Systems.
SUbject Index.
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A Full Color Wall Chart compiled by Peter Lof

.....a madly rich challenge to students
from high school on and full of

information useful to professionals. This
dazzlingly intricate poster, chiefly

welt-rounded truth and not mere human
opinion, deserves to spread its amusing
surfeit oflearning across many a wall."

(Scientific American)

.., know ofno text that remotely aspires
to give access to such a remarkable

range ofvaluable and interesting data."
(Endeavour)

This educational wall chart measuring 85 x
136 cm (33 x 54") is an informative and
decorative reference for both students and
professionals. It features the periodic table of
the elements supported by a wealth of color­
coded chemical, physical, thermodynamical,
geochemical and radiochemical data laid
down in numerous graphs, plots, figures and
tables.

More than 40 properties are given, ranging
from melting point and heat capacity to
atomic radius, nuclear spin, electrical
resistivity and abundance in the solar system.
Twelve properties have been selected to
illustrate periodicity. There are special
sections dealing with units, fundamental
constants and particles, radioisotopes, the
Aufbau principle, etc. All data on the chart
are fully referenced, and S.1. units are used
throughout.
Designed specifically for university and
college undergraduates and high school
students, Elsevier's Periodic Table of the
Elements will also be of practical value to
professionals in the fields of fundamental and

applied physical sciences and technology. The
chart is ideally suited for self-study and may
be used as a complemenw.ry reference for
textbook study and exam preparation.
Lecturers may record sections on slides for
projection during classes.
Be the first in your lab to have this
marvellous Table on your wan. Order now or
ask for the brochure giving fun details.
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by M. VALCARCEL and M.D. LUQUE DE CASTRO,
Department ofAnalytical Chemistry, University of Cordoba,
Cordoba, Spain

(Techniques and Instrumentation in Analytical Chemistry, 9)

This new book gives a comprehensive
overview of the state of the art of the auto­
mation of laboratory processes in analyti­
cal chemistry. The topics have been
chosen according to such criteria as the
degree of consolidation, scope of applica­
tion and most promising trends.

The book begins with the basic principles
behind the automation of laboratory pro­
cesses, then describes automatic systems
for sampling and sample treatment. In the
second part the principal types of analy­
sers are discussed: continuous, batch and
robotic. The third part is devoted to the
automation of analytical instrumentation:
spectroscopic, electroanalytical and
chromatographic techniques an~ titrators.
The last part presents examples of the ap­
plication of automation to clinical chem­
istry, environmental pollution monitoring
and industrial process control.

The text is supplemented by 290 figures
and 800 literature references. It is written
primarily for those directly involved in lab­
oratory work or responsible for industrial
planning and control, research centres,
etc. It will also be useful to analytical chem­
ists wishing to update their knowledge in
this area, and will be of especial interest to
scientists directly related to environmental
sciences or clinical chemistry.

CONTENTS:

1. Fundamentals of Laboratory Automation.
2. Computers in the Laboratory.

3. Automation of Sampling.

4. Automation in Sample Treatment.

5. Automatic Continuous Analysers: Air­
Segmented Flow Analysers.

6. Automatic Continuous Analysers: Flow­
Injection Analysis.

7. Automatic Continuous Analysers: Other
Automatic Unsegmented Flow Methods.

8. Automatic Batch Analysers.

9. Robots in the Laboratory.

10.Automation of Analytical Instrument-
ation: Spectrometric Techniques.

11.Automation of Analytical Instrument
ation: Electroanalytical Techniques.

12. Automation of Analytical Instrument
ation: Chromatographic Techniques.

13.Automatic Titrators.

14. Automation in Clinical Chemistry.

15.Automation in Environmental Pollution
Monitoring.

16. Process Analysers.
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Determination of Beta...Blockers in
Biologica~ Materiai

edited by V. Marko, Institute of Experimental Pharmacology, Centre of
Physiological Sciences, Slovak Academy ofSciences, Bratislava,

Czechoslovakia

(Techniques and Instrumentation in
Analytical Chemistry, 4C)

This is the third volume of a sub-series en­
titled Evaluation ofAnalytical Methods in Bio­
logical Systems. (The first two wereAnalysis
ofBiogenic Amines edited by G.B. Baker and
R.T. Coutts and Hazardous Metals in Human
Toxicology edited by A. Vercruysse). This
new volume addresses beta-blockers - an
area of research for which a Nobel Prize in
Medicine was awarded in 1988. It provides
an up-to-date and comprehensive coverage
of the theory and practice of the determina­
tion of beta-blockers in biological material.
Two main fields of research are dealt with in
this book: analytical chemistry and pharmaco­
logy, and, as it deals with drugs used in clini­
cal practice, it is also related to a third area:
therapy. Thus, it offers relevant information
to workers in all three fields.

Some 50 beta-blockers and nine methods of
analysis are discussed. The methods are
divided into three groups: optical, chromato­
graphic, and saturation methods. In addition
to the analytical methods themselves, sample
handling problems are also covered in detail,
as is the information content of the analytical
results obtained. Special chapters are dir­
ected to those working in pharmacology and
pharmacokinetics. Finally, as recent evidence
points to the increased importance of distin­
guishing optical isomers of drugs, a chapter
on the determination of optical isomers of
beta-blockers in biological material is also in­
cluded. An extensive subject index and two

supplements giving retention indices and
structures of beta-blockers complete the
book.

This is the first book to treat beta-blockers
from the point of view of their determination
and to discuss in detail the use of analytical
methods for beta-blockers. It will thus appeal
to a wide-ranging readership.

CONTENTS: Introduction (V, Marko).
1. Recent Developments in Clinical Pharma­
cology of Beta-Blockers (MA. Peat). 2. Clini­
cal Pharmacokinetics of Beta-Blockers (T.
Trnovec, Z. Kallay). 3. Sample Pretreatment
in the Determination of Beta-Blockers in Bio­
logical Fluids (V. Marko). 4. Determination
of Beta-Blockers by Optical Methods (U'.-R.
Stenzel, V. Marko). 5. Determination of Beta­
Blockers by Chromatographic Methods.
GLC of Beta-Blockers (M.Ahnoff). HPLC
Determination of Beta-Adrenergic Blockers
in Biological Fluids (J.G. Barnhill, DJ. Green­
blatt). TLC (M. Schafer-Korting, E. Mutsch­
ler). 6. Determination of Beta-Blockers by
Saturation Methods. Immunological Meth­
ods for the Determination of Beta-Blockers
(K Kawashima). Radioreceptor Assay of
Beta-Blockers (RRA) (A. Wellstein). 7.
Determination of Optical Isomers of Beta­
Blockers (T. Walle, U.K Walle). Subject
Index. Supplements: Retention Indices of
Beta-Blockers. Structures of Beta-Blockers.

1989 xiv + 334 pages
US$ 152.75/ on. 290.00
ISBN 0-444-87305-8
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(Studies in Polym,er Science, 4)

This book presents direct and inverse gas
chromatography as apowerful tool for determining a
great number of thermodynamic properties and
quantities for micro- and especially for macro­
molecular substances. In order to ensure the
continUity and clarity of the presentation, the book
first considers some frequently used concepts of
chromatography with amobile gas phase, Le. the
mechanism of separation, retention parameters and
the theories of gas chromatography. The employ­
ment of this technique as an important method of
studying solutions through the most representative
statistical models is also discussed. The thermo­
dynamics of direct gas chromatography, as applied
to dissolution, adsorption and vaporization underlies
the thermodynamic treatment of inverse gas
chromatography.

The most extensive chapter of the book is devoted
to the thermodynamics of inverse gas chromatog­
raphy and deals with anumber of important topics:
phase transitions in crystalline-amorphous polymers
and liquid crystals, glass transitions, other second
order transitions in polymers, the determination of
diffusion coefficients, the segregation of block
copolymers and other applications.

This book is intended for those specialists in
research and industry who are concerned with the
modification and characterization of polymers, with
establishing polymer applications, and with the
processing of polymers. It will also be useful to
students and specialists interested in the physico­
chemical basis of the phenomena involved in gas
chromatography in general and its inverse variant in
particular.

Contents;
1. Introduction. Classification of chromatography

methods. Principles of construction of gas
chromatographs. References.

2. Elements of Chromatography with Gas
Mobile Phase. The mechanism of separation in
gas chromatography. Retention parameters.
Theories of gas chromatography. References.

3. Thennodynamlcs of Solutions as Related to
Gas-Liquid Chromatography. Quantities of
solution thermodynamics. Statistical models of
solutions. Application of models to gas-liquid
chromatography. References.

4. thermodynamics of Direct Gas
Chromatography. Thermodynamics of
dissolution. Thermodynamics of adsorption at a
gas-solid interface. Thermodynamics of
vaporization. Molecular properties of single
substances.

5. Thennodynamlcs of Inverse Gas
Chromatography. Thermodynamics of
dissolution. Thermodynamics of adsorption.
Phase transitions. Glass transitions. Other
second order transitions in polymers.
Determination of diffusion coefficients.
Segregation of block copolymers. Other
applications of inverse gas chromatography.
References.

Index.
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ISBN ().444·98857·2
DistrbutBd in the East Eurcpean Countries, China,
N. Korea, Cuba, Vietnam and Mongolia by Editura
Academiei Repwlicii SociaJiste Romania, Bucharest

ELSEVIER SCIENCE PUBLISHERS
P.O. Box 211,1000 AE Amsterdam,The Netherlands
P.O. Box 882, Madison Square Station, New York, NY 10159, USA











JOURNAL
of

CHROMATOGRAPHY
INTERNATIONAL JOURNAL ON CHROMATOGRAPHY,

ELECTROPHORESIS AND RELATED METHODS

EDITORS
R. W GIESE (Boston, MA), J. K. HAKEN (Kensington, N.SW.), K. MACEK (Prague),

L. R. SNYDER (Orinda, CAl

EDITOR, SYMPOSIUM VOLUMES
E. HEFTMANN (Orinda, CAl

EDITORIAL BOARD

D. W. Armstrong (Rolla, MO), W A. Aue (Halifax), P. Bocek (Brno), A. A. Boulton
(Saskatoon), P. W. Carr (Minneapolis, MN), N. H. C. Cooke (San Ramon, CAl, V. A.
Davankov (Moscow), Z. Deyl (Prague), S. Dilli (Kensington, N.SW.), H. Engelhardt
(Saarbrucken), F. Erni (Basle), M. B. Evans (Hatfield), J. L. Glajch (N. Billerica, MA), G.
A. Guiochon (Knoxville, TN), P. R. Haddad (Kensington, N.S.W), I. M. Hais (Hradec
Kralove), W. S. Hancock (San Francisco, CAl, S. Hjerten (Uppsala), Cs. Horvath (New
Haven, CT), J. F. K. Huber (Vienna), K.-P. Hupe (Waldbronn), T. W. Hutchens (Hous­
ton, TX), J. Janak (Brno), P. Jandera (Pardubice), B. L. Karger (Boston, MA), E. sz.
Kovats (Lausanne), A. J. P. Martin (Cambridge), L. W. McLaughlin (Chestnut Hill,
MA), R. P. Patience (Sunbury-on-Thames), J. D. Pearson (Kalamazoo, MI), H. Poppe
(Amsterdam), F. E. Regnier (West Lafayette, IN), P. G. Righetti (Milan), P. Schoen­
makers (Eindhoven), G. Schomburg (Mulheim/Ruhr), R. Schwarzenbach (Duben­
dort), R. E. Shoup (West Lafayette, IN), A. M. Siouffi (Marseille), D. J. Strydom (Bos­
ton, MA), K. K. Unger (Mainz), Gy. Vigh (College Station, TX), J. T. Watson (East

Lansing, MI), B. D. Westerlund (Uppsala)

EDITORS, BIBLIOGRAPHY SECTION
Z. Deyl (Prague), J. Janak (Brno), V. Schwarz (Prague), K. Macek (Prague)

ELSEVIER
AMSTERDAM - OXFORD - NEW YORK - TOKYO

J. Chromatogr., Vol. 504 (1990)



© ELSEVIER SCIENCE PUBLISHERS B.V. - 1990 0021·9673/90/$03.50

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system or transmitted in any form or by any means,
electronic, mechanical. photocopying, recording or otherwise, without the prior written permission of the publisher, Elsevier Science Publishers

B.V., P.O. Box 330,1000 AH Amsterdam, The Netherlands.
Upon acceptance of an article by the journal, the author(s) will be asked to transfer copyright of the article to the publisher. The transfer will ensure

the widest possible dissemination of information.
Submission of an article for publication entails the authors' irrevocable and exclusive authorization of the publisher to collect any sums or
considerations for copying or reproduction payable by third parties (as mentioned in article 17 paragraph 2 of the Dutch Copyright Act of 1912
and the Royal Decree of June 20,1974 (S. 351) pursuant to article 16 b of the Dutch Copyright Act of 1912) and/or to act in or out of Court in

connection therewith.
Special regulations for readers in the U.S.A. This journal has been registered with the Copyright Clearance Center, Inc. Consent is given for
copying of articles for personal or internal use, or for the personal use of specific clients. This consent is given on the condition that the copier pays
through the Center the per-copy fee stated in the code on the first page of each article for copying beyond that permitted by Sections 107 or 108 of
the U.S. Copyright Law. The appropriate fee should be forwarded with a copy of the first page of the article to the Copyright Clearance Center,
Inc., 27 Congress Street, Salem, MA 01970, U.S.A. If no code appears in an article, the author has not given broad consent to copy and permission
to copy must be obtained directly from the author. All articles published prior to 1980 may be copied for a per-copy fee of USS 2.25, also payable
through the Center. This consent does not extend to other kinds of copying, such as for general distribution, resale, advertising and promotion

purposes, or for creating new collective works. Special written permission must be obtained from the publisher for such copying.
No responsibility is assumed by the Publisher for any injury and/or damage to persons or property as a matter of products liability, negligence or
otherwise, or from any use or operation of any methods, products. instructions or ideas contained in the materials herein. Because of rapid

advances in the medical sciences, the Publisher recommends that independent verification of diagnoses and drug dosages should be made.
Although all advertising material is expected to conform to ethical (medical) standards, inclusion in this publication does not constitute a

guarantee or endorsement of the quality or value of such product or of the claims made of it by its manufacturer.
This issue is printed on acid-free paper.

Printed in The Netherlands



Journal of Chromatography, 504 (1990) 1-19
Elsevier Science Publishers B.Y., Amsterdam - Printed in The Netherlands

CHROM.22 178

Variance contributions to band spread in capillary zone
electrophoresis

HARLAN K. JONES, NHUNG T. NGUYEN and RICHARD D. SMITH*

Chemical Methods and Separations Group, Chemical Sciences Department, Pacific Northwest Laboratory,
Richland, WA 99352 (US.A.)

(First received July 4th, 1989; revised manuscript received November 22nd, 1989)

SUMMARY

A peak variance method is described and used to determine contributions to
band spread in capillary zone electrophoresis (CZE) for model systems consisting of
amino acids, peptides and proteins. A theoretical and experimental approach is pro­
posed for isolating time-independent contributions to band spread from the time­
dependent contributions to band spread in CZE. The significant time-independent
contributions to CZE band spread include injection and detection, while important
time-dependent contributions to band spread in CZE are due to molecular diffusion,
Joule heating and deviation from ideal electroosmotic plug flow. The contribution of
diffusion to band spread in CZE is experimentally determined by using a new ap­
proach involving multiple passes of the sample band past the detector, allowing mea­
surement of the total variance of a sample band at periodically increasing residence
times in the CZE column. Molecular diffusion is confirmed to be the major contrib­
utor to band spread under optimized CZE conditions. The experimental values for
diffusion coefficients obtained in studies (without an externally applied electric field)
are subsequently used to isolate the more subtle contributions to band spread which
include Joule heating and the nature of electroosmotic (i.e., flow deviation from
plug). Important time-independent contributions, i.e., injection, detection and volt­
age "on-off" switching are isolated for several analytes and compared to their total
experimentally determined time-independent variance.

INTRODUCTION

Capillary zone electrophoresis (CZE) has been shown to be a fast, efficient
separation method for mixtures of amino acids 1

,2, polypeptides3
, proteins4

-
6

, bases,
nucleosides and oligonucleotides7

, catechols8 and a wide range of other biologically
important molecules. Martin et al. 9 have studied some of the factors contributing to
the loss of separation efficiency in CZE which include molecular diffusion, the nature
of the fluid, effects due to flow in capillaries (i.e., specifically the flow profile, deviation
from plug flow), heating effects, injection volume, detection volume and sample

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.



2 H. K. JONES, N. T. NGUYEN, R. D. SMITH

specific contributions (i.e., concentration effects and adsorption on capillary surfaces).
Coxon and Binder10 have previously addressed the problem of the radial temperature
distribution for isotachophoresis in columns of circular cross-section. Martin and
Guiochon 11 have studied longitudinal dispersion in liquid chromatography for the
case of electroosmotic pumping. Most recently, Foret et al. 12 have described some of
the dispersive processes relating to CZE separation efficiency, and Grushka et alY,
have examined temperature gradients in CZE for capillary columns of varying
diameters. Of considerable interest are non-ideal operating conditions, where
compromises to sample size and electric field gradient may be necessary to allow
collection, sample fractionation, enhanced sensitivity for detection, or greater
separation speed.

Most workers in the area of CZE agree that the longitudinal contribution of
molecular diffusion is the predominant contribution to the broadening of the solute
band under "ideal" conditions. However, it has also been observed that Joule heating
and deviation from ideal electroosmotic plug flow (resulting from additional effects
due to heating, and other contributions due to inadvertent laminar flow) may also
contribute substantially to loss of CZE separation efficiency since optimum CZE
results are defined only by the relative rates ofelectrophoretic migration and molecular
diffusion. The molecular diffusion coefficient is also an important physical property
for molecules of biological importance, i.e., proteins and smaller polypeptides. When
combined with sedimentation-rate measurements, the diffusion coefficient can yield
accurate molecular weight values for proteins14

. More importantly, the ability to
isolate the solute band broadening contribution due to molecular diffusion is the first
step toward isolating other significant band broadening factors contributing to the loss
of separation efficiency in CZE (e.g., heating effects and deviations from "ideal"
plug-flow). Our goal in this work is to first experimentally determine the contribution
of diffusion to band spread in CZE, and to use this as a basis for attempting to
experimentally isolate the other (more subtle) contributions. One aspect of our
approach is to attempt to separate additional contributions (due directly or indirectly
to heating) from any due inherently to electroosmotic flow.

The peak variance method used in this study for determining aqueous diffusion
coefficients is based on a method first introduced by Giddings and Seager15

, and later
modified by Knox and McLaren 16 for rapid determination of gaseous diffusion
coefficients. The method was later extended to dense gases by Balenovic et al. 1 7, small
solutes in liquid systems by Grushka and Kikta18

, and macromolecules in aqueous
liquids by Walters et al. 19

. The CZE experiment provides a uniquely useful method for
such studies. In contrast to the earlier studies which measured solute band spread after
a single pass through the detector, the electromigration process allows one to
manipulate the direction ofanalyte motion by reversing the polarity ofthe electric field,
while having a nearly negligible effect on peak variance. This technique provides
a simple means for moving the solute band back and forth, many times if desired, past
the detector. This study also complements other recent experimental studies which
have investigated various factors governing separation efficiency for CZE20

-
22

. In this
work we show that those CZE methods allow rapid an9 accurate measurement of
diffusion coefficients, as well as isolation of variance contributions due to injection.
We will also show thatcontributions due to heating effects and deviations from plug
flow are largely interdependent and less easily resolved, experimentally, and will
suggest methods to determine their relative importance.



VARIANCE CONTRIBUTIONS TO BAND SPREAD IN CZE

THEORY

3

Separation efficiency in CZE is most often measured in numbers of theoretical
plates (N)1,23, Less often one will encounter plate height in discussions of how efficient
one separation is from another24

, In this work the peak variance, which is the link
between plate height and number of theoretical plates, is the basic tool used for
examining the important efficiency loss factors in CZE.

We have selected the total variance of the solute band as the starting point for
isolation and determination of efficiency loss factors in CZE. By using the total
variance of the solute band, which ideally assumes a gaussian distribution, we can say
that all those processes which contribute to the total breadth of the solute band can be
sunmed in terms of their individual variances as shown in the following expression:

(I)

In this model, we have taken the total variance of the solute band and divided it into
two categories, a constant or time-independent variance (due to discrete events during
the separation), and a time-dependent variance, which varies with the residence time of
the solute in the CZE column until reaching the detector. Table I lists the efficiency loss
factors for CZE. The constant factors include injection volume, detection volume, and
voltage switching (i.e, effects arising from turning the high voltage "on" or "off',
which may be attributed primarily to initiation or cessation of electroosmotic flow),
The importance of voltage switching to the experimental procedure will be discussed
later in this paper. Time-dependent factors which appear to contribute significantly to
the broadening of a solute band include longitudinal molecular diffusion, heating and
deviation of the electroosmotic flow profile from idealized plug flow. The total
variance in eqn. I can be expressed in terms of these contributions by

(2)

where (J"; is the time-independent or constant variance and (J"~(t) is the time-dependent
variance contribution.

Detection and injection are considered to be the major components of the
constant part of the total variance. Sternberg25 has derived second moment or

TABLE I

TIME-INDEPENDENT AND TIME-DEPENDENT CZE EFFICIENCY LOSS FACTORS

Time-independent contributions to variance ((J'~)

Injection
Detection
Voltage switching (high voltage "on" or "off")

Time-dependent contributions to variance ((J'~)

Molecular diffusion
Joule heating
Flow profile (deviation from plug flow)
Sample specifiC contributions (local concentration effects and adsorption)
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variance expressions for detection and injection. The variance contribution for a finite
detector path length is

(3)

where Ii is the path length of the detector cell. Since CZE detection generally occurs "on
column" the detection process itself does not contribute to variance except in terms of
the length (in the case of this study) of capillary corresponding to the detector cell
volume. The assumption most workers make regarding the shape of the electroosmotic
injection profile is that it can be approximated by a sufficiently narrow band which can
gradually relax (under ideal conditions) to a gaussian shaped peak longitudinally2o,26.
This is, of course, an approximation since all the factors which contribute to variance
during separation can contribute to injection when electromigration is used, as in this
study. However, such contributions to variances can almost always be neglected; as an
example, a recent study by Rose and Jorgenson27 comparing electromigration and
hydrostatic injection showed no significant differences in the measured efficiencies.
For a plug sample injection profile, the contribution to variance is identical to that for
detection and is given by

(4)

where Ij is sample injection migration distance.
The electromigration injection process in CZE is the combination of two

functions. The injection process begins with the sample input function which carries
with it the initial sample band width25 . The electromigration injection plug profile is
convoluted onto that input function during injection. In contrast to most chromato­
graphic injection processes, the CZE input function and electromigration injection
process occur simultaneously. The volume of the injection band for electromigration
can be accurately approximated (for a specific analyte) given the elctroosmotic
flow-rate, the analyte's electrophoretic mobility, sample buffer, injection time and
voltage. However, the importance of other contributions leading to dispersion during
injection may be dependent upon design of the spcific apparatus and procedures, and
remain undetermined.

There are certain sample specific time-dependent contributions to CZE band
broadening which include adsorption effects and local electric field effects due to
excessive sample concentrations, which are much more complex and beyond the scope
of the present work. Such effects are most significant in the early stages of the
separation, immediately following injection. Fortunately, experimental conditions can
be adjusted to minimize such specific contributions; we believe the conditions chosen
for this work allow their effects to be neglected.

A requirement in our present study is isolating and determining the magnitude of
the contribution due to longitudinal molecular diffusion as it relates to the total
variance of the CZE solute band. The Einstein equation 28 relates variance due to
molecular diffusion to the molecular diffusion coefficient Dm

(5)
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(where t is time in sand Dm has units of cm2js). Measurement of the variance due to
molecular diffusion is ideally accomplished in the absence of Joule heating and, less
generally, electroosmotic flow, both of which are inherent to CZE (although, in
specific circumstances these effects may be made negligible -it is unclear at what point
this is accomplished). Both heating and electroosmotic flow are induced by applying
an electric field gradient across the length of the fused-silica glass capillary column, so
such measurements would ideally be obtained in the absence of the applied field.

Our method is similar to Knox and McLaren's16 gas chromatographic method.
During the experiment, the applied potential is turned off, which stops electroosmotic
flow, and then the analyte band is allowed to spread by diffusion only. Jorgenson and
co-workers2o.26 have previously used a variation of Knox's method for measurement
of molecular diffusion coefficients. A difficulty encountered in this approach is that
one must assume or calculate contributions from detection, injection, and interruption
of both electrophoretic migration and electroosmotic flow, or to choose conditions
such that (one hopes) such contributions are negligible. A dual-detector approach like
the one employed by Evans and McGuffin 29 for the eliminucion of extra column
contributions to chromatographic peak variance would prove useful for the analysis of
the CZE time-independent variance contributions, but would still require a "field on"
condition for the measurement of diffusion coefficients. Rather than make one
measurement of the solute band during an experiment or flow the analyte between two
detectors, our method allows the analyte to diffuse freely during several "field off'
time periods and diffusion is determined in a straightforward manner from the
contribution to variance for two (or more) different measurements of the peak. The
diffusion can occur in conjunction with normal CZE conditions (i.e., field on) or with
the field off, to obtain accurate measurements of diffusion coefficients. At the end of
each free diffusion period the electroosmotic flow is reversed and the sample is moved
immediately past the detector. Electroosmotic flow is discontinued immediately
following detection of the solute band. At each pass, the peak width at half-height is
measured which is converted to total peak variance by the following series of
expressions which are related to column efficiency or number of theoretical plates N 30

,

(6)

where lk is the distance from injection to detector. The following expression relates
peak width at half-height to N 30

.

(7)

By combining eqns. 6 and 7, total peak variance (12 can be directly related to the square
of Wl/2

(8)

The peak integrator used for all experiments in this study calculates the
area-to-height ratio (ARjHT) of an analyte peak in units of time which is equated to
peak width at half-height. The width at half-height is used rather than width at baseline
to reduce errors due to any adsorption3i

. The peak width at half-height must be
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converted to column length units for peak variance. Once total peak variance is
calculated, a plot of total variance versus column residence time is determined.
According to eqn. 2, constant contributions to peak variance are found in the intercept
(J; and the time-dependent variance contributions are contained in the slope. In our
studies (where the high voltage is off except for the brief period required to move the
band past the detector at relatively modest field strengths), we show that the time­
dependent variance is due only to longitudinal molecular diffusion. We demonstrate
that all other contributions may be neglected for diffusion rates typical of solutes in
normal liquids. By applying the Einstein eqn. 5 to the slope of the variance versus time
plot, one directly calculates the molecular diffusion coefficient D m . Other voltage
switching experiments have been done, which yield a slope containing the variance due
to diffusion plus other significant contributions to the time-dependent variance. By
subtracting the variance due to diffusion from the total time-dependent variance, one
can begin to investigate the other factors contributing to the loss of separation
efficiency in CZE.

EXPERI MENTAL

Apparatus
The apparatus used for all electrophoresis experiments was similar in design to

that described by Jorgenson and Lukacs1 . Fused-silica capillaries with inner diameter
of 100 Jlm were obtained from Polymicro Technologies (Phoenix, AZ, U.S.A.), and
used without any further treatment. The capillaries were all 150 em in length and in all
cases filled with 0.01 M phosphate buffer which was adjusted to pH 8.3. A Glassman
High Voltage (Whitehouse Station, NJ, U.S.A.) Model LG60P2.5 0~60 kV d.c. power
supply delivered the applied potential. The high-voltage lead is contained within
a plastic insulating box equipped with electrical interlocks protecting the operator
from the high-voltage region. Strips of platinum foil were used as electrodes.
On-column UV detection was carried out by using a modified ISCO V4 variable­
wavelength high-performance liquid chromatography (HPLC) detector (Lincoln, NE,
U.S.A.) at 215 or 280 nm. On-column fluorescence detection was carried out by using
a McPherson FL-749 spectrofluorometer, Division of Schoeffel International (Acton,
MA, U.S.A.). A 150 W Xenon short-arc lamp was used as the excitation source;
fluorescence light was collected at 90° to the excitation beam through a 440-nm glass
cut-off filter. Output signals from both absorbance and fluorescence detectors were
connected to a 3390A Reporting Integrator, Hewlett Packard (Avondale, PA, U.S.A.).
The window of the on-column detector cell was created by burning a small section of
the polyimide coating off at the mid-point (75 em) of the 150-cm capillary column. The
on-column fluorescence cell length was 0.1 07 em, and the on-column UV-VIS detector
cell length was 0.104 em.

Procedure
Sample was introduced by electromigration at the high-voltage end of the

capillary column. Samples were prepared at the given concentration in the buffer used
for CZE separation. For all cases except horse heart myoglobin, injection was done at
15 kV applied potential for 3 s with a current of 5.9 JlA. In the case of myoglobin,
injection was done at 10 kV applied potential for 5 s with a current of 4.1 JlA. The
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TABLE II

MOLECULAR WEIGHTS AND CONCENTRATIONS OF AMINO ACIDS, POLYPEPTIDES AND
PROTEINS IN THIS STUDY

Sample Molecular weight Sample concentration

2-Naphthol 144 5.80 . 10- 4

Dns-Ala 421 1.92' 10- 4

Dns-Ile 463 1.88 . 10- 4

FL-methionine
enkephalinamidea 868 2.88 . 10- 5

FL-vacotocinU 2450 5.10 . 10- 6

FL-insulin" 8220 6.00 . 10- 5

Horse heart myoglobin 17500 3.57 . 10- 5

" FL corresponds to the fluorescamine labeled polypeptides and protein.

potential applied at the beginning of each experiment was 30 kV with a current of 12.5
/lA. The high voltage remained on until the sample peak was detected. Immediately
following detection, the applied potential was turned off for a period ofapproximately
60 min. At the end of 60 min, the ends of the capillary column were interchanged
(reversing the electric field after voltage is reapplied), which caused a change in the
direction of the elctroosmotic flow. The 30 kV potential was reapplied for as long as it
took for the sample peak to be detected and then discontinued again for another
60-min period. This procedure was repeated a number of times. Any flow in the
capillary due to a difference in reservoir heights was immediately apparent by a change
in the amount of time required for detection when voltage was reapplied (ideally the
time between detection of the peak maximum and turning the voltage off is precisely
the same as the time between reapplying voltage and detection). A modification of the
above experiment was done by keeping the voltage on throughout the entire
experiment except during the 30-s periods when the column ends were interchanged to
reverse the direction of electroosmotic flow. 2-Naphthol, dansyl-L-alanine (Dns-Ala)
and dansyl-L-isoleucine (Dns-Ile) were studied by using the modified procedure at the
following applied potentials: 30, 25, 20, 15, 10 and 5 kV.

Column maintenance
Buffer reservoirs were replenished with fresh buffer daily. The capillary column

was flushed with 200 /ll of fresh buffer each day before use. For separations of
polypeptides and proteins the column was flushed with fresh buffer after each
experiment.

Chemicals
Table II lists the amino acids, polypeptides, proteins and other molecules used in

this work, their respective molecular weights and concentrations used for most studies.
Fluorescamine was used to label the polypeptides and insulin for fluorescence
detection. All of the polypeptides, proteins, dansylated amino acids, and fluoresc­
amine used in this study were obtained from Sigma. Phosphate buffers were prepared
from reagent-grade chemicals (NaH2P04, Na2HP04 and NaOH) and had an ionic
strength of O.ol M and a conductivity of 670 /lS.
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TABLE III

CONTRIBUTIONS TO THE TIME-INDEPENDENT VARIANCE

Sample (J~"r (em 2
) (J;"j (em 2

) a;et + a~,j (em 2 ) (J~xp (em 2
)

2-Naphthol 0.000952 0.00608 0.00703 0.0510
Dns-Ala 0.000952 0.00396 0.00491 0.0348
Dns-He 0.000952 0.00378 0.00473 0.0365
FL-methionin

enkephalinamide 0.000952 0.00456 0.00551 0.0190
FL-vacotocin 0.000952 0.00621 0.00716 0.0779
FL-insulin 0.000952 0.00059 0.00154 0.0268
Horse heart

myoglobin 0.000906 0.00658 0.00749 0.0689

RESULTS AND DISCUSSION

The focus of this paper is measurement of the variance due to molecular
diffusion, which we classify as a component of the time-dependent part of the total
variance of the solute band (see Theory section). We then use these techniques to
examine other contributions to variance. As a preface to the discussion of the
molecular diffusion experiments, the time-independent part of the total variance
requires a brief discussion.

Contributions due to injection and detection
Table III lists results for all the compounds used in the band spread study. The

corresponding calculated time-independent variance values due to detection and
injection and their respective sums are compared to the total experimental time­
independent variance. Table IV shows the experimental contribution of voltage
switching to the total time-independent variance for 2-naphthol and horse heart
myoglobin. The voltage switching variance accounts for one cycle of turning the
applied potential on and off.

The calculated variance due to detector path length will be the same for all
molecules except horse heart myoglobin, where on-column UV absorbance detection
was used. The detector variance, calculated from eqn. 3, is approximately 50 times
smaller than the total experimental time-independent variance for each molecule.

The variance due to electromigration injection was calculated from eqn. 4. The

TABLE IV

VOLTAGE SWITCHING CORRECTION ((J;,) TO THE TIME-INDEPENDENT VARIANCE

Sample (J~et + (J;nj (em 2
) (J~xp (em 2

) (J~, (em 2
) a~orrec. (on

2
)

2-Naphthol 0.00703 0.0510 0.0012 0.0498
Horse heart

myoglobin 0.00749 0.0689 0.0018 0.0671
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Fig. l. Peak tailing due to poor manual electroosmotic injection, shown before and after reversing the
polarity of the applied potential.

calculated variances for this mode of injection are all approximately an order of
magnitude less than their respective total experimental variances. The summed
variance due solely to detection and injection is approximately 7 times less than the
total experimental variance for each sample molecule. While some of the difference
may be due to voltage switching, the majority of the time-independent variance can
be directly attributed to injection processes. An extreme case of poor manual
electromigration injection is illustrated in Fig. I. The tailing portion of the first
2-naphthol peak is the result of poor injection technique. Some experimental factors
which can lead to band broadening during injection have been described by Grushka
and McCormick22

• Following reversal of the electric field, the same contribution to
band spread due to injection is shown reflected as the leading portion of the 2-naphthol

c:
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Fig. 2. Effect of reversing high-voltage polarity nine times to determine contributions to peak variance. The
analyte was 2-naphthol (10- 4 M), pH 8.3 phosphate buffer (10- 2 M), 3-s/5-kV injection, 30 kV applied
potential.
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peak. Manual injection can be markedly improved by repetition and practice, and was
utilized in all experiments. The important point relevant to the present study is that
injection quality is verified by the initial passage through the detector at the start of
each expriment, and any non-ideal effects due to injection or the early stages of
e1ectromigration are explicitly subtracted.

Contributions to peak variance from voltage switching
The voltage switching technique used in this study allows repetitive detection of

sample bands during the CZE experiment by reversing the direction of electroosmotic
flow. The peak width was independent of any addi tional delay after detection (before
removing the high voltage) i.e., subsequent detection did not indicate any effect of the
time between between applying high voltage and peak width. These results indicate
that electroosmotic flow is established very rapidly (or stopped very rapidly). In Table
IV, experimental variance values for 2-naphthol and horse heart myoglobin are given
for voltage switching (a-;s)' Fig. 2 shows an electropherogram illustrating the effect of
voltage switching for 2-naphthol. The sample migrates through the column in response
to the applied potential and passes through the detector. Following sample detection
the voltage is turned off, the column ends are reversed and the voltage is turned back
on (alternatively, the high-voltage polarity can be inverted). The variance due to
voltage switching is assumed to be a constant for a given voltage, buffer and capillary
diameter, but the contributions are cumulative and depend on the number of times the
high voltage is switched off and on. Each time the voltage is switched off and on,
a finite constant contribution to the variance of the sample band is added. If
electromigration is the mode of injection, then such a situation applies at least once in
a CZE separation. In the case of2-naphthol, the experimental variance at experimental
conditions due to one voltage off-on cycle is 0.00 12 cm 2

, and for horse heart
myoglobin the voltage off-on variance is 0.0018 cm 2

. Since these measurements
neglect additional contributions to peak variance due to diffusion between measure­
ments and any disruption due to the capillary manipulation, the values reported
represent the maximum possible contribution from voltage switching. The electro­
migration injection procedure and its corresponding voltage off-on cycle is included in
our time-independent variance contribution. In Table IV, the voltage off-on variance
for 2-naphthol and horse heart myoglobin has been combined with their respective
detection and injection variances and then subtracted from the total experimental
time-independent variance. The time-independent variance, which has been corrected
for voltage switching, is approximately 7 times greater in magnitude than the summed
detection and injection variance for 2-naphthol and about 9 times the magnitude of
a-~cl+inj for horse heart myoglobin. The remaining experimental time-independent
variance is attributed to the injection input function discussed earlier.

The present results are also of practical interest since many situations exist where
one may desire to stop or slow electromigration. For example, CZE fraction collection
may require removal of high voltage for a brief period. Similarly, by dropping CZE
voltage, or even stopping electromigration, the detector time constant can be
increased, resulting in greater signal-to-noise or (at fixed detection time constant) often
greater resolution. The present results show that the effects of such voltage changes will
be small and will not, in general, significantly degrade separations.
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Determination of molecular diffusion contributions to peak variance
Isolating the variance contribution due to molecular diffusion from other

time-dependent broadening phenomena requires an approach which minimizes, or
ideally eliminates, contributions due to Joule heating and the electroosmotic flow. The
first step of our approach is the same as for a normal CZE experiment; the applied
potential remains on until the sample peak is detected. Immediately following
detection the power supply is turned off and the sample band is allowed to spread
solely due to diffusion. The experiments included four free diffusion periods, with each
free diffusion period lasting about 60 min. The variance for each peak detected in an
experiment (corrected for voltage switching at each voltage on-off event) is calculated
from peak width at half-height according to eqn. 8 and plotted against column
residence time. The data show a linear relationship to residence time with the intercept
corresponding to time-independent variance contributions and the slope directly
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Fig. 3. Variance versus time plots for (A) 2-naphthol; (B) Dns-Ala; (C) Dns-Ile. Plots are used to isolate the
variance contribution due to molecular diffusion.
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TABLE V

MOLECULAR DIFFUSION COEFFICIENTS DETERMINED BY THE CAPILLARY ELECTRO­
PHORESIS VARIANCE METHOD COMPARED TO VALUES DETERMINED BY OTHER
METHODS

Sample

2-Naphthol
Dns-Ala
Dns-lle
FL-methionine

enkephalinamide
FL-vacotocin
FL-insulin
Horse heart

myoglobin

D m . 106 by CZE
variance
method"

13.0
8.75
8.77

6.43
5.59
3.27

2.06

D m . 106 by other
capillary electrophoresis
methodl··

6.09
5.37

1.15

Dm ' 106 by
sedimentation-rate
Ineasuren1enl

12.1

2.86

1.13

Dm ' 106 by
laminar flow
analysis

1.17

1.03

" Determined without the presence of an applied electric field, at 25°C.
• Determined at an applied potential of 2.5 kV (ref. 20).

proportional to the molecular diffusion coefficient from eqn. 2. Fig. 3 shows
a least-squares fit for three plots of total variance versus time for 2-naphthol, Dns-Ala
and Dns-Ile. The diffusion coefficient can be calculated by applying the Einstein eqn.
5 to the slope of the line. The total variance due to molecular diffusion can then be
determined for any CZE separation time.

Table V lists in order of increasing molecular weight molecular diffusion
coefficients determined by the CZE variance method. Corrected molecular diffusion
coefficients have been calculated for all the samples by subtracting the voltage
switching variance from the uncorrected variance due to molecular diffusion.
Diffusion coefficients determined by using other methods are also compared in Table
V. As molecular weight increases, the molecular diffusion coefficient decreases, as
expected. Our diffusion coefficients generally compare favorably with those values
determined by other workers and methods, although slightly different temperatures
and buffer compositions apply to each set of measurements. Somewhat surprisingly,
the diffusion coefficient values determined by the present CZE variance method are
slightly higher than the literature values. 2-Naphthol has a corrected diffusion
coefficient (corrected for voltage switching) of 1.30 . 10- 5 cm 2/s compared to the
literature value of 1.21 . 10- 5 cm 2 /s, a difference of 6.9%. At the other end of the
molecular weight range, horse heart myoglobin has a corrected diffusion coefficient of
2.06 . 10- 6 cm2 /s compared to 1.15 . 10- 6 cm 2/s as determined by Walbroehl and
Jorgenson 20 using another capillary electrophoresis method (involving electrophore­
sis at low voltages where Joule heating effects should be small) and 1.13 . 10 -6 cm 2/s as
determined by the sedimentation rate method. In the case of insulin, the percent
deviation between our value and the literature value is approximately 15%, and for the
dansylated amino acids the deviation is about 30%. No literature values were available
for the two polypeptides. Rather than measuring peaks by AR/HT ratio which
assumes a gaussian solute band distribution (and presumably valid for the symmetrical
peaks generally obtained in this study), greater precision may be obtained by using
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a moments analysis measurement of peak variance. The moments analysis of
chromatographic peaks has been shown to yield more accurate peak variance values
than the AR/HT method 3 !, but an evaluation of other peak measurement methods
with respect to the CZE band spread study is needed prior to selecting a more accurate
method. However, the ease, speed, reproducibility, and low instrumentation costs
suggest that the present method has significant potential for routine measurements of
diffusion coefficient. Our slightly higher values for molecular diffusion coefficients
may be due to surface adsorption onto the untreated silica capillary walls, although the
present methods would be expected to minimize any such effects. Surface adsorption
can be best reduced by the appropriate choice of buffer pH (i.e., choose a buffer pH
that is above the isoelectric pH of the sample molecule, which will place a net negative
charge on both the molecule and capillary wall), buffer ionic strength and sample
concentration. Even when the net charge of the polypeptide or protein is the same as
the capillary wall, therefore causing repulsion of the molecule from the wall, there may
still be some surface adsorption due to interaction between hydrophobic sites on the
molecule and the capillary wall. Sample concentration also needs to be at least two
orders of magnitude less than the concentration of the buffer to avoid localized heating
which could lead to measurable band spread (but not during the free diffusion period
in the present study where no field is applied). Even lower molar concentrations are
required for proteins which may carry numerous charges. One can sometimes
minimize band spread due to surface adsorption by applying the lowest possible
sample size. Since 2-naphthol, Dns-Ala and Dns-Ile were all near the upper
concentration limit, band broadening due to concentration effects might be possible.
By avoiding effects in the early stages of separation, the present methods should
minimize such contributions. We tentatively conclude that our diffusion measure­
ments are valid under the present experimental conditions, but additional studies are
required to determine the origin of the differences obtained in comparison with other
methods.

Variance contributions during CZE separations
Following determination of diffusion coefficients by the CZE variance method,

the diffusion coefficient values were then used to examine the more subtle contribu­
tions of Joule heating and electroosmotic flow to sample band spread. The expriments
were designed to investigate effects due to both heating and any potentially non-ideal
contributions (i.e., deviations from plug flow) due to the electroosmotic flow profile.
The analyte migrated past the detector and was not stopped until it had almost
electromigrated from the other end of the capillary. At that time the voltage was turned
off and the polarity reversed. The sample was passed back and forth through the
detector as in the measurements of diffusion coefficients; however, the only time the
voltage was off was during 30-s periods when the ends of the column were reversed.
The experiments were run at 6 different applied potentials; 30, 25, 20,15, 10 and 5 kV.
The three molecules used in the experiments were 2-naphthol, Dns-Ala and Dns-I1e. In
contrast to the diffusion coefficient experiment, the voltage remains on throughout
this experiment and analyte variance is due to the combined effects of diffusion,
heating and electroosmotic flow.

Peak variance was measured as it was in the diffusion experiments and is given as
plots of total variance versus time data. Fig. 4 shows electropherograms for the
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Fig. 4. Electropherograms at (A) 30 kV and at (B) 5 kV for a three-component mixture of (in order of
retention times in first segment of the three segments shown) 2-naphthol, Dns-Ala and Dns-Jle. Band
broadening is mainly due to molecular diffusion, heating and non-ideal flow effects.

three-component mixture for the first three measurements at 30 and 5 kV, the two
extremes in applied potential. One can visually inspect the differences in band spread
for each of the three components at 30 and 5kV and observe the significant broadening
of analyte peaks at the lower applied potential of 5 kV. The greater peak width
obtained at 5 kV is due to slower migration through the detector, and does not effect
variance measurements. Deconvolution of the relative magnitudes of the various
time-dependent contributions to band spread requires a variance versus time plot for
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Fig. 5. CZE variable-voltage plots of total variance versus time for (A) 2-naphthol; (B) Dns-Ala; and (C)
Dns-Ile at (D) 30 and (.) 5 kV. These plots are generated from electropherograms similar to those shown in
Fig. 4.

peaks which have undergone separations at different applied potentials. One can then
isolate the time-independent contributions to band spread from the time-dependent
contributions. Fig. 5 shows the plotted total variance versus time data for the peaks
presented in Fig. 4. The time-independent contribution to peak variance is again
denoted by the intercept on the variance axis. The time-independent variance includes
detection, injection and voltage "on-off' contributions, the same as in the diffusion
experiments. The difference between these experiments and the diffusion coefficient
experiments is apparent in the slope or time-dependent variance contribution. The
slope of the variance versus time plot contains not only variance due to molecular
diffusion, but also other contributions resulting from the continuously applied
potential. Joule heating and deviation from ideal plug flow are the most likely
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significant contributions to time-dependent peak variance, assuming negligible surface
adsorption and concentration effects.

One way to look at the combined effect of heating and non-ideal plug flow in
terms of peak variance is to compare the slopes of the 30 and 5 kV experiments for
2-naphthol, a neutral molecule at pH 8.3, to the slopes of the two negatively charged
amino acids Dns-I1e and Dns-Ala at the same applied potentials. Fig. 5A shows the 30
and 5 kV data plotted for 2-naphthol. The slopes of the two lines differ by
approximately 16%. In the case of Dns-Ile, the slope of the 30 kV line is about 60%
greater than the 5 kV slope and similarly, the 30 kV slope for Dns-Ala is 50% greater
than its 5 kV slope. The neutral2-naphthol band will not be directly influenced by local
Joule heating (due to the presence ofa higher conductivity band) since it does not carry
a charge. Time-dependent band spread for 2-naphthol is therefore largely ascribed to
molecular diffusion, non-ideal electroosmotic flow effects, and primary and secondary
effects due to overall Joule heating of the capillary (which should be small due to the
low currents utilized). Dns-IJe and Dns-Ala both carry a net negative charge and both
will be influenced by local Joule heating, local changes in electric field strength (and
resulting secondary effects), as well as any contribution due to deviation from plug
flow and molecular diffusion. The comparison of total variance versus time plots for
the 30 and 5 kV experiments in Fig. 5 suggests that the change in slope over the entire
range of applied potentials may provide useful information regarding the isolation of
ideal electroosmotic flow deviations from local effects due to Joule heating and field
inhomogeneity.

Fig. 6 shows plots of slope versus applied potential for 2-naphthol, Dns-Ala and
Dns-IJe. If disruptive effects were absent and ideal plug flow existed, the major
contributor to time-dependent variance would be longitudinal molecular diffusion,
and its slope would not change over the range of applied potentials. All total variance
versus time plots would have the same slope, and slope versus applied potential would
yield a horizontal line if molecular diffusion was the only contribution to time­
dependent variance. The data shown in Figs. 5 and 6 confirm that molecular diffusion
is not the only influence on time-dependent variance. Despite the scatter about the
least squares fit for 2-naphthol in Fig. 6A, the data show a slight positive change in
slope as voltage is increased from 5 to 30 kV, indicating other processes are
contributing to the time-dependent variance. In the case of2-naphthol, the additional
effect contributing to band spread can be ascribed (with the assumption that effects of
Joule heating to the buffer are minimal) to non-ideal plug flow and can be quantified
over the 30 kV applied potential range in terms of cm2/s2-kV.

In Fig. 6B and C, Dns-Ala and Dns-Ile each show a more significant change in
slope than 2-naphthol in Fig. 6A. For Dns-Ala and Dns-IJe, the change in slope over
the 30 kV applied potential range provides preliminary quantitative evidence for the
combined local heating and flow profile contributions to time-dependent peak
variance. The total change in slope for 2-naphthol which contains these contributions
is approximately 2 . 10- 7 cm2/s2-kV. The change in slope for each amino acid is about
three times the change for 2-naphthol or 6' 10- 7 cm2 /s2-kV and contains the
combined peak variance contributions of diffusion, non-ideal flow and Joule heating.
One can readily isolate the molecular diffusion contribution from non-ideal flow in the
case of2-naphthol, but the combined effects of diffusion, Joule heating and non-ideal
flow contributions to variance for Dns-Ala and Dns-Ile are not as easily separated.



Fig. 6. CZE variable-voltage plots of slope (from variance versus time plots) versus applied potential for (A)
2-naphthol; (B) Dns-Ala; and (C) Dns-lle. Plots are derived from a series of plots like those in Fig. 5 for the
voltage range 0-30 kV, and experimentally confirm the presence of band spread due to effects other than
molecular diffusion.

Subsequent studies are thus needed to isolate the contributions due to Joule heating
from that due to non-ideal flow behavior.

CONCLUSIONS

Serial measurements of the total variance of a solute band during CZE
separations show promise as a method for investigating the contributions to loss of
efficiency. Time-independent contributions which include injection, detection and
voltage switching can be calculated or determined experimentally. Injection and
detection variances are often assumed to have plug flow profiles and calculated
according to the equations of Sternberg25 . Experimentally, however, injection can
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result in additional variance contributions, which can be readily isolated using the
methods described here. The variance due to voltage switching during separation was
measured and determined to be small compared to the total time-independent peak
variance. The results of these experiments indicate that effects due to voltage switching
are generally negligible. This result is significant since it confirms that one can
manipulate electric field strength during a separation to allow improved injection or
detection (i.e., slower peak passage through the detector region), or finer control of
sample collection without significant degrading of the separation.

The time-dependent peak variance due to longitudinal molecular diffusion was
determined experimentally for several molecules and their respective molecular
diffusion coefficients were calculated from the Einstein equation. The diffusion
coefficients determined by our CZE voltage switching experiments were higher than,
but still compared favorably with, diffusion coefficients measured by other methods.
The differences in diffusion coefficients obtained by CZE voltage switching and from
other methods require further study, but the ease, quality and conceptual simplicity of
the present method argues in its favor.

The CZE voltage switching method introduced in this work was extended and
slightly modified for the study of Joule heating and non-ideal plug flow contributions
to the time-dependent peak variance. This study was limited to three molecules:
2-naphthol, neutral at the experimental pH of 8.3, and Dns-Ile and Dns-Ala, which
both carry net negative charges. In order to look at heating and flow effects, the
applied potential was held constant throughout each experiment, and was turned off
momentarily only to reverse the direction of electroosmotic flow.

As a result of the neutrality of 2-naphthol, both molecular diffusion and any
non-ideal flow effects will contribute to its time-dependent peak variance, but not
electrophoretic effects due to local heating of the solute band. It was observed that with
increase of the applied potential, the slope of the peak variance versus time plot
increased in magnitude. If only molecular diffusion was causing time-dependent
variance, there should be negligible slope change over the experimental range of
applied voltages since the calculated temperature increase was less than 1°C. To
achieve improved quantitative values for the non-ideal flow contribution to time­
dependent peak variance for 2-naphthol, the slope change from the variance versus
time plot was plotted against applied potential. Over the 30 kV range of applied
potential, the slope change increased by 6.6 . 10 - 6 cm 2Is. Again, if only diffusion
contributed to time-dependent peak variance, slope versus applied potential would
yield a horizontal line. Our measurements show a positive increase in slope over the 30
kV range of applied potential. The increase in slope for compounds with zero
electrophoretic mobility, such as neutral 2-naphthol, is the first step in isolating any
non-ideal plug flow contribution to the time-dependent peak variance. Similar studies
are required at a fixed voltage as a function of CZE current to determine the general
contribution due to Joule heating. Similarly, the change in slope from the variance
versus time plots ofDns-Ile and Dns-Ala was plotted against applied potential. Again,
if only molecular diffusion contributed to time-dependent variance, the slope change
over the range of applied potentials should be negligible for the two negatively charged
dansylated amino acids. The two amino acids behaved like 2-naphthol in that they
showed a positive change in slope over the 30 kV range, but the magnitude of the slope
change for each amino acid was on the average a factor of 3 greater than that for
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2-naphthol. The change in slope over the 30 kV applied potential range for Dns-Ala
was 20' 10- 6 cm 2Js and for Dns-Ile was 17' 10- 6 cm 2Js.

For neutral molecules which are not directly affected by Joule heating, one can
isolate the significant time-dependent band broadening factors, but for charged species
one has to minimize heating effects to study non-ideal flow effects, and in turn
minimize non-ideal flow effects to study the effects of Joule heating. If one makes the
assumption that "non-ideal" flow effects are the same for all three analytes, then one
can estimate that local Joule heating is approximately twice as significant under the
experimental conditions chosen compared to any "non-ideal" flow contributions to
solute band spread.
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SUMMARY

The precise determination of traces of organic volatiles is particularly challeng­
ing in semiochemistry and clinical chemistry, where specimen sizes are intrinsically
limited and amounts of trace components correspondingly very small. This demands
a sampling technique that is fully compatible with the ability of capillary columns and
gas chromatographic detectors to separate and quantify nanogram and sub-nano­
gram amounts from c(')mplex mixtures.

The quantitative precision of dynamic solvent-effect sampling of low parts per
billion (109

) aqueous carbonyl compounds, high ppb and low parts per million aque­
ous phenols, low ppb and high parts per trillion (1012

) airborne hydrocarbons and the
volatiles from wine, human urine and a slow-release pesticide was tested with speci­
men sizes that yielded amounts of volatiles down to the sub-nanogram level.

Provided that sources of variability, such as temperature changes, adsorption
on containers, incomplete peak resolution and changes in the specimens themselves,
were adequately controlled, dynamic solvent-effect sampling consistently provided
coefficients of variation in peak areas, peak percentage areas and peak-area ratios of
less than 10% at nanogram and sub-nanogram levels. The literature was surveyed for
data on the performance of other sampling systems. None of them have been demon­
strated to match the precision of the dynamic solvent effect with such small amounts
from such a wide range of materials.

INTRODUCTION

The use of films of liquid to extract volatiles from gases for chromatographic
analysis extends back to at least 1964 when Pavelka1 used a film of solvent spread on
glass beads to trap airborne volatiles. Grob2 demonstrated focusing by the solvent
effect, on a 2-,u1 film of hexane on a capillary column, of low-boiling volatiles from I

" Present address: Food Hygiene, Veterinary Research Institute, Onderstepoort 0110, South Africa.
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cm3 of the headspace of a spice. Jennings3 trapped food headspace volatiles on a
refluxing film of Freon 12. Roerade and Blomberg4 mentioned the possibility of using
the solvent effect to focus gas-phase volatiles, but presented no experimental results.
Pretorius and Bertsch 5 provided a theoretical treatment but their requirement that
the carrier gas be saturated with solvent to prevent evaporation of the solvent film is
impractical, and imcompatible with sampling from live animals and any specimen
that cannot be enclosed and pressurized. Pretorius and Lawson6 considered theoreti­
cally a more versatile method in which the solvent film is allowed to evaporate during
sampling. Neither of these theoretical papers included any experimental findings.

The dynamic solvent effect accumulates gas-phase volatiles by trapping them
on the evaporating edge of a film of pure solvent held in dynamic equilibrium between
evaporation and capillary rise in an axially perforated, porous, packed bed? The
resulting sample consists of the trapped volatiles and approximately 20 III of solvent;
it can be transferred directly to a capillary column by carrying out static solvent-effect
focusing with the bed in an inlet to which the column is connected8

,9,

The dynamic solvent effect was developed specifically to provide a sampling
technique that allows full exploitation of the ability of capillary columns and gas
chromatographic detectors to separate and quantify low- and sub-nanogram
amounts of solutes in complex mixtures, a need which is keenly felt in work on
semiochemicals 1 0 and clinical chemistry11.

The quantitative precision of dynamic solvent-effect sampling of gas-borne vol­
atiles from a range of specimens is reported here. The specimens were chosen to
represent types of material commonly analysed by capillary gas chromatography and
to provide a test of the performance of the dynamic solvent effect with small speci­
mens and samples.

EXPERIMENTAL

Separations were carried out in a Varian 3700 gas chromatograph fitted with a
dynamic solvent-effect inlet8 and a 25 m x 0.3 mm J.D. capillary column coated with
a OA-Ilm film of methylsilicone. The initial temperature of the inlet and column was
40°C, the inlet was heated ballistically to 220°C after a solvent evaporation time
determined for each concentrator8

, and the column temperature was programmed at
lOoC min -1 after 6 min for synthetic specimens, or at 5°C min - 1 for natural speci­
mens. The carrier gas was hydrogen with a linear velocity of 50 cm s-1. A flame
ionization detector was used at a sensitivity of 10- 11 A mV- 1 and chromatograms
were recorded on a Varian 4270 integrator with a full-scale deflection of 2 or 4 mV.
Eight dynamic solvent effect concentrators were used for the various specimens.

Attempts to make up standard specimens with low parts per billion (109
) con­

centrations, which were accurate to within the 1-2% limits needed to test the accura­
cy of dynamic solvent-effect sampling, proved unproductive. Adsorption, the effects
of temperature on density, limited volumetric accuracy and evaporation of volatile
solvents all contribute to uncertainty in the concentration of standards12-15. Nor was
it possible to measure the concentration of a standard independently because even the
best of the alternative methods yield sampling variations as large as or larger than
that provided by the dynamic solvent effect (see Table XIII and Discussion). Conse­
quently, only the precision of dynamic solvent-effect sampling was investigated; the
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concentrations of the specimens are presented only as gUide to the levels at which the
performance was obtained.

Similarly, the masses of each compound represented by a given peak are based
on calibrations of detector response from split injections of relatively concentrated
solutions. When the identity of component was unknown, as in the wine and urine
samples, its quantification was based on the response of the detector to n-alkanes, so
the amounts given are probably slightly higher than the true values. The figures for
the mass of each component are offered only as a guide to the level of sensitivity at
which the reported precision was obtained. As standard deviations were calculated
from raw peak areas, these approximations do not affect the reported precision of the
dynamic solvent effect.

The test specimens were prepared as follows.

Aqueous aldehydes and ketones
The standard solution contained (concentrations in ppb) 2-heptanone (40),

heptanal (16), 2,6-dimethyl-4-heptanone (16), nonanal (48), decanal (16), undecanal
(24) and dodecanal (8) in distilled water, which had been purged of organic volatiles
by vigorous boiling and sparging with charcoal-filtered nitrogen.

Each specimen was a 5-cm3 aliquot of the stock standard solution measured
into a 10-cm3 borosilicate glass bubbler (Fig. I) using a borosilicate glass pipette.
Both the pipette and bubbler were rinsed with 5cm3 of standard solution immediately
before each specimen was measured. The test compounds were purged from the water
with a 10 cm3 min-1 flow of palladium-purified hydrogen for 10 min, and trapped by
the dynamic solvent effect using n-hexane as solvent at 30-30.6°C. A series of five
samples were run on each of three concentrators.

A further series of five samples, for which the pipette and bubbler were not
rinsed, were run on one concentrator.

a
0-

od

b

C---"<--v

Fig.!. Bubbler used to sparge volatiles from up to 10 em3 ofliquid when sampling by the dynamic solvent
effect. a =pure gas; b =liquid specimen; c =fine tip; d =to dynamic solvent effect concentrator.
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Aqueous phenols
Precisely weighed portions (ca. 140-250 mg) of phenol, p-cresol and 2,4-di­

chlorophenol were each dissolved in 2 cm3 of 5 M sodium hydroxide solution. Inter­
fering impurities were extracted from the solutions with 5 x 100 III of n-hexane.
Sufficient of each solution was added to 1 I of water in a borosilicate glas flask to give
concentrations of 1.67:106 of phenol, 0.42:106 of p-cresol and 0.13:106 of 2,4-di­
chlorophenol. The water had been distilled three times from alkaline permanganate

•and percolated through activated charcoal.
Each sample was obtained by bubbling palladium-cell-purified hydrogen

through the 1 I of solution at a flow-rate of 5 cm3 min - 1 for 10 min. The temperature
was held at 29.6°C. Five samples were taken on each of three concentrators using
n-hexane as solvent.

Airborne hydrocarbons
Low concentrations of a complex mixture of hydrocarbons in air were generat­

ed by passing a 10 cm 3 min -1 flow of charcoal-filtered air over the surface of ca. 10
cm3 of white petroleum jelly in a 20-cm3 tube (Fig. 2) at room temperature (26-2rC).
The air flow was maintained for 1 week, with hydrocarbon concentrations monitored
daily, to allow the system to stabilize before serial sampling was carried out. Sampling

a
0-

b

0­
e

c

d

Fig. 2. Apparatus used to generate ppb concentrations of complex mixtures of airborne hydrocarbons.
a= 10 cm3 min -1 of charcoal-purified air; b= 14/23 joint; c= 20-cm3 tube; d= 10 cm3 white petroleum
jelly; e = to dynamic solvent effect concentrator.
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was carried out by passing the hydrocarbon-loaded air through a dynamic solvent­
effect concentrator, with n-hexane as solvent, for 10 min. A series of five samples were
taken on each of three concentrators.

Wine
Each specimen was 10 cm3 of a red table wine (Tassenberg, Stellenbosch Far­

mers Winery, Oude Libertas, Stellenbosch, South Africa) dispensed directly from its
commercial, laminated foil container into a graduated, borosilicate glass bubbler that
had been rinsed with the same wine. Palladium-purified hydrogen was bubbled
through the wine for 10 min at a flow-rate of 10 cm3 min -1 at 29.6°C for each of a
series of five samples on one concentrator.

Urine
Approximately 250 cm3 of human urine were collected and kept at O°C until

analysis. Portions of 10 cm3 were measured with a borosilicate glass pipette into a
50-cm3 borosilicate pear-shaped flask. The urine specimen was allowed 10 min to
warm to the sampling temperature of 29.6°C, then 10 cm3 min -1 of palladium­
purified hydrogen were bubbled through it for 10 min. Five samples were taken on
one concentrator.

3
2

1

6

5

64

Fig. 3. Apparatus used for sampling volatiles from a slow-release pesticide strip by the dynamic solvent
effect. 1= 500-cm3 jar; 2= wire grid; 3= pesticide strip; 4= I 1 min - I charcoal-filtered air; 5= n-hexane;
6=dynamic solvent-effect concentrator; 7=5 cm3 min - I gas flow to vacuum.
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Dichlorvinphos
A commercial, slow-release pesticide strip, designed for small spaces and con­

taining 19.5% of dichlorvinphos (Vapona Cupboard Exterminator, Shell Chemicals)
was aged for 8 days in the open air and for a further 9 days in a glass container flushed
with 1 1min -1 of charcoal-filtered air. On the 18th day eight samples were taken on
one concentrator by sucking air from the container at 5 cm 3 min -1 for 5 min (Fig. 3).
Over the sampling period the temperature varied between 23.6 and 24.10c. The iden­
tity of the dichlorvinphos peak was confirmed by gas chromatography-mass spec­
trometry.

Chromatograms of the volatiles from each type of specimen are shown to illus­
trate the general quality of the separations achieved.

2
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1 3 4
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Fig. 4. Chromatogram of carbonyl compounds sampled from 5 cm3 of aqueous solution by gas sparging at
10 cm3 min- t for 10 min at 3Q-30.6'C and trapping by the dynamic solvent effect using n-hexane as
solvent. Peaks: 1= n-heptan-2-one; 2= n-heptanal; 3= 2,6-dimethylheptan-4-one; 4 = n-nonanal; 5= n­
decanal; 6= n-undecanal;7 = n-dodecanal. Computer-printed values at peaks are retention times in min.
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TABLE I

COEFFICIENTS OF VARIATION OF PEAK AREAS AND PERCENTAGE AREAS, OVER FIVE
REPLICATES ON EACH OF THREE CONCENTRATORS, FOR AN AQUEOUS SOLUTION OF
CARBONYL COMPOUNDS SAMPLED BY THE DYNAMIC SOLVENT EFFECT

Glassware rinsed with specimen solution

Compound Approx. Coefficient of variation (%)
mass
(ng) Concentrator Q2 Concentrator Q3 Concentrator H7

Area % Area Area % Area Area % Area

n-Heptanone 2.5 3.87 4.02 3.94 2.79 6.25 3.20
n-Heptanal 3.5 3.22 2.83 2.43 1.79 7.63 7.17
Dimethylheptanone 3.1 4.30 5.66 3.88 2.83 6.14 2.96
n-Nonanal 3.0 3.92 1.27 5.29 2.31 8.84 3.02
n-Decanal 2.6 10.51 7.96 5.22 2.05 16.18 8.70
n-Undecanal 0.9 9.68 6.25 8.48 6.53 10.14 8.99
n-Dodecanal 1.5 10.88 8.06 9.61 7.58 12.94 11.44

Statistical analysis
Means, standard deviations and coefficients of variation [(S.D.jmean) . 100]

were calculated for peak areas, peak percentage areas and peak-area ratios from sets
of five consecutive runs.

RESULTS

Aqueous aldehydes and ketones
For all the test components the peaks were sharp and symmetrical (Fig. 4). The

coefficients of variation of the various statistics are given in Tables I-III.
Omitting the rinsing of the pipette and bubbler with specimen solution seriously

degraded the precision of the peak areas (Table IV).

TABLE II

COEFFICIENTS OF VARIATION OF PEAK-AREA RATIOS, OVER FIVE REPLICATES ON
EACH OF THREE CONCENTRATORS, FOR AQUEOUS CARBONYL COMPOUNDS SAMPLED
BY THE DYNAMIC SOLVENT EFFECT

'Glassware rinsed with specimen solution.

Compound Coefficient of variation (%)

Concentrator Q2 Concentrator Q3 Concentrator H7

Heptanone:heptanal
Heptanal:dimethylheptanone
Dimethylheptanone:nonanal
Nonanal:decanal
Decanal:undecanal
Undecanal:dodecanal

3.68
5.83
5.67
7.71
9.69
3.35

2.96
2.92
3.75
1.09
7.10
3.46

2.17
2.34
5.55
6.73

15.82
3.63
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TABLE III

COEFFICIENTS OF VARIATION, POOLED FOR FIVE REPLICATES ON EACH OF THREE
CONCENTRATORS, OF PEAK AREAS, PERCENTAGE AREAS AND PEAK-AREA RATIOS
FOR DYNAMIC SOLVENT-EFFECT SAMPLING FROM AN AQUEOUS SOLUTION OF CAR­
BONYL COMPOUNDS

Glassware rinsed with specimen solution.

Compound Coefficient o[variation (%)

n-Heptanone
n-Heptanal
Dimethylheptanone
n-Nonanal
n-Decanal
n-Undecanal
n-Dodecanal
Heptanone:heptanal
Heptanal:dimethylheptanone
Dimethylheptanone:nonanal
Nonanal:decanal
Decanal:undecanal
Undecanal:dodecanal

Area

8.09
4.99

12.06
12.32
24.48
14.83
38.11

% Area

17.04
12.42
4.18
2.81

15.06
7.33

31.93

Ratio

5.64
13.63
4.70

14.69
15.45
34.50

Aqueous phenols
The phenols were eluted as sharp, symmetrical peaks (Fig. 5). All three con­

centrators yielded coefficients of variation of better than 10% for all three peak
measurements (Tables V and VI). Analysis of the pooled data also produced coeffi­
cients of variation of less than 10% (Table VII).

Airborne hydrocarbons
Despite the complexity of the mixture of hydrocarbons (Fig. 6) and the small

TABLE IV

COEFFICIENTS OF VARIATION OF PEAK AREAS, OVER FIVE REPLICATES ON ONE CON­
CENTRATOR (Q2), FOR AN AQUEOUS SOLUTION OF CARBONYL COMPOUNDS SAMPLED
BY THE DYNAMIC SOLVENT EFFECT

Glassware not rinsed with specimen solution.

Compound

n-Heptanone
n-Heptanal
Dimethylheptanone
n-Nonanal
n-Decanal
n-Undecanal
n-Dodecanal

Coefficient of variation (%)

6.36
11.55
6.70

17.93
28.65
27.02
43.25
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Fig. 5. Chromatogram of phenols sampled from an aqueous solution by gas sparging and the dynamic
solvent effect with a flow-rate of 5 cm3 min - I for 10 min. Peaks: I = phenol (2.2 ng); 2 = p-cresol (0.8 ng);
3= 2,4-dichlorophenol (2.5 ng).

amounts involved (0.6-2.0 ng), the coefficients of variation were below 10% in all
instances (Tables VIII-X).

Wine
The wine samples yielded moderately complex chromatograms (Fig. 7). The

coefficients of variation for the peaks which were above the integration threshold (0.5
ng) in all five runs are given in Table XI.

Urine
A chromatogram of the volatiles from the urine samples is shown in Fig. 8 and

the coefficients of variation are given in Table XII.

Dichlorvinphos

In addition to its major pesticide component, the Vapona strip emitted a mix-
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TABLE V

COEFFICIENTS OF VARIATION OF PEAK AREAS AND PERCENTAGE AREAS FOR FIVE
REPLICATE SAMPLES, ON EACH OF THREE DYNAMIC SOLVENT-EFFECT CONCENTRA­
TORS, FROM AN AQUEOUS STANDARD CONTAINING PHENOL AT 1.67:106 ,p-CRESOL AT
0.42:106 AND 2,4-DICHLOROPHENOL AT 0.13:106

Compound Approx. Coefficient of variation (%)
mass
(ng) Concentrator 4 Concentrator 5 Concentrator 7

Area % Area Area % Area Area % Area

Phenol 2.2 3.5 2.3 1.3 1.3 4.3 4.6
p-Cresol 0.8 4.0 2.0 2.8 1.6 4.2 1.2
2,4-Dichlorophenol 2.5 2.8 2.2 1.7 0.9 7.6 4.7

TABLE VI

COEFFICIENTS OF VARIATION OF PEAK-AREA RATIOS FOR FIVE REPLICATE SAMPLES,
ON EACH OF THREE DYNAMIC SOLVENT-EFFECT CONCENTRATORS, FROM AN
AQUEOUS STANDARD CONTAINING PHENOL AT 1.67:106

, p-CRESOL AT 0.42:106 AND 2,4­
DICHLOROPHENOL AT 0.13:106

Ratio Coefficient of variation (%)

Concentrator 4 Concentrator 5 Concentrator 7

Phenol:p-cresol
Phenol:2,4-dichlorophenol
p-Cresol:2,4-dichlorophenol

3.0
4.6
3.6

4.8
9.1
4.8

2.6
2.1
2.1

TABLE VII

COEFFICIENTS OF VARIATION OF PEAK AREAS, PERCENTAGE AREAS AND PEAK-AREA
RATIOS FROM AN AQUEOUS STANDARD CONTAINING PHENOL AT 1.67: 106

, p-CRESOL AT
0.42: I06 AND 2,4-DICHLOROPHENOL AT O.13:W, FOR DATA POOLED FROM THREE SERIES
OF FIVE REPLICATES ON THREE CONCENTRATORS

Compound Coefficient of variation (%)

Area % Area Ratio

Phenol 7.94
p-Cresol 7.97
2,4-Dichlorophenol 7.50
Phenol:p-cresol
Phenol:2,4-dichlorophenol
p-Cresol:2,4-dichlorophenol

4.62
2.00
4.32

5.08
9.34
5.16
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Fig. 6. Chromatogram of airborne hydrocarbons sampled by the dynamic solvent effect for 10 min with an
air flow-rate of 10 em3 min - " using n-hexane as solvent at 26-27'C. Peaks: 1= n-decane; 2 = n-undecane;
3= n-dodecane; 6= n-tridecane; 8 = n-tetradecane; 10 = n-pentadecane; 11 = n-hexadecane.

ture of hydrocarbons, presumably solvents (Fig. 9). Each sample contained ca. 90 ng
of dichlorvinphos, giving a rate of emission from the strip of 60 ng s-1. The coeffi­
cients of variation of the area and percentage area of the dichlorvinphos peak were
both 1.61 %. The ratio of the dichlorvinphos peak area to that of the largest hy­
drocarbon peak had a coefficient of variation of 2.46%.

DISCUSSION

The generation of accurately known concentrations ofgas-phase volatiles in the
ppb range presents considerable problems. Of the techniques available, the use of
diffusion/permeation tubes appears to be the most accurate12. However, even at 50
ppm the calibration, by weight loss, of such a device is "tedious and time consum­
ing"16. At ppb levels it would be almost impossible; an emission rate yielding 1 ng in a
100-cm3 specimen sampled at 10 cm3 min -1 would give a weight loss of 1 mg over a
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TABLE VIII

COEFFICIENTS OF VARIATION OF PEAK AREAS AND PEAK PERCENTAGE AREAS OVER
A SERIES OF FIVE REPLICATES ON EACH OF THREE CONCENTRATORS FOR A MIXTURE
OF AIRBORNE HYDROCARBONS SAMPLED BY THE DYNAMIC SOLVENT EFFECT

Peak" Concentration Coefficient of variation (%)
(ppb, vlvl

Concentrator Q2 Concentrator H5 Concentrator H7

Area % Area Area % Area Area % Area

I 1.3 4.69 1.79 2.46 2.12 0.63 2.77
2 2.9 4.14 2.00 2.44 1.56 1.07 2.66
3 2.6 3.48 1.74 2.40 1.74 0.95 2.23
4 1.3 3.60 1.58 1.92 1.87 0.67 2.80
5 0.7 2.70 3.26 2.07 1.70 1.34 4.08
6 1.8 4.24 1.89 1.96 1.73 1.84 1.69
7 0.9 3.17 2.19 1.58 2.59 1.63 1.89
8 1.4 4.57 2.19 2.70 1.23 9.26 7.38
9 1.8 3.23 3.06 3.13 1.78 1.39 1.85

10 1.5 3.72 1.96 3.12 1.68 1.39 3.18
II 1.4 6.30 4.07 7.21 6.33 3.10 3.32

" Peak numbers correspond to Fig. 6.
b Approximate, based on assumption of no sampling losses.

period of 19 years! Serial dilution of a more concentrated vapour provides a solution
to the weighing problem, but the accuracy with which the final concentration is
known will be limited by the cumulative inaccuracies of gas flow measurement and
regulation at each dilution step 17. Crisp18 suggested that diffusion standards be cali-

TABLE IX

COEFFICIENTS OF VARIATION OF PEAK-AREA RATIOS OVER FIVE REPLICATES ON
EACH OF THREE CONCENTRATORS FOR DYNAMIC SOLVENT-EFFECT SAMPLING OF A
MIXTURE OF AIRBORNE HYDROCARBONS

Peak" Coefficient of variation (%)

Concentrator Concentrator Concentrator
Q2 H5 H7

1:2 1.26 2.82 0.51
2:3 1.42 1.94 0.70
3:4 0.62 0.66 0.69
4:5 2.13 2.60 1.40
5:6 2.38 2.47 2.67
6:7 1.13 1.40 0.47
7:8 1.66 3.13 6.91
8:9 2.44 2.65 7.91
9:10 1.24 1.I4 3.18

10:11 3.23 4.58 6.54

a Peak numbers correspond to Fig. 6.
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TABLE X

COEFFICIENTS OF VARIATION, POOLED FOR FIVE REPLICATES ON EACH OF THREE
CONCENTRATORS, OF PEAK AREAS, PERCENTAGE AREAS AND PEAKcAREA RATIOS
FOR DYNAMIC SOLVENT-EFFECT SAMPLING OF AIRBORNE HYDROCARBONS

Peak" Coefficient of variation (%)

1
2
3
4
5
6
7
8
9

10
11
1:2
2:3
3:4
4:5
5:6
6:7
7:8
8:9
9:10

10:11

Area

2.85
2.99
2.30
2.25
3.25
2.87
2.77
6.25
3.14
4.80
7.30

% Area

2.62
3.65
2.10
2.43
3.74
1.75
2.08
4.49
2.18
2.66
5.48

Ratio

2.24
2.33
0.64
3.02
3.27
1.28
4.29
4.81
2.43
4.89

a Peak numbers correspond to Fig. 6.

brated analytically, a procedure which is neatly circular. Lieber and Berk19 generated
ppb "gas-phase" standards by injecting a calculated volume of liquid onto adsorbent
traps, but still obtained accuracies of no better than 6% above the calculated levels.

Hence it appears that measurement of the accuracy of dynamic solvent-effect
sampling of airborne volatiles will have to await the development of more accurate
methods of generating such specimens.

The external standard method of quantitation involves dividing the area of an
experimental peak by the area of a peak obtained from an independently estimated
amount of the same compound20

. Therefore, the coefficient of variation of the calcu­
lated mass will be an additive combination of that for the peak area (Tables I, III, V,
VII, VIII, X, XI and XII) and for the standard amount. Internal standardization
involves comparison of the areas of two peaks on the same chromatogram21

, in this
instance the coefficients of variation of peak-area ratios (Tables II, III, VI, IX, X and
XI) provide a direct measure of the highest available precision. The high precision of
the dynamic solvent effect means that, in practice, the precision of both standardiza­
tions will probably be limited by errors in the estimates of the standard amounts
rather than by variation in sampling.

Dynamic solvent-effect sampling from solvent specimens has been shown to be
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Fig. 7. Chromatogram of volatiles from 10 cm3 of red wine sampled by the dynamic solvent effect for 10
min with a gas flow-rate of 10 cm3 min -1 using n-hexane as solvent at 29.6T. Peak numbers correspond to
Table XI.

extremely precise for sub-nanogram amounts of a wide range of solutes22 . Transfer of
the sample from the concentrator to the column is identical for samples from solvents
and from gas-borne specimens. It can be expected, therefore, that the contribution of
this step to the quantitative variation will be the same for both types of specimen.
From this it follows that differences in precision between the two types of specimen
are due to either or both of the entrainment of volatiles from the specimen by the
sampling gas and their subsequent focusing on the dynamic solvent film. The focusing
mechanism is independent of the source of the volatiles (although the route by which
they reach the evaporating edge of the film is different in the two cases)7,23, so that
variations in entrainment are the most likely source of variation in quantitative re­
sults.

The entrainment step is probably also why the relative sizes of the peaks in
chromatograms from the solutions of carbonyl compounds and phenols (Figs. 4 and
5) do not closely reflect the relative calculated concentrations of the components of
each mixture. This is most likely to be due to differences in partition coefficients
between water and the hydrogen purge gas, and to differential adsorption on glass
surfaces, but small differences in the purities of the standard materials may also have
contributed.

The importance of precise temperature control during the sampling of gas­
borne volatiles has been stressed by Jennings and Rapp24 and by loffe and Viten-
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TABLE XI

COEFFICIENTS OF VARIATION OF PEAK AREAS AND PERCENTAGE AREAS FOR FIVE
REPLICATE SAMPLES OF WINE VOLATILES SAMPLED BY THE DYNAMIC SOLVENT EF­
FECT

Peak" Approx. Coefficient of variation (%)
mass
(ng) Area % Area Ratio

I 1.7 30.8 31.5 8: 9 5.9
2 2.4 21.9 21.5 11 :12 4.7
3 22.0 3.0 2.9 13:27 2.3
4 8.4 36.5 37.3 19:22 3.0
5 52.0 2.7 1.0 21:27 l.l
6 1.4 34.4 35.4 23:25 1.8
7 1.4 51.2 51.1 24:28 4.7
8 0.5 5.3 3.8 26:29 9.5
9 1.0 7.9 7.7

10 0.4 6.4 7.1
II 1.5 9.8 8.4
12 1.6 6.4 5.0
13 228.0 2.7 l.l
14 3.2 5.4 6.1
15 0.6 18.8 19.7
16 2.0 8.1 7.6
17 24.5 12.9 13.4
18 3.6 22.8 23.3
19 1.2 3.4 2.6
20 14.7 7.4 5.9
21 630.0 1.4 0.4
22 1.1 5.8 4.6
23 1.1 1.6 1.4
24 2.9 7.1 6.4
25 2.3 2.2 1.4
26 7.7 3.0 2.8
27 112.1 0.6 1.4
28 1.5 3.6 2.3
29 11.2 6.8 6.2

" Peak numbers correspond to Fig. 7.

berg25
, who recommend thermostating to ± 0.1 dc. Slight variations in temperature

may well account for some of the variability reported here. Etievant et al. 26 found
that temperature fluctuations degraded the precision of sampling from wine.

The role of peak resolution in determining precision27 is illustrated by the series
of samples from wine (Fig. 7, Table XI). The coefficients of variation of peak areas
vary from 0.63 to 51.2%. Every peak which was reported by the integrator as baseline
resolved on every run had a coefficient of variation of its area of less than 8%. All
peaks with coefficients of variation of their areas of more than 12% were reported as
incompletely resolved in some runs. In any complex sample there are likely to be some
instances of incompletely resolved peaks; if these represent significant components
the chromatographic conditions may need to be adjusted to obtain precise quantita­
tion.
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Fig. 8. Chromatograms of volatiles sampled from 10 cm 3 of human urine by the dynamic solvent effect for
10 min with a gas flow-rate of 10 em' min -1 using n-hexane as solvent at 29.6'C. (a) Previous meal spiced
lamb with wine; (b) previous meal sausage, egg and beans. Peak numbers correspond to Table XII.

TABLE XII

COEFFICIENTS OF VARIATION OF PEAK AREAS AND PERCENTAGE AREAS FOR FIVE
REPLICATE SAMPLES OF HUMAN URINE VOLATILES SAMPLED BY THE DYNAMIC SOL­
VENT EFFECT

Coefficient of variation (%)Peak" Approx.
mass
(ng)

92.0
5.5
1.0
1.2

11.7
1.7

Area

3.6
29.6
17.2
7.2
0.6
6.9

% Area

1.69
30.63
15.71
6.36
2.19
5.46

" Peak numbers correspond to Fig. 8.
b See Fig. 10.
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Fig. 9. Chromatogram of volatiles emitted by a Vapona Cupboard Exterminator pesticide strip, sampled
by the dynamic solvent effect for 5 min with a sampling flow-rate of 5 cm3 min - 1 from a flow of 1 I min - 1

over the strip. The group of peaks at I are hydrocarbons; peak 2 is dichlorvinphos.

The sharp, symmetrical peaks in Figs. 4-9 demonstrate that dynamic solvent­
effect concentrators deactivated with silicon and ethene28 are effectively free of ad­
sorptive activi ty22. This contributes to high-precision analyses by preserving the re­
solving power of the column (above) and by simplifying the sampling procedure; for
example, the test-mixture phenols were eluted as sharp, symmetrical peaks (Fig. 5)
without the need for the derivatization that forms part of alternative methods29

, 30.

An additional source of variation may be the foaming which some liquids
undergo during gas purging. The urine specimens in particular produced very stable
foams. About 40 cm3 of foam were produced when 100 cm3 of gas were used for
sampling, so almost half the volatiles purged from the liquid remained trapped in
bubbles from which they were released only erratically when, and if, the bubbles
burst. It should be mentioned that at the sensitivity levels considered here the use of
silicone anti-foam agents gives rise to unacceptable levels of contamination. Differen-
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ces in bubble size during purging have been identitified as a source of variability in
sampling from wine 26.

Highly reproducible results cannot (indeed should not) be obtained if the speci­
mens themselves change from sample to sample. Such variability is difficult to recog­
nize unless its contribution to the overall variation shows some bias away from the
random noise to be expected from analytical errors. A consistent trend is one such
recognizable bias. Among the cases considered here, trends occurred in the area of
peak 2 of the urine samples and in the emission rate of all the volatiles from the
Vapona strip (Fig. 10). These trends can be confidently ascribed to changes in the
specimens rather than, for example, a progressive conditioning of the apparatus,
because they occurred only with these two materials whereas conditioning would
have been expected to affect at least some of the others. The trend in the areas of the
peaks from the Vapona strip was accompanied by a rise in the temperature of samp­
ling. With the urine specimens the occurrence of the trend inflated the estimate of the
coefficient of variation for peak 2.

The role of adsorption onto sampling glassware in degrading quantitative per­
formance is clear from the improvement in precision achieved by simply rinsing the
glassware used for the carbonyl standard (Tables I and IV). Adsorption is also indicat­
ed by the tendency of the precision to be better for lower molecular weight carbonyl
compounds and for compounds present in higher concentrations. The extent to which
the variability seen when the glassware had been rinsed was due to residual adsorptive
activity is uncertain. When variable adsorption was eliminated, as with the hydrocar­
bon and phenol standards, the precision was higher, even though phenols are less
tractable, and the hydrocarbon standard was more complex, than the carbonyls. The
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Fig. 10. Trends in peak area with sample number (and time) for (a) peak 2 from the urine sample (Fig. 8),
(b) the dichlorvinphos peak in Fig. 9. Precision was calculated from the numbered samples.
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TABLE XIII

QUANTITATIVE PERFORMANCE OF A VARIETY OF SAMPLING METHODS FOR GAS
CHROMATOGRAPHIC ANALYSIS OF GAS-BORNE VOLATILES

Techniques are abbreviated as follows: ads = adsorption; ct = cold-trapping; d = derivatization; di = distil-
lation; e = extraction; ECD = electron-capture detection; FID = flame ionization detection; hs = headspace;
HPLC = high-performance liquid chromatography; MS = mass spectral detection; Nafion = water subtrac-
tion by porous polymer; NPD = nitrogen-phosphorus detection; oc = on-column injection; p = purging;
ptv = programmed-temperature vaporizer; SIM = specific-ion monitoring; sl = splitless injection; sp= split-
ting; TEA = thermal energy analyser detection; TIM = total ion monitoring; vi = valve inlet.

No. Matrix Solute Technique Concentration Coefficient Ref
of variation
(%)

1 Air C 14-C16 acetate hs ads e sl FID 4.8±3.5 ngj600 cm3 10-19 34
2 Air Solvents vi FID 7-529 ppm, 28 jll 2.2-11.3 35
3 Air Hydrocarbons ct FID 32-6680 ppt, 300 cm3 1.5-8.4 36
4 Air Pesticides ads NPDjECD 0.5 ngj5 I 3.4-12.4 37

Amphetamine adsjd SIM 50 ng' 13.3 37
5 Air Halocarbons ads" e sp ECD 0.5-0.05 ng 0.4-3.9 19
6 Aqueous Wine flavour p ct sp FID 400 ppm 2-12 26

p e sp FID 400 ppm 4-14 26
hs sp FID 400 ppm 1-35 26

7 Water Hydrocarbons hs ct sl FID 0.1-15 jlgj50 cm3 8.6-27 38
8 Water Alcoholsj e ads ct FID 0.13 ngjlOO jll 4.5-9.8 39

carbonyls
9 Water Pollutants pads" FID 640 ngj40 cm3 1.4-18 40

10 Water Aromatics p Nafion ct FID 27-100 ng/5 cm3 0.4-2.6 41
P Nafion ct FID 260-500 ngj5 cm3 2-2.6 41

11 Water Chlorophenols de sl ECD 1-100 ngjlOO cm3 1-8.9 30
de sl ECD 0.1-0.5 ng/100 cm3 10-20 30

12 Water Halocarbons ' hs sp ECD 0.5-3.0 figjl 5.5-7.1 42
13 Water Wide range ads e FID 100 jlg/l 2-22 43
14 Water Phenols di/e sp FID 20 ppb 2.4-12 44
15 Water Pesticides HPLC vi ECD 0.1 ng/I cm3 1.9-32 45

HPLCvi ECD 2.5 ngjl cm3 1.1--48 45
16 Water Range p Nafion ct FID 100 ngj8 cm3 1.3-26 46
17 Water Non-polar pads" ct FID 100 ng/l 3-250 15
18 Water Pyridines di e SIM I jlgj500 cm3 2-3.9 47
19 Water Halomethanes p ads" FlO 100-120 ng/20 cm3 4-23 48
20 Water Hydrocarbons pads" FID 0.15-15 jlg/15 cm3 6.4-14.3 49
21 Urine/ Drugs e d spl SIM 2-500 ngjl cm3 2-5 50

plasma
22 Water Pollutants pads SIM 200 ng/5 cm3 0.8-31 51
23 Water Flavour test pads" ct FlO 100 ng 1.7-6.8 31
24 Solid Aromatics pads" ct FID 800-935 ng 0.8-2.8 52
25 Sediment PCBs e ocjsl ECD 250-375 jlgjl 1.8-9 53
26 Meat Nitrosamines dije TEA 5-20 ppb 3.3-25 54

" The adsorbent used was Tenax.

adsorptive activity of containers can be neutralized by rinsing until the surface is in
equilibrium with the specimen solution but then, during sampling, adsorbed material
will bleed back into the specimen when its concentration falls as volatiles are purged
from it.
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When the coefficients of variation from pooled data and from individual con­
centrators are compared (Tables I and II vs. Table III, Tables V and VI vs. Table VII
and Tables VIII and IX vs. Table X), it can be seen that using a single concentrator
for replicate samples provides higher precision than if three are used. If the highest
precision is required, the serial use of one concentrator is the method ofchoice; failing
this it may be possible to select matched sets of concentrators.

Sampling was carried out at room temperature (26-27°C) or just above (29.6­
30.6°C). This is in contrast to the elevated temperatures in some other sampling
techniques. For example, Werkhoff and Bretschneider31 heated their standard to
80°C, Belkin and Eposit032 to 70°C and Kolb et al. 33 to 1S0°C. Elevated temperatures
distort the volatile profile in ways which may be unacceptable in investigations of
semiochemicals or flavours and may hasten the degradation of the specimen.

The literature was surveyed for reports on the precision of various methods of
sampling from specimens similar to those investigated here. Table XIII is a compila­
tion of those reports which included sufficient information on the composition, con­
centration and size of their test specimens for a meaningful comparison with the
results for the dynamic solvent effect.

During the compilation of Table XIII, it became apparent that quantitative
precision is not an aspect of analytical performance that has received general atten­
tion 55

. Indeed, it was the exception, rather than the rule, that data on quantitative
performance accompanied, or even followed, descriptions of sampling techniques.
For example, the series of papers by Grob and co-workers56-59 on their closed-loop
stripping apparatus contains no figures for precision. Neither Reece and Scott27 nor
Jennings and Rappll provided any figures for the precision of the sampling and
separation systems which they discussed. Even where precision was reported, its inter­
pretation was confounded by a lack of information on the composition of the test
specimens. The works by Schomburg et al. 60

, Haynes and Steimie6 1, Grob62 and
Yang et al. 63 are examples of (otherwise detailed) reports of high-precision results
from which the quantitative compositions of the test specimens were omitted, and
which, as a consequence, have had to be omitted from the present discussion.

Of the five studies of airborne volatiles in Table XIII, four were as precise as
dynamic solvent-effect sampling. Two of these four used specific detectors. Schmid­
bauer and Oehme36 (3) cold-trapped light hydrocarbons, to which their method's
range of application is limited by the use of a potassium carbonate drying tube which
would remove fatty acids and phenols as well as water. Radell and Rea35 (2) sampled
difficult solvent vapours in a process-monitoring application, but their method is
restricted to small sample volumes, and therefore high concentrations, by the use of a
valve inlet with no focusing step.

The figures obtained here for the precision of the dynamic solvent effect are
similar to those from the eighteen investigations of sampling from aqueous specimens
in Table XIII. Eleven of these studies (Nos. 6, 7,9, 10, 12, 16, 17, 19,20,22 and 23)
can be directly compared with the performance of the dynamic solvent effect in that
they employed a purging or headspace step, which would be necessary if the tech­
niques were to be used for quantitative semiochemistry or work on flavours. Two of
these eleven (10 and 16) included cold trapping, and a drying step which removed
medium-polarity solutes and hydrocarbons above n-decane46

. A further five used
only hydrocarbon and halocarbon test compounds, which throw little light on the
performance to be expected with less tractable substances.
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Etievant et al. 26 (6) tested five different sampling techniques, four of which
involved gas-phase volatiles, with synthetic wine flavour specimens. Unfortunately,
the concentration of their specimens (400: 106

) was 2-3 orders of magnitude higher
than that of the phenol' standard, and four orders higher than that of the aqueous
solution of carbonyls used in this study, making meaningful comparisons difficult.

Gas purging and trapping on Tenax were used for sampling an aqueous mixture
of pollutants, including some ketones and an alcohol, by Otson and Williams40 (9).
Although their test mixture covered a wide range of volatilities and included some
difficult compounds, each component was present in amounts too large to provide a
realistically chal1enging test for a technique as sensitive as capillary gas chromatogra­
phy.

From 5-cm3 specimens, Lopez-Avila et al. 51 (22) purged and trapped 250 ng of
pollutant test compounds, including some ketones. The precision of their method was
good, although variable, but its dependence on single-ion mass spectrometric
monitoring is likely to restrict its applicability.

Werkhoff and Bretschneider31 (23) investigated a purge-adsorb-thermally de­
sorb-cold trap system for flavour compounds in water. Their 'adsorbent was Tenax
and cold trapping was at an elevated flow-rate to overcome the incompatability be­
tween analytical and desorption flow-rates. The high precisions reported, and the
quality of the chromatograms presented, suggest that a similar system might be useful
for some types of semiochemical and clinical analysis, provided that the precision
could be maintained if the specimen size and solute abundance were to be reduced by
two orders of magnitude.

Of the three studies on sampling from solids, only that by Venema52 (24) in­
volved a non-specific detector, and the amounts and types of solutes do not suggest
that the method would be particularly versatile.

Surprisingly few workers have tested their methods with standards that take
advantage of the sensitivity of capillary column analyses. For example, Liebich and
Al-Babbili64 employed 150 ng per component in a urine test mixture and Schomburg
et al. 60 injected micrograms ofsome of their test compounds. Bertsch et al. 29 used 500
ng of pure compounds or 2.8 f.lg of gasoline per sample. In only eight of the 26 studies
in Table XIII (Nos. 1,3,4,5,8, 11, 15 and 26) were the amounts of solute as smal1 as,
or smaller than, those used to test the dynamic solvent effect. In four of these cases (4,
5, 11 and 15) an electron-capture detector, which is both selective and two to three
orders of magnitude more sensitive than a flame ionization detector, was used.

The work byDu et al. 34 (I) on acetate moth pheromones closely approaches
the performance of the dynamic solvent effect in terms of high precision with small
amounts of test compounds. If their method of adsorption on glass-wool is adaptable
to a wider range of compounds, it will probably prove to be more than adequately
precise for most work.

Lee et al. 39 (8) are the only group in Table XIII to report coefficients of varia­
tion from a sampling system designed, like the dynamic solvent effect, to handle smal1
amounts of biological materials. Their transevaporator operates in two stages. First
the lighter volatiles are purged from the specimen and collected on Tenax, then the
less volatile and more polar solutes are collected on glass beads by an extraction­
readsorption process. It is a pity that precision was not reported for the Tenax mode,
as this would be the more useful for work on semiochemicals and flavours. The
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adsorption mode yielded excellent results with very small amounts of intractable
solutes. Even to elute 0.13 ng of butanol as a recognizable peak requires, apart from
anything else, an uncommonly well deactivated column. In view of the use of very
active silica adsorbents and a dynamically coated stainless-steel capillary column, this
performance must be regarded as extremely good.

No single study in Table XIII covers such a diversity of specimen types as the
present one on the dynamic solvent effect. Only adsorption-desorption appears to
match the dynamic solvent effect in terms of demonstrated versatility.

The high precision of dynamic solvent-effect sampling has already found ap­
plication in semiochemical analyses65-

68 and, as an example, changes in human urine
volatiles due to a change in diet are readily detectable (Fig. 8).

CONCLUSION

Provided that other potential sources of variation are adequately controlled,
dynamic solvent-effect sampling allows low- and sub-nanogram amounts of a wide
range of solutes to be determined with coefficients of variation of less than 10%. In
terms of precision, the dynamic solvent effect is at least as good as other sampling
techniques and in terms of the amounts with which the precision is achieved it is
substantially better than most.
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SUMMARY

Specific retention volumes were measured in the range 25-75"C for benzene +
squalane, benzene + triethylene glycol and n-hexane + squalane and in the range
l5-55"C for benzene + tetraethylene glycol dimethyl ether, each in steps of 5°C.
Values for the solution thermodynamic properties and their errors were obtained by
fitting the experimental data to equations with two or more constant by using the
method of Clarke and Glew. The best thermodynamic results were obtained by means
of the three-constant equation; adding a fourth constant did not improve the ad­
justment. However, when the objective is interpolation, the results obtained with the
classical, two-constant equation, are of adequate accuracy.

INTRODUCTION

Gas chromatography (GC) has been widely used to measure the free energy
change associated with the solution process. There is a high degree of agreement
between activity coefficients measured by GC and those derived by extrapolating
values obtained by means of static techniques at finite concentrations1-3. Values thus
obtained can be correlated with the molecular or macroscopic properties of the solutes
and of the stationary phases; the predictions of theoretical models have in many
instances been successfully tested against chromatographic results4 •5 .

The dependence on temperature of the specific retention volume, Vg, can in
principle be employed to determine first-order (enthalpy) and second-order (heat
capacity) partial molar quantities. However, with the exception of a small number of

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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workers, a linear relationship between In Vg and l/Thas been assumed, this implying
a zero partial molar heat capacity. The exceptions are the papers by Meyer and
Baiochi6- 8 , Hammers and de Ligny9 and Roth and Novak10

; the systems they studied
were composed of hydrocarbon solutes and stationary phases that were either another
hydrocarbon or a poly(dimethylsiloxane). The reproducibility of the results was tested
in only one instance7 where, unfortunately, an equation without a sound theoretical
basis was employed.

In this work, the specific retention volumes of benzene were measured using
three stationary phases with major chemical differences: squalane (SQ), triethylene
glycol (TEG) and tetraethylene glycol dimethyl ether (TEGDME); data for the system
n-hexane + SQ are also reported. Duplicate runs were performed over relatively
broad temperature ranges; measurements were carefully made, using conventional
equipment. Data were processed by the method of Clarke and Glew 11

, which furnishes
values both for the standard thermodynamic functions and for their standard
deviations.

The system benzene + TEG was chosen on the assumption that, TEG being
a self-associating liquid, the dissolution of a non-polar solute could be decreasingly
exothermic as the temperature increases12

. Whereas it can be demonstrated that
retention in chromatographic columns packed with TEG on Chromosorb W is due
exclusively to gas-liquid partitioning13

, important contributions from adsorption at
the gas-liquid interface can be expected when more strongly associated liquids (such as
formamide, glycerol or ethylene glycol) are used as stationary phases. Small
temperature effects on the heats of solution were expected for the systems benzene +
SQ and n-hexane + SQ, and an intermediate behaviour for the solutions of benzene in
TEGDME. The system n-hexane + TEG could not be studied because of significant
adsorption effects13.

The number of calorimetric studies on excess heats of solution and heat
capacities has grown in recent years as a consequence of the introduction of very
precise instruments 14

-
16

, and it is improbable that chromatographic data could
compete in quality against them. A comparison between both sets of data is difficult
because calorimetric measurements are regularly performed at finite concentrations
and on mixtures with limited chromatographic interest; the two types of information
can thus be complementary.

THEORY

It can be proved 1 7 that the change in the partial molar free energy of a solute on
its transfer from the pure ideal vapour phase at p ,= 1 atm to a hypothetical solution at
unit molar fraction and obeying Henry's law is related to the specific retention volume,
Vg , by the equation

(1)

where M 2 is the molec;ular weight of the stationary phase, B 13 is the second virial
coefficient for the interactions between the solute and the carrier gas, V1 is the solute
molar v,olume and J~ is a function of the outlet (Po) and inlet (Pi) pressures. Using the
definition of Gibbs free energy, eqn. 1 becomes
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In Vg = - (iJHURT) + (iJS7;R) - In(M2/273.15R) + (2B 13 - vl)PoJ~/41.303RT (2)

If it is assumed that iJ!l? and iJS? are independent of temperature and that
effects of non-ideality of the vapour phase are negligible, eqn. 2 can be simplified to

In Vg = A + (B/T) (3)

whereB = - iJ!l?/RandA = (iJS?/R) -In(M2 /273.15R).IntheusuaIGCpractice,
experimental Vg values are fitted to eqn. 3 by the least-squares method, thus obtaining
the best estimates for iJ R? and iJS? and their standard errors. This approach is justified
over short temperature ranges or with retention volumes of limited accuracy.

When accurate Vg values are obtained over a broad temperature range,
non-linearity in the plots of In Vg against I/T can sometimes be detected. This effect,
which cannot be ascribed to experimental error, can in principle be attributed to
changes in iJ!l? and iJS? with temperature. According to eqn. I, the problem of
improving the regression of chromatographic retention data against temperature
pertains to the more general problem of obtaining iJH, iJS and iJCp values by fitting
iJG data (obtained through measurements of equilibrium constants, solubilities,
vapour pressures, etc.) to some reasonable function of T. With this objective, and
although there are some other options available18, the method of Clarke and Glewll ,

or some variant of it, is still one of the preferred choices.
Clarke and Glew begin with the very plausible assumption that the standard

enthalpy change in a given process, iJIfj., can be expressed as a perturbation on the
value iJHjJ at some reference temperature 8 by means of Taylor's series expansion.
Then, using formal thermodynamic equations, they deduced the following expression
for the standard free energy change:

-iJG~/T= -iJG~/8 + iJHjJ[(I/8) - (I/T)] + iJC~.[(8/T) + In(T/8) - I] +

+ (8/2)(oiJ C~/oT)8[(T/8) - (8/T) - 2In(T/8)] + .. , (4)

By introducing the temperature variable x = (T - 8)/8, eqn. 4 can be written as

q

I 8j-1(ojiJIfJ) [CO ]
-iJG~/T= -iJG~/8 + -.-,~ x j + 1I (n/n +j)(_x)n-l

J. uT 8 n=O
j=O

(5)

In order to fit this equation to a set of experimental values by the method of least
squares, the following definitions are adopted:

bo = -iJG~/8

co

Uj+l = x j + 1 I (n/n + j)(_x)n-l
n=O

(6)

(7)

(8)
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In this way eqn. 5 is reduced to a linear function in the variables Ub U2, ... , Uq + 1:

(9)

The number of terms in the series is based on the application of the t-test: q is taken as
the highest value of j for which bj + 1 is significantly different from zero. Alternatively,
the results obtained by applying successive polynomials may be compared by means of
the F-test, in order to determine if the inclusion of an additional term produces
a meaningful improvement in the regression 19

.

Eqn. 5 can be applied to the distribution of a volatile solute between a solution
and a vapour phase. Thus, when q = 0, eqn. 5 reduces to

-t1G?T/T = -t1G?,o/8 + t1Hl,o[(1/8) - (l/1)] = t1S?,o - t1Hl,o/T (10)

The combination of eqns. 10 and I under the assumption of an ideal vapour phase
results in eqn. 3. The same calculation, but for q = I, gives

where

In Vg = A' + (B'/1) + C'ln T

A' = (1/R){t1S?,o - t1C~J.Oln(1 + 8n -In(M2/273.15R)

B' = -(l/R) (t1Hl,o - 8t1C~,)

(11)

Infinite dilution activity coefficients measured at several temperatures have been fitted
by Roth and Novak 10 to an equation similar in form to eqn. II.

EXPERIMENTAL

Apparatus
Measurements were carried out in a modified Perkin-Elmer Sigma 300 gas

chromatograph, equipped with a thermal conductivity detector and an LCI-IOO
computing integrator. Hydrogen, dried by passing it through a trap containing
molecular sieve 5A, was used as the carrier gas. The instrument flow controller was
connected by means of an I m x 1/8 in. copper coil (immersed in the same bath as the
column) with a stainless-steel H, the other arms of which were connected to a mercury
manometer, to a silicone gum septum and to the analytical column. A Haake N3B
water-bath, constant to ± 0.0 1°C, was used as a column thermostat. A short
stainless-steel tube, 0.51 mm J.D., wrapped with heating tape, was used to connect the
column outlet to the detector. The inlet and outlet pressures were measured to ±0.5
Torr by means of a mercury manometer and a barometer, respectively; a soap-bubble
flow meter with an air jacket was used to measure the flow-rates. Temperatures were
measured to ± 0.05°C by means of a mercury thermometer with 0.1 °C graduations
that had been calibrated against two certified thermometers (Cannon, for ASTM
kinematic viscosity, 28.5-3I'soC and 58.5 to 61,SOC, respectively).
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Columns and reagents
The columns were stainless-steel tubes of 0.53 cm I.D.; Chromosorb W (60-80

mesh) was used as the solid support. The following columns were used: 9.29% (w/w)
SQ (Hewlett-Packard), 1 m in length; 8.18% (w/w) TEGDME (Aldrich), 0.6 m in
length; and 10.82% (w/w) TEG (Carlo Erba, RPE), 1 m in length. Packings were
prepared in a rotary evaporator under a flow of dry nitrogen using n-hexane as the
solvent for SQ and dry methanol for TEG and TEGDME. A 25-cm precolumn,
containing t:jhe same packing as the analytical column and immersed in the same
water-bath, was intercalated in the runs with TEGDME and TEG. The solutes were of
99 + % purity (Aldrich) and were used as received.

Procedure
The columns were preconditioned before each run by heating for 4 h at the

maximum operating temperature under a flow of hydrogen. All measurements were
made in quadruplicate over a temperature range from 25 to 7SOC for SQ and TEG and
from 15 to 55°C forTEGDME, each in steps ofabout SOc. After each run the Vgofthe
solute was measured at the lower temperature and compared with the value initially
obtained; no significant loss of stationary phase could be detected. On-column
injection of the solutes in the vapour form were made with 100- and 250-,ul Hamilton
syringes. Carrier gas flow-rate measurements (about 30 ml/min) were started as soon
as the solute was injected, and repeated as many times as was possible during the time
required for its elution.

Data treatment
Specific retention volumes were calculated from corrected peak retention times

and operating conditions using the expression derived by Littlewood et 01. 2°. LlO?
values were calculated by means of eqn. 1 using mixed second virial coefficients
computed from the corresponding states equation of McGlashan and Potter21

.

Critical constants for the pure compounds were taken from the compilation by
Kudchadker et 01. 22

; critical volumes and temperatures for the mixtures were
calculated by means of the Lorentz rule and the equation proposed by Hudson and
McCoubrey23, respectively.

Temperatures, which were measured with greater accuracy than the retention
volumes, were considered to be error free. The coefficients of variation, c.v. =

- -
[s(Vg)/Vg] . 100, where Vqrepresents the mean and s(Vg) the standard deviation for the
sample of data obtained at a given temperature, ranged between 0.05 and 0.25%. As
the influence of temperature on the C.V. values calculated for a given run was erratic, it
was assumed that the retention volumes were affected by the same percentage random
error over all the temperature range. In other words, it was assumed that the
experimental data resulting from a run can be considered as a set of In Vg values with
constant precision, measured at exactly known temperatures. On the basis of this
simplifying hypothesis, LlO?/T data were fitted to eqn. 9 by means of least-squares
multiple linear regression 19. Best estimates of the bj coefficients and their standard
deviations were thus obtained; these, in turn, were transformed into thermodynamic
functions by means of eqns. 6 and 7.
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The results of the regression analysis for q = 0, 1 and 2 are given in Tables I-III.
The values for runs A and B in Tables I and II correspond to regressions performed
with experimental data obtained in this work (eleven points per run), whereas those for
run W correspond to regressions performed on the seven data points reported by
Wicarova et al. 24

. Values for runs TEG A, TEG Band TEGDME in Table III
correspond to the fitting of the experimental data obtained using TEG (\ileven points
per run) or TEGDME (nine points) as the stationary phase. The s values are the
residual standard deviations, i.e., the square root of the quotient between the residual
sum of squares for the N observed values about the corresponding regression equation
(as defined by q) and the number of degrees of freedom, N- q - 2; s is an estimator of
the standard error in the measurement of !JG?/T. Numbers preceded by ± are the
standard deviations of the thermodynamic properties, calculated from s and from the
elements of the inverse matrix. Values for the thermodynamic properties and for their
standard deviations at the reference temperature are given in the tables; however,
values at any other temperature within the experimental range are easily calculated by
means of the computer program, and are independent of the chosen reference
temperature. Figures in parentheses are the percentage significance level for the values
of the thermodynamic functions; they were calculated by the t-test and represent
estimates of the probability that the value of the function calculated in the last place for
a given value of q differs from zero by chance.

The value of s suffers a considerable decrease on passing from q = °to q = I,
and the values obtained for !J C~10 are significantly different from zero in all instances;

TABLE I

STANDARD PARTIAL MOLAR THERMODYNAMIC PROPERTIES FOR SOLUTIONS OF
BENZENE IN SQUALANE AT () = 323.15 K

Run" Parameter q = 0 q = 1 q = 2

A s X 103 11.725 4.852 5.089
B 11.766 8.181 7.701
W 12.796 7.428 8.567

A LJG~,o -944.3 ± 1.18 -940.8 ± 0.71 -940.7 ± 0.78
B -947.9 ± 1.15 -944.9 ± 1.22 -945.0 ± 1.16
W -935.9 ± 1.57 -932.9 ± 1.27 -932.9 ± 1.56

A LJIfi,o -7250 ± 24 -7276 ± II -7264 ± 26
B -7283 ± 24 -7273 ± 17 -7218±42
W -7320 ± 44 -7274 ± 29 -7280 ± 77

A LJCD 9.42± 1.412«0.1%) 9.94 ± 1.781
Pl,U

B 8.19 ± 2.514 (1.2%) 7.57 ± 2.408
W 15.46 ± 4.695 (3.4%) 15.92 ± 7.699

A CLJC~,)
oT 8

-0.177 ± 0.342(63%)

B -0.798 ± 0.560(10%)
W 0.159 ± 1.870(>80%)

a Runs A and B, experimental data obtained in this work; run W, experimental data from ref. 26.
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TABLE II

STANDARD PARTIAL MOLAR THERMODYNAMIC PROPERTIES FOR SOLUTIONS OF
n-HEXANE IN SQUALANE AT 0 = 323.15 K

Run" Parameter q = 0 q = I q = 2

A s X 103 15.085 9.089 8.410
B 12.989 4.345 3.890
W 10.138 4.911 4.747

A LlG~.o -711.7 ± 1.47 - 707.4 ± 1.36 - 707.6 ± 1.26
B -711.6 ± 1.27 - 707.4 ± 0.65 - 707.5 ± 0.59
W -693.9 ± 1.24 -691.5 ± 0.84 -691.1 ± 0.86

A Llfl~.o -7390 ± 31 -7377 ± 19 -7312 ± 45
B -7393 ± 26 -7376 ± 9 -7343 ± 21
W -7393 ± 35 -7355 ± 19 -7398 ± 43

A LlCo 11.45 ± 2.793 (0.4%) 10.71 ± 2.269
PUt

B 11.35 ± 1.334 (< 0.1 %) 10.74 ± [,247
W 12.91 ± 3.104(1.5%) 16.35 ± 4.266

A CLlC~')
aT 0

-0.936 ± 0.612 (18%)

B -0.484 ± 0.281 (14%)
W 1.173 ± 1.036 (37%)

" See Table J.

TABLE 1II

STANDARD PARTIAL MOLAR THERMODYNAMIC PROPERTIES FOR SOLUTIONS OF
BENZENE IN TEG AND TEGDME AT tJ = 323.15 K

Run Parameter q = 0 q = I q = 2

TEGA s x 103 15.298 6.732 6.064
TEG B 14.489 5.164 5.521
TEGDME 12.354 4.564 4.959

TEGA LlG~.o 168.9 ± 1.49 173.7 ± 1.01 173.9 ± 0.92
TEG B 172.5 ± 1.41 177.1 ± 0.77 177.1 ± 0.83
TEGDME -846.8 ± 2.01 -848.2 ± 0.77 -848.1 ± 0.90

TEGA Llfl~.o -7621±32 -7604 ± 14 -7655 ± 33
TEG B -7603 ± 30 -7581±11 -7581 ± 30
TEGDME -8228 ± 30 -8017 ± 33 -8006 ± 55

TEGA LlCo 13A3 ± 2.165 «0.1 %) 14.24 ± 2.009
PU

TEG B 12.84 ± 1.620«0.1%) 12.85 ± [,840
TEGDME 13.50 ± 2.005 «0.1%) 16.08 ± 9.594

TEGA
(aLl~,) 0.794 ± OA69 (14%)

aT 0

TEG B 0.002 ± OAIl (>80%)
TEGDME 0.169 ± 0.612 (70%)
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the s values for q = 2 are not very differen t from those for q = 1, and all the results for
(aLlC~,/ano are ofpoor significance. On the other side, the smallest standard errors for
the heat ofsolution are obtained with the three-constant equation; it can be concluded
that this equation gives a better fit to the experimental data than the two- or
four-constant equation.

The results show a very good reproducibility between runs. In Tables I and II
they are compared with those obtained by applying the same regression technique to
the experimental data reported by Wicarova et al. 24. They measured the specific
retention volumes for benzene and n-hexane in SQ in a high-precision instrument; even
though their measurements were performed at only seven different temperatures, over
a temperature range narrower than ours, each Vg value represents the arithmetic mean
of 15-20 measurements. With the exception of the LlC~1.0 value for benzene in SQ, the
comparison with oui results is very encouraging. Unfortunately, there are no
calorimetric data available for the systems studied in this work.

Corrections for non-ideality of the vapour phase are hardly justifiable when
hydrogen is used as the carrier gas: corrected and uncorrected values for the heats of
solution of n-hexane and benzene differ by less than 5 cal/mol when the equation of
McGlashan and Potter21 is used to calculate second virial coefficients and their
dependence on temperature. However, when nitrogen is the carrier gas this difference
can amount to 30 cal/mol, and the correction cannot be neglected.

Differences between experimental Vg values and the values calculated by means
of the two-constant equation can amount to a maximum of about 1%, and this at the
extremes of a broad temperature range. When the objective is interpolation, the use of
more sophisticated regression techniques is not justified, at least for the heat capacity
values of the systems studied here.

To summarize, the application of Clarke and Glew's regression method to
chromatographic data leads to an improvement in the measurement of thermo­
dynamic solution properties, but not in the interpolation of retention volumes.
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SUMMARY

A systematic study was made of non-linear effects on the determination of the
binding constant in affinity chromatography. The criteria for the applicable range of
linear theory are derived for both frontal and zonal analysis. The difference in the
criteria between zonal and frontal analysis indicates that the latter may not be pre­
ferred in some instances. Investigation of experimental data from the literature
showed that the effect of isotherm non-linearity on elution volume is not small in
affinity chromatography, where the binding constant is very large and the experi­
mental design does not permit work in the linear region. A universal function (j)(a) for
zonal analysis has been derived. The strong correlation of experimental and calculat­
ed (j)(a) demonstrates that the equations derived in this work are valuable. In apply­
ing these equations, one can determine both the binding constant and the maximum
binding capacity from experiments by evaluating the capacity factor at various sam­
ple concentrations with or without an inhibitor in the mobile phase.

INTRODUCTION

Affinity chromatography is widely used in the investigation of specific inter­
actions between biomolecules. Both zonal and frontal elution approaches have been
developed in order to determine quantitatively the interaction constant!. Differences
have been found when two methods are applied to evaluate the inhibitory constant of
the complex of an enzyme and its soluble or immobilized inhibitor2

. Whichever
method is used, a working equation for the elution volume has to be used to interpret
the experimental data. The observation of elution volume depending on the sample
concentration or inhibitor concentration is essentially a result of a non-linear
equilibrium isotherm, which is conventionally of the Langmuir type. Hence affinity
chromatography in the case of a Langmuir isotherm is non-linear chromatography.

Arnold et at. 3 pointed out some inconsistencies in the theoretical treatments of

a Present address: Department of Chemical Engineering, Chung Yuan Christian University, Chung
Li 32023. Taiwan.
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analytical affinity chromatography and identified these as the sources of erroneous
results. Recently, Golshan-Shirazi and Guiochon4

-
6 derived analytical solutions of

elution time as a function of sample volume and sample concentration for the ideal
(equilibrium) model of non-linear chromatography. However, the elution time they
obtained was the retention time of the shock front. A thorough examination of the
non-linear problem in affinity chromatography was made by Muller and Carr7

. No
theory was available in their work to interpret the effects of isotherm non-linearity on
the capacity factor and desorption rate constant. Recent work on non-linear affinity
chromatography includes that of Anderson and co-workers8

-
10

.

In this paper, a systematic approach is presented by first introducing a more
realistic model to describe the chromatographic behavior; the equations relating
elution volume and capacity factor to concentrations of immobilized and soluble
ligand, inhibitor, etc., are derived by fonowing the clarified definitions and a correla­
tion is given to demonstrate the effects of isotherm non-linearity. By using the
equations derived in this work, a proper determination of the binding constant, the
interaction constant between the soluble solute and its immobilized ligand, can be
achieved in affinity chromatography.

MATHEMATICAL MODEL AND DEFINITIONS OF THE FIRST MOMENT

The governing equation of affinity chromatography can be derived from
a material balance. For a simple system contaning one single solute, it is given as

ae
e- =at

ae a2 e "
Uo a; + eD az2 + r (1)

where r" denotes the net mass transfer rate from the bulk fluid to the adsorbed phase
and can be expanded as shown in Table 1. The model, including eqn. I and Table I, may
be the most sophisticated and realistic one for the description of affinity chromato­
graphy. In this model, a uniform diameter dp is assumed for monodisperse porous
media, an imaginary external film separating the bulk fluid and solid phase is present
and an effective diffusion coefficient D i based on the entire particle volume is used to
describe the diffusion of solute into the pores. The concentrations, in pores and in the
bulk liquid surrounding the particle, c and e, are coupled by the mass-transfer rate
through the film, which is accounted by kf. The parameter ka accounts for the
desorption rate; q is the concentration on the inner surface of the solid. The
equilibrium isotherm describes the relationship between concentrations c and q. It
represents a plot of amount adsorbed in equilibrium with the concentration of free
solute in the pores. To account for the possibility that an sites can be filled with the
adsorbent, many workers considered the equilibrium relation to be of the Langmuir
type:

q* (2)

The model presented above has been reported elsewhere by Arnold et a/. ll and
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TABLE I

MODEL OF FLUID-TO-PARTICLE DIFFUSION AND BIO-SPECIFIC ADSORPTION

Pore diffusion with external film resistance (spherical particles).

6 (l - e) ac I
-r" = . D·-

dp 'or '=d,/2

kf (C - C 1'=d,l2) = Di

ac I- - 0
ar ,=0

aq
- = ka (q* - q)
at

qs KL C
q* =--­

I + KL C

(3)III =

McCoy12. It could also be reduced to the model of Horvath and Lin 13 by defining the
film mass transfer coefficient as a linear function of utP.

The use of the statistical moments to characterize chromatographic processes is
well known, but some inconsistencies may be frequently found in the literature.
Mathematically, the moments for each distribution function can be evaluated as soon
as the function is well defined. In zonal elution chromatography, the effluent
concentration profile can be regarded as a distribution function, by which the
expressions of the moments are derived. For frontal elution chromatography, the
effluent concentration profile, which is called a breakthrough curve, is no longer
a distribution function. In general, the breakthrough curve can be treated as the
integral ofthe distribution function of the quantity t. Therefore, the function ac/at can
be treated as the distribution function of this quantity. The definition of the first
moment for frontal elution is then given by

co acF
J t-",- dt
o ut
co acF
S - dt
o at

and that for zonal elution by
co

S t CZ dt

Ilf 0
co

S CZ dt
0

(4)
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SUMMARY

Eleven kinds of column packing gels which bonded poly(ethylene glycol) (PEG)
to Sepharose 6B (PEG-C 10-Sepharose) were prepared. Human peripheral blood cells
were chromatographed on these gel columns by eluting with 0.09 M phosphate­
buffered 2% (wjw) dextran T40 solution at the pH of the respective isoelectric points
of the blood cel1s. The rate of penetration of water or the mobile phases into the
PEG-CIO-Sepharose xerogels as a measure of the hydrophobicity of the gels depend­
ed on both the oxyethylene residue content and the number of oxyethylene units of
the packing gels, The capacity factors of granulocytes and lymphocytes were in­
creased on the columns packed with gels having a slower rate of penetration of the
liquids into the xerogels,

INTRODUCTION

In previous papers l
-

6
, the chromatographic behaviour of human peripheral

blood cells was studied by the use of bisoxirane-coupled poly(ethylene glycol) 400,
4000, 6000 and 20000 (PEG 400, 4000, 6000 and 20M)-Sepharose 6B (PEG-C lO­

Sepharose) columns and poly(propylene glycol) 200,400 and 950 (PPG 200, 400 and
950)-coupled agarose (PPG-C 3-Chromagel A4) columns, Sodium phosphate-buff­
ered solutions containing dextran T40 or T500 were used as the mobile phase at pH 7.4
or the pH of the respective isoelectric point of blood cel1s (pHc .p } The retention
behaviour of blood cells on PEG 20M-C 1o-Sepharose columns depended on the
molecular weight and concentration of dextrans and on the neutral salts, such as
sodium chloride, in the mobile phase at pH 7.4 1,2,

Further, the retention volumes of granulocytes and lymphocytes increased with
increasing number of oxyethylene units in the range of 9-450 on PEG 400-, 4000-,

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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6000- and 20M-C10-Sepharose columns eluted with 0.09 M sodium phosphate­
buffered solution containing 2% (w/w) dextran T403

.

The hydrophobicities (L1log K) of four kinds of blood cells were determined by
the hydrophobic affinity partition method? using PEG 6000 monopalmitate as
a hydrophobic ligand. A linear correlation between the retention volumes of platelets,
granulocytes and lymphocytes on a PEG 20M-C1o-Sepharose column and the L1log
K values of these cells was observed4

. Similarly, an approximately linear relationship
was found between the L1log K values of platelets granulocytes and lymphocytes and
the retention volumes of these cells on PPG 200-, 400- and 950-Cr , PPG 400-C 10­
and PEG 20M-C1o-agarose columnss.

In the preceding study6, the L1log K values of four kinds of blood cells and the
PPG 200-, 400- and 950-Cr Chromagel beads were determined by the hydrophobic
affinity partition method using Pluronic P84, a block polymer of PEG and PPG, as
a hydrophobic ligand. The L1log K values of blood cells increased in the order
erythrocytes, platelets, granulocytes and lymphocytes, which coincided with the
elution order of these cells from PPG-C3-Chromagel columns, except in a few
instances. A linear relationship was found between the capacity factors [k' =

(VR - Vm)/Vm, where VR is the retention volume of the cells and Vm the interstitial
volume of the column determined from the elution volume of native dextran] of
granulocytes on the various PPG-CrChromagel columns and the L1log K values of
the PPG-bonded gel beads. The packing beads with L1log K >0.5 caused a considerable
increase in the retention of lymphocytes. The k' values of platelets increased slightly on
the PPG-bonded gel beads that have the highest L1log K values. On the other hand, the
retention of erythrocytes on the columns was not dependent on the L1log K values
of the gel beads. The L1log K values of the column packing beads determined by the
hydrophobic affinity partition method merely indicate the affinity between the
hydrophobic ligand, such as PEG monopalmitate or Pluronic P84, and the gel beads. It
is necessary to measure the affinity between the column packing beads and a liquid,
such as water or aqueous mobile phase, and to evaluate the degree of hydrophobicity
of the gel beads.

The affinity between a solid and a liquid is determined by the wettability of the
solid as the contact angle. However, in order to measure the contact angle of powder
particles, the particles must be moulded into the plate and the liquid dropped on it for
measurement. The other method for measurement of wettability is known as the
ascending capillary methodS, that is, the liquid rises in a column which is packed with
powder particles, the ascending rate of penetration of the liquids is measured and the
affinity between the powder particles and liquid is determined.

In this study, we measured the rate of penetration of water or the mobile phase
used for chromatography of blood cells into PEG-C1o-Sepharose xerogels with
different oxyethylene residue contents and with different numbers of oxyethylene units
for the determination of the hydrophobicity of the packing gel beads. The relationship
between the k' values of four kinds of human peripheral blood cells and the rate of
penetration of the liquid into the column packing xerogels is discussed.
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Materials
Epoxy-activated Sepharose 6B and dextran T40 (weight-average molecular

weight M w =40 000) were obtained from Pharmacia LKB (Uppsala, Sweden). PEG
400 (number-average molecular weight M n =400), 4000 (Mn =3000), 6000 (Mn =
6000-7500) and 20M (Mn = 15000-20000) were purchased from Wako Junyaku
(Osaka, Japan). Other reagents were of analytical-reagent grade.

Instruments
A JNM-FX 200 NMR spectrometer (JEOL, Tokyo, Japan) operating at 199.5

MHz in the pulsed Fourier transform mode was used for the determination of
oxyethylene residue content of PEG-CIO-Sepharose 68. A Model 5100C osmometer
(Wescor, Logan, UT, U.S.A.) was used for the measurement of the osmotic pressure of
the mobile phase. An ISCO Model UA-5 absorbance monitor (Instrumentation
Specialties, Lincoln, NE, U.S.A.) was used for detecting the absorbance of eluates at
254 and 405 nm simultaneously. An LKB 2112 Varioperpex II or 2132 Microperpex
peristaltic pump and a RediRac fraction collector (LKB, Bromma, Sweden) were
employed for chromatographing blood cells and for fractionation of the eluates.
A Coulter counter Model D (Coulter Electronics, Harpenden, U.K.) was used for
counting the number of blood cells. A FACE type PHW immersion wetting
measurement apparatus (Kyowa Kaimenkagaku, Tokyo, Japan) was used for the
determination of the rate of penetration of both water and mobile phase into
PEG-CIO-Sepharose 6B xerogeis.

Preparation of PEG~ClO-Sepharose68
Oxirane coupling of PEG 400, 4000, 6000 and 20M to epoxy-activated

Sepharose 6B was performed at 40°C for 16 h in a solution of pH 12.0 as described
previously!. PEG-C1o-Sepharose 6B gels having lower oxyethylene residue contents
were prepared by oxiran coupling of PEG to epoxy-activated Sepharose 6B for shorter
times. The residual epoxy groups on the PEG-C1o-Sepharose 6B were hydrolysed
with 0.1 M perchloric acid for 1 h at room temperature 3

.

Oxyethylene residue content in PEG-C10-Sepharose 68
Visible absorbance photometric determination. PEG-C1o-Sepharose 6B column

packings were carefully washed with acetone on a glass filter-funnel (G3) and about
5 g of the packings were lyophilized. A 20-ml volume of 88% (v/v) formic acid was
added to about 100 mg of the PEG-C1 o-Sepharose xerogels and was heated for about
4 h on a boiling water-bath for hydrolysis and then evaporated to dryness under
reduced pressure at 70°C. The hydrolysed product was dissolved in 10 ml of water. To
I-ml volume of this solution, I ml of dilute hydrochloric acid (1 :4), 1 ml of 10% (w/v)
barium chloride and I ml of 10% (w/v) phosphomolybdic acid were added. This
mixture was allowed to stand for at least 1 h, during which a flocculent greenish
precipitate formed from the phosphomolybdic acid and any PEG present. The
precipitate was washed with 3 ml of 0.1 M hydrochloric acid and then with 7 ml of
water. After centrifugation, the precipitate was dissolved in 3 ml of sulphuric acid, then
1 ml each of nitric acid and 70% (v/v) perchloric acid were added. The oxyethylene
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residue content in the solution was determined according to the method of Shaffer and
Critchfield9 as follows. The solution was diluted with water, neutralized with sodium
hydroxide and then diluted to 100 m!. To a 10-ml aliquot, phenylhydrazine in dilute
sulphuric acid was added and the mixture was heated on water-bath. The absorbance
was measured at 490 nm.

Determination by 1H NMR. In a similar manner to the above, PEG-C10­
Sepharose 68 was hydrolysed with formic acid and the PEG present in this product
was precipitated with phosphomolybdic acid. The precipitate was dissolved in 0.5 ml
of [ZHz]sulphuric acid for IH NMR measurements. A signal from the PEG-phos­
phomolybdic acid complex was observed at about 8.5 ppm as a single peak. The
content of oxyethylene residues in the PEG-bonded gels (mg/g dry powder) was
obtained from the integrated peak intensity originating from the PEG complex using
calibration graphs (0-0.5 mg PEG/ml). The mean values of the oxyethylene residue
contents (mg/g dry gel) in PEG 400-, 4000-, 6000- and 20M-ClO-Sepharose 68
column gels are given in Table 1. The values obtained by 1H NMR are in good
agreement with those determined by visible absorbance photometry. The procedure
for the determination of the oxyethylene residue content by 1H NMR is simpler than
that by absorbance photometry. The quantitative values obtained by the NMR
method were used as the oxyethylene residue contents ofPEG-ClO-Sepharose column
packings.

Determination o{rate o.{penetration o{water or mobile phase solution into PEG-C10­

Sepharose xerogels
About 100 mg of PEG-C1 o-Sepharose 68 xerogels were packed into a Teflon

column (lOx 0.6 cm I.D.) by vertical tapping 200 times with the aid of a mechanical
packer. The column was hung vertically with its lower end dipping into a liquid. The
increase in weight of the packed column as a result of penetration of water or mobile
phase solution into the xerogel was recorded automatically for the weight-time curve
using the FACE immersion wetting measurement apparatus. The rate of penetration
W/t(cmz/s)] was obtained using the following equation, which is same in principle as
Washburn's equation8

:

IZ/t(cm ZIs) = {[L/(SL- Ws/cpz)cpd( Wtz - WoW /tz

Wo = (/l;Wt 1 - ~t;Wtz)/(~t; - ~t:)

TABLE I

OXYETHYLENE RESIDUE CONTENT (mgjg DRY GEL) IN PEG-C 10-SEPHAROSE 6B COLUMN
PACKING GELS

The values are averages of 3-15 determinations.

Bonded Absorbance lHNMR
phase photometry

PEG 400 13.3 13.5
PEG 4000 27.3 26.8
PEG 6000 46.1 46.3
PEG 20M 158.7 157.4



AFFINITY CHROMATOGRAPHY OF BLOOD CELLS. VII. 73

where L is the height of xerogel packed in the column, Ws is the cross-sectional area of .
the column [(0.3 x 0.3 x n) cm 2

], ({Jl is the specific gravity of water or mobile phase
solution, ({J2 is the specific gravity of the xerogel, t 1 and t2 (s) are the times of the start
and end of measurement and Wi and W2 are the weight of liquid penetrated into the
xerogel at t 1 and t2 s, respectively.

Collection and isolation of blood cells
Human blood was drawn from normal male adult donors by venous puncture

and heparin was added (0.05 ml of a 1000 UIml solution per 10 ml of blood). A I-ml
volume of 3.8% (w/v) sodium citrate solution was added to 10 ml of blood for
collection of platelets. Siliconized glassware was used in all procedures. Centrifugal
isolation was used for erythrocytes. The isolation technique based on that of Leeksma
and Cohen10 was employed. For granulocytes, the sodium metrizoate-dextran
sedimentation technique of B0yumll was used. The sodium metrizoate-Ficoll
sedimentation technique of Thorsby and Bratlie12 was employed for the collection of
lymphocytes. These isolation procedures for blood cells have been described in detail
in previous papers1,2.

Chromatography of blood cells
Sodium phosphate-buffered solution (0.09 M) containing 2% (w/w) dextran T40

at the isoelectric points (pH e.p ,) of the respective blood cells, which were determined
previously3 by the cross-partition method 13

, was used as the mobile phase. These
pHe.p . values for lymphocytes, erythrocytes and platelets are 5.2, 5.5 and 6.8,
respectively. The pHe.p . value for granulocytes is the same as that of platelets. A 0.2-ml
volume of the respective cell suspensions containing ca. 3 . 104 erythrocytes, ca. 106

platelets, ca. 2 . 105 granulocytes or ca. 105 lymphocytes was loaded separately onto
the PEG-Clo~Sepharose 6B (45-165 J1m wet particle diameter) column (25 x 0.9 cm
J.D.) and eluted at a flow-rate of 10.0-12.0 mllh by use of a peristaltic pump. The
eluate was monitored at 254 and 405 nm. The fractions were collected in volumes of
about 1.0 m!. Each fraction was diluted with Isoton and the number of blood cells was
counted on a Coulter counter.

RESULTS

Correlations between oxyethylene residue content or number ofthese units and the rate of
penetration

The rates of penetration of water or 0.09 M sodium phosphate-buffered solution
containing 2% (w/w) dextran T40 (pH 6.8) into eleven kinds ofPEG-Clo-Sepharose
6B xerogels are given in Table II.

There are four groups of column packing gels, PEG 400-, 4000-, 6000-and
20M-ClO-Sepharose 6B, corresponding to Nos. I, 2-3, 4-5 and 6-11, respectively.
Each group has the same number of oxyethylene units but a different oxyethylene
residue content. It was observed that the rate of penetration of the liquids into these
xerogels having nearly the same oxyethylene residue contents (Nos. 1,2,4 and 6) was
slower as the number of these units increased from 9 (No.1) to 470 (No.6). It can be
seen in Table II that the rate of penetration of water or the mobile phase is slower with
increasing oxyethylene residue content in each group.



74 U. MATSUMOTO, Y. SHIBUSAWA, M. YAMASHITA

TABLE II

RATES OF PENETRATION OF DIFFERENT PEG-C,o-SEPHAROSE 6B XEROGELS

Bonded phase Oxyethylene residue Rate of penetration
content (10-2 cm 2 /s)

No. Component (mg/g dry gel)
Water Mobile phase"

PEG 400 13.5 34.0 15.0

2 PEG 4000 12.5 24.0 8.8
3 PEG 4000 26.8 18.0 1.2

4 PEG 6000 12.2 15.0 6.9
5 PEG 6000 46.3 3.9 5.1

6 PEG 20M 13.0 8.3 6.3
7 PEG 20M 27.4 5.9 5.9
8 PEG 20M 45.5 5.3 4.8
9 PEG 20M 63.0 4.8 3.4

10 PEG 20M 80.0 3.7 3.4
11 PEG 20M 157.4 3.0 1.4

" Contained 2% (w/w) of dextran T40--o.09 M NaH2POcNa2HPO. (pH 6.8).

Plots of the rate of penetration of the liquids into xerogels versus oxyethylene
residue content for eleven kinds ofpackings are shown in Fig. I. In spite of the number
of oxyethylene units, the rate increased with decrease in the oxyethylene residue
content of the xerogels. The rate of penetration of water into the xerogels having less
than 50 mg oxyethylene residues/g dry gel increased considerably (Fig. IA). The rate of
penetration of the mobile phase into xerogels increased linearly with decreasing
oxyethylene residue content (Fig. lB). This suggests that the influence of the
oxyethylene residue content on the rate of penetration is greater than that of the
number of oxyethylene units. The rate of penetration obtained by use of the mobile
phase at pH 5.2 and 5.5, the pHe .p . values of erythrocytes and lymphocytes
respectively, was the same as that obtained with the mobile phase at pH 6.8 (data not
shown).

• A B30 15 •
c

~N~20Ll0~cue
~~ 10 5 0__ 0

o x 0 0

~~ 0
'" 0 0 L..........._--&.--:;;=-_
a: 0 50 100 150 0 50 100 150

Oxye!hyl ene residue con! en!
(mgtg dry gel)

Fig. I. Relationship between oxyethylene residue content and the rate of penetration of (A) water or (B) the
mobile phase into PEG-C,o-Sepharose 6B xerogels.• = PEG 400; 0 = PEG 4000; L. = PEG 6000;
o = PEG 20M.



AFFINITY CHROMATOGRAPHY OF BLOOD CELLS. VII. 75

Capacity factors of blood cells on PEG-C10-Sepharose 68 columns
Table III shows the capacity factors (k') of human blood cells determined by

elution from PEG-C1o-Sepharose 6B columns (25 x 0.9 cm J.D.) with 0.09 M sodium
phosphate buffer (pHc .p ) containing 2% (wjw) dextran T40 together with the
oxyethylene residue contents ofthe packing gels. These k' values offour kinds of blood
cells were calculated by combining the retention volumes of these cells with the
interstitial volumes (Vrn) of the column determined by the elution volume of native
dextran as described previously6. The k' values of erythrocytes and platelets were less
than 1.0 but not zero, and it was clear that these cells were retained slightly on the
PEG-C1o-Sepharose 6B columns. The maximum k' values of 0.49 for erythrocytes
and 0.71 for platelets were obtained on the column with 80.0 and 157.4 mgjg dry gel
oxyethylene residue contents (Nos. 10 and II), respectively.

On the other hand, the k' values of granulocytes and lymphocytes were higher
than 1.0 for every column used. The increase in the oxyethylene residue contents in the
groups which bonded the same number of oxyethylene units (Nos. 2-3, 4-5 and 6-11)
resulted in an increase in the k' values ofgranulocytes and lymphocytes, except in a few
instances. It found that the k' values of granulocytes were above 2.0 by use of
PEG-C10-Sepharose 6B columns having oxyethylene residue contents of more than
63.0 rrigjg dry gel. The k' values oflymphocytes were greater than those ofgranulocytes
on every PEG-ClO-Sepharose column. The column packings with oxyethylene
residues bonded more than 26.5 mgjg dry gel gave the k' values above ca. 2.5 for
lymphocytes. As the oxyethylene residue content increased above 45.5 mgjg dry gel,
the k' values became greater than ca. 3.0 (Nos. 8-11).

TABLE III

CAPACITYFACTORSOFHUMANERYTHROCYTES(E),PLATELETS(P),GRANULOCYTES(G)
AND LYMPHOCYTES (L)
Columns: PEG-C ,o-Sepharose 6B (25 x 0.9 cm 1.0.). The mobile phase contained 2% (w/w) of dextran
T40-0.09 M NaH2P04-Na2HP04 (pH,.p).

------------------
Bonded phase" Vm (ml)" Capacity factors (k')

E P G L

3.6 0.19 0.17 1.14 1.56

2 3.6 0.36 0.44 1.47 1.89
3 3.6 OJI 0.53 1.83 2.75

4 3.6 0.39 0.47 1.52 1.89
5 3.9 0.38 0.41 1.90 2.97

6 3.6 0.16 0.44 1.78 1.92
7 4.1 0.17 0.42 1.71 2.49
8 3.8 0.39 0.45 1.97 3.08
9 3.8 0.42 0.50 2.00 3.08

10 3.7 0.49 0.57 2.08 3.22
II 3.8 0.47 0.71 2.00 3.21

" See Table II.
b Vm : elution volume of native dextran.
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Fig. 2. Relationship between capacity factors ofhuman (0) erythrocytes, (0) platelets, (6) granulocytes and
(0) lymphocytes and the rate ofpenetration of(A) water or (B) the mobile phase into PEG-C 1o-Sepharose 6B
xerogels.

Correlation between the capacity factors of blood cells and the rate ofpenetration
The rate of penetration of both water and the mobile phase into eleven kinds of

PEG-C1o-Sepharose 6B xerogels is plotted in Fig. 2 as a function of the k' values of
erythrocytes, platelets, granulocytes and lymphocytes obtained on these PEG-C10­
Sepharose 6B columns by use of phosphate-buffered mobile phase at the respective
pRe.p . values. The packing gel with a rate of penetration of water of less than 10 '\0-2
cm2Is and of the mobile phase ofless than 7.0' 10-2 cm 2/s gave a substantial increase in
the k' values of lymphocytes. For granulocytes, linear relationships were found
between k' and the rate of penetration of both water and the mobile phase into these
xerogels. The k' values of platelets increased slightly when using packing gels with
a slower rate of penetration of both water and the mobile phase. The k' values of
erythrocytes were almost unchanged even when the PEG-C1o-Sepharose 6B packing
beads having the slowest rate of penetration were used.

DISCUSSION

It has been shown that the hydrophobic interactions between peripheral blood
cells and the bonded PEG or PPG phase of column packing gels play an important role
in retaining the ce1ls on these columns in our chromatographic system4-6. It has also
been shown that the retention of the blood cells depends on the difference in the
hydrophobicity of the packing beads based on the oxyethylene or oxypropylene
residue content and on the number of these units4,5.

In previous papers5 ,6, the hydrophobicity (,1log K values) of PEG-C10­
Sepharose, PPG-C3-Chromagel beads and blood cells were determined by hydro­
phobic affinity partition 7 using PEG 6000 monopalmitate or Pluronic P84, a block
polymer of PEG and PPG, as the hydrophobic ligand. A linear relationship was found
between the capacity factors (k') of granulocytes on PPG-CrChromagel columns and
the ,1log K values of the gel beads. The retention of lymphocytes increased gradua1ly
on the columns of packing gel beads with ,1log K values < 0.5, but increased
considerably on the gel beads with values > 0.5.

In general, the hydrophobic affinity partition method has been applied to the
measurement of the hydrophobicities of soluble proteins, insoluble suspended
materials such as cell particles, subcellular organe1les and ce1l membranes14. Partition
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of the particles such as the blood cells and the packing gel beads was characterized by
the partition coefficient (K) calculated as the ratio of the particle concentration in the
upper PEG-rich phase to that in the bottom dextran-rich phase. In this method, the
number of particles attached to the interface is calculated as the difference between the
total number added and the number in the upper or the bottom phase. Half of the
number in the interface fraction add to each number in the upper and bottom phases4

.

The partition experiments for the particles are tedious because the separation of the
two immiscible aqueous phases is particularly slow and many particles such as blood
cells and gel beads become attached to the interface of the two PEG and dextran
phases. In addition, the Lllog K values determined by the partition method are
dominated by chemical species of the hydrophobic ligand, such as PEG palmitate or
Pluronic.

It is well known that the wetting ofpowder particles is ofgreat importance for the
measurement of the affinity between particles and a liquid. In general, the wettablity is
determined as the contact angle of a liquid droplet which forms on the compressed
powder particles. The other method for determining the wetting of powder particles by
a liquid is the immersion wetting method8

, in which the wettability is determined as the
rate of penetration of the liquid which rises in a column packed with the particles.

In this paper, we determined the rate of penetration of water or the mobile phase
used in our chromatographic systems for the separation of blood cells into eleven kinds
of PEG-C1o-Sepharose 68 xerogels. The rate was considered as a measure of
hydrophobicity of these column packing gels. It was found that the hydrophobicity of
the packing gels increases with decrease in the rate ofpenetration of water or the mobile
phase (Fig. I). The rate of penetration of these liquids into PEG-C1o-Sepharose
xerogels was slow as the oxyethylene residue content increased. Itwas also found that the
rate decreased with increase in the number of oxyethylene units. This suggests that the
oxyethylene residue content rather than the number of oxyethylene units affects the
hydrophobicity of PEG-C1o-Sepharose beads (Table II).

The capacity factors (k') of four kinds of human blood cells were calculated by
combining the retention volumes of the cells with the elution volume of the native
dextran by using a PEG-C1o-Sepharose 68 column and a 0.09 M phosphate-buffered
solution containing 2% (wjw) dextran T40 at the respective isoelectric points (pHc.pJ
of the cells. The relationship between the rate of penetration of water or the mobile
phase into PEG-C1o-Sepharose xerogels and the k' values of the blood cells was
examined (Fig. 2). It is clear that the k' values of lymphocytes on a PEG-C10­
Sepharose column increase considerably when the rate of penetration of water is > 10
. 10-2 cm2js and that of the mobile phase is > 7' 10-2 cm2 js. A linear correlation was
found between the k' values of granulocytes and the rate of penetration of both water
and the mobile phase. The k' values of granulocytes and lymphocytes increase with
decrease in the rate of penetration. These results are in fair agreement with the
preceding study6 in which the k' values of the granulocytes increased linearly with
increasing the hydrophobicity (Lllog K) of PPG-CrChromagel beads and the
retention of lymphocytes increased considerably on PPG-bonded gels with Lllog
K >0.5. Platelets were retained on the PEG-C1o-Sepharose column having the
slowest rate of penetration. On the other hand, no change was found for the k' values of
erythrocytes even if we used the PEG-C lO-Sepharose column with the highest
oxyethylene residue content (Fig. 2).
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In conclusion, it is clear that hydrophobic interactions play an important role in
the retention and separation of granulocytes and lymphocytes on PEG-C10-Se­
pharose 6B columns. The use of PEG-bonded gels with higher oxyethylene residue
contents with a slower rate of penetration of the liquids is necessary for separating
erythrocytes and platelets on the chromatographic columns.
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Settling-time dependence of rat bone marrow cell partition
and counter-current distribution in charge-sensitive aqueous
two-phase systems

Relationship with the cell partitioning mechanism
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SUMMARY

Differences in the settling-time dependence of single and multiple cell partitions
have been found between heterogeneous (bone marrow cells) and homogeneous
(erythrocytes) populations when using charge-sensitive dextran-poly(ethylene glycol)
aqueous two-phase systems. The cell populations were partitioned using both single
test-tube experiments and multiple thin-layer counter-current distribution. Length­
ening the settling time, to favour phase separation, and decreasing the upper phase
volume are more effective in fractionation by the counter-current distribution of
heterogeneous cell populations than increasing the interfacial tension, although alI
three were employed to speed phase settling. On the basis of these results, the original
cell partitioning mechanism proposed for non-charge-sensitive systems has been ex­
tended to charge-sensitive systems.

INTRODUCTION

Aqueous two-phase systems are formed when buffered and isotonic mixtures of
dextran (D) and poly(ethylene glycol) (PEG) are allowed to separate over time. Mix­
tures of D and PEG near the critical point (low interfacial tension systems) need a
relatively long settling time for phase separation. The higher the interfacial tension
(far away from the critical point), the faster is the speed of phase separation. A
partition ratio, P, between the total amount of cells in the PEG-rich upper phase and
the cells adsorbed at the interface is obtained in single-tube experiments. Cell parti­
tioning, which is based on differences in cell surface properties and their interaction
with the phases. can be altered in various ways. Ions of some salts affect the physical

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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properties of the systems. The affinity of phosphate for the O-rich bottom phase
results in charge-sensitive systems, with a positive upper phase 1

-
4

.

To increase the resolution ofcells with close P values, multiple partitions can be
carried out using a thin-layer counter-current distribution (CCO) procedure 1

,4. To
produce a shorter time of phase separation, and thus increase the speed of phase
settling, the height of the phase column of the CCO unit was reduced by Albertsson 1

in the thin-layer rotor. Other conditions of the CCO procedure can be varied to
facilitate phase separation. A direct correlation between length of settling time and
efficiency of fractionation was observed in charge-sensitive two-phase systems for
heterogeneous cell populations from rat and human bone marrow5

-
7 and from devel­

oping chicken erythrocytes8
-

11
. As erythrocytes with very close P values are present

in the blood of adult animals (rats and chickens), the settling time does not affect cell
age fractionation in these homogeneous erythrocyte populations. This paper confirms
that settling time is a determinant parameter for partitioning in single-tube experi­
ments and for bone marrow cell fractionation by CCO in charge-sensitive two-phase
systems.

Increasing system interfacial tension is an additional condition that can deter­
mine a shorter time of phase separation and thus affect the dependence of P on
time4 ,12. Increasing polymer concentrations were then used in charge-sensitive sys­
tems to increase their interfacial tension. However, a higher interfacial tension did not
affect the improved CCO fractionation observed with the lengthened settling time in
the heterogeneous cells.

It has been reported recently that the decrease in time of phase separation,
which can be produced by reducing the height of the phase column in the thin-layer
CCO rotor, may result in a lower cell fractionation efficiencyl3. In our experience,
shortening the height of the phase column (by reducing the volume of the upper phase
in the cavities of the CCO rotor) and simultaneous lengthening of settling time are
required for more efficient fractionation of heterogeneous cells6

, even when systems
with higher interfacial tension were used, as shown here.

Finally, the results presented in this paper are interpreted in the light of the cell
partitioning mechanism proposed for erythrocytes in non-charge-sensitive sys­
tems 12,14,15. Taking into account the charge of the system and the lower surface
charge of bone marrow cells with respect to erythrocytes16

, this mechanisms may
serve to explain the higher efficiency of bone marrow cell fractionation by CCO with
lengthened settling time6

.

EXPERIMENTAL

Preparation of cells
Male Wistar rats (150-250 g) were anaesthetized with diethyl ether and killed

by exsanguination. Bone marrow cell suspensions were prepared from the femur and
tibia of at least five rats using a phosphate buffer (pH 6.8) saline solution (SSP) as
previously described 17

. Bone marrow cells were resuspended in SSP, usually 1:1 (v/v).
The total number of cells in the bone marrow cell suspensions was 9.48 ± 3.61 .108

cells/ml (n = 36). Blood was collected into heparinized tubes and, after centrifugation
(400 g for 10 min), erythrocytes were washed three times with SSP.
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Preparation of two-phase systems
Charge-sensitive two-phase systems, containing 0.03 molll sodium chloride and

0.09 molll sodium phosphate buffer (pH 6.8), were prepared and equilibrated as
previously described6

,16. The increasing polymer concentrations, expressed as % (wi
w) dextran T-500 (D) (Pharmacia)-% (w/w) polyethylene glycol 6000 (PEG) (Serva),
were 5.0-4.0, 5.2-4.2, 5.3-4.3 and 5.6-4.6.

Single partition experiments
Either 100 ,ul of bone marrow cell suspension or 5 ,ul of packed erythocytes were

added to the phase systems formed by 2 g of bottom phase and 2 g of top phase from
the above equilibrated phase systems. As equal volumes of both phases (phases densi­
ty ca. 1)4 are then being used, the top-to-bottom phase-volume ratio at equilibrium is
L = I, which.is the normal phase-volume ratio used for cells in single partition
experiments3 ,12. Systems were mixed by 60 inversions and allowed time to separate at
4°C. Duplicate aliquots were removed from the top phase at different times (l0, 20,
40,60 or 80 min). Haemoglobin 18 and protein19 concentrations were measured and
cells were counted in a Model ZBI Coulter counter. The partition ratio, P, is the
amount of haemoglobin, protein or cells in the top phase given as a percentage of the
total cells added to the system. P values were calculated by taking into account phase
dilution from sample addition and top phase volume3 ,4

Counter-current distribution (multiple partitions)
An automatic thin-layer CCD apparatus (Bioshef TLCCD, MK3) with two

60-cavity circular rotors was used4
,20. Each of five adjacent cavities of the rotor

received a mixture of 0.6 ml of D-rich bottom phase and 0.1 ml of bone marrow cell
suspension, while the other 55 cavities each received 0.7 ml of the bottom phase. Two
different volumes (0.9 or 0.4 ml) of the top PEG-rich phase were then added to all
sixty cavities to reach two different heights of phase columns. These are given by the
top-to-bottom phase-volume ration, L, which was 1.3 (i.e., 0.9/0.7 m!) or 0.6 (0.4/0.7
ml). The normal phase-volume ratio at phase equilibrium used for red cells on CCD is
L = 1.33

•
21

. A partition step is formed by a 20-s shaking time, settling time (5 or 20
min) and a twist of the top rotor plate to transfer the. top phase cavity to the next
bottom phase cavity on the lower rotor plate. With each transfer the cells in the top
phase are carried forward and re-extracted with the fresh bottom phase. Cavities of
the lower (stator) plate contained 88% of their total capacity, thus allowing enough
space for the cells to be adsorbed at the interface during each partition step. Fifty-five
transfers were repeated at 4°C. More details are given in ref. 6.

The distribution of cells in the different cavities along the extraction train (i.e.,
the CCD profile) is given in terms of absorbance at 410 nm (Uvikon 810 spectropho­
tometer; Kontron) and haemoglobin concentration 18

. Cells with affinity for the top
phase (high P values) are distributed as fast-moving cells and migrate to the higher
numbered fractions (i.e., towards the right-hand side of the CCD profile). Cells with
affinity for the interface (lower P values), and as slow moving cells, tend to remain in
the fraction with a lower number (i.e., towards the left-hand side of the CCD profile).
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Cell partition in single tesHube experiments
The partitioning of erythrocytes 3 ,12.J6 and bone marrow cells 16

, as a function
of the increase in polymer concentration used to increase the interfacial tension, is
mainly determined by hydrophobicity, in non-charge-sensitive systems, or charge, in
charge-sensitive systems, of the cell surface. In all these studies a standard settling
time (usually 20 min) was used. However, partitioning depends on the specific interac­
tion between cells and microscopic D droplets suspended in the PEG-rich upper
phase and the settling speed of cell-D droplet complexes to the bulk interface as
phase separation proceeds 12. This means that cellular P values are a function of the
sampling time, i.e., the phase settling time. Our objective was to study the dependence
of P values on settling time (up to 80 min) with increase in interfacial tension, for both
homogeneous (erythrocytes) and heterogeneous (bone marrow) cell populations in­
charge-sensitive systems. Low, intermediate and high interfacial tension systems,
formed by concentrations that were very close [5.0% (wjw) D-4.0% (wjw) PEG],
close [5.3% (wjw) D-4.3% (wjw) PEG] and at some distance [5.6% (wjw) D-4.6%
(wjw) PEG] from the critical point4 were used here.

Erythrocyte partition
Low and intermediate interfacial tension systems. The dependence of P values on

settling time with increase in interfacial tension has only been studied for erythrocytes
in non-charge-sensitive systems12 ,15. The marked decrease with time of P values
(60% at 80 min) observed in a low interfacial tension system [5.0% (wjw) D-4.0%
(wjw) PEG] is a consequence of almost all the erythrocytes being associated with D
droplets in the PEG-rich top phase and the fact that celI-D droplet complexes settle
to the interface more rapidly than do free cells 12

,14. The interaction of cells with D
droplets is reduced in charge-sensitive systems with a low interfacial tension 3

,12 and,
therefore, more free cells should be present in the upper phase. The high P values
shown by erythrocytes in these systems 3 ,12,16,22 could therefore be due to slow sedi­
mentation by the abundant free cells in the upper phase.

The decrease with time of P values in charge-sensitive systems with a low [5.0%
(wjw) D-4.0% (wjw) PEG; Fig. lA] or intermediate [5.3% (wjw) D-4.3% (wjw)
PEG; Fig. IB] interfacial tension seems not to be very pronounced (ca. 10% decrease
at 20 min and 20-25% decrease at 80 min in both instances). It may be that erythro­
cytes (negatively charged at pH 6.8) tend to remain in the positive PEG-rich upper
phase as free cells. The upper phase is positive with respect to the D-rich bottom
phase, because phosphate partition towards this phase is asymmetric. Another contri­
bution to the increase in the number of free cells in the upper phase may be electro­
static repulsion between cells and the phosphate-rich negative D droplets in the upper
phase. As a consequence, interaction between cells and D droplets would be weaker in
charge-sensitive systems than in non-charge-sensitive systems and a larger number of
free cells would be present in the upper phase of charge-sensitive systems 12

. As free
cells settle more slowly than cell-D droplet complexes, a smaller number of total cells
are adsorbed at the interface at any given settling time and the decrease over time of
the high P values is slow at both interfacial tensions (Fig. lA and B).

The fact that erythrocytes are mainly free in the upper phase was supported by
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Fig. I. Partitioning behaviour of erythrocytes with increase in phase settling time and interfacial tension in
charge-sensitive systems. Partition values, P, in (A) 5.0% (w/w) 0-4.0% (w/w) PEG, (B) 5.3% (w/w)
0-4.3% (w/w) PEG and (C) 5.6% (w/w) 0-4.6°A, (w/w) PEG two-phase systems are given in terms of
haemoglobin content in the top phase as a percentage of that present in the total cells added. Points
represent the means (± S.D.) at leilst of four separate partition experiments, each samples and measured in
duplicate.

the results of additional cell partitioning experiments. A mixture of erythrocytes and
the upper phase of a charge-sensitive system was carefully added to an equal volume
of bottom phase from a similar system (thus forming a D droplet-free two-phase
system). The proportion ofcells remaining unsedimented after an 80-min settling time
(higher than 80%; results not shown) is similar to P values obtained by mixing the
two-phase system (Fig. lA).

High intelfacial tension systems. Increasing interfacial tension leaves a higher
proportion of cell-D droplet complexes in the upper phase of non-charge-sensitive
systems and results in a more pronounced decrease in P values with time than that
found in low interfacial tension systems12 The partition of erythrocytes in charge­
sensitive systems of 5.6% (wjw) D-4.6% (wjw) PEG (far away from the critical point)
also shows a marked decrease with time (50% at 20 min; 75% at 80 min) (Fig. lC).
This means that, in comparison with the data in Fig. lA and B, a smaller number of
free cells (i.e., a larger proportion of cell-D droplet complexes) are present in the
upper phase at any given settling time. The larger proportion of cell-D droplet com­
plexes and their faster settling at the interface can explain the marked decrease in
partition values over time (Fig. lC). The effect of the large potential difference be­
tween the phases of charge-sensitive systems is then overcome by the effect of the high
interfacial tension. This agrees with the decrease in sensitivity by charge-sensitive
systems to the surface charge of erythrocytes with increase in polymer concentra­
tion 16

.
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Bone marrow cell partition
Low and intermediate interfacial tension systems. Variations with time of P

values are shown in Fig. 2 for low [5.0% (w/w) D-4.0% (w/w) PEG; Fig. 2A] and
intermediate [5.3% (w/w) D-4.3% (w/w) PEG; Fig. 2B] interfacial tension systems.
Because of bone marrow cell heterogeneity, P values are expressed in terms of cell
number, protein content and haemoglobin levels (as an index of erythroid cells). No
significant differences were found between these parameters.

A small decrease in P values with time (ca. 20-25% at 20 min and 30-40% at 80
min) is observed in charge-sensitive systems with low interfacial tension (Fig. 2A).
This decrease is slightly higher than that shown by erythrocytes in a similar system
(10% at 20 min and 20-25% at 80 min; Fig. IA). The surface-charge dependence of P
values on the electrical potential difference between the phases is lower for bone
marrow cells (as a reflection of their lower surface charge at pH 6.8) than for erythro­
cytes16

. Interaction with the positive PEG-rich upper phase will then be weaker for
bone marrow cells, implying that a smaller number of free cells (and a larger amount
of cell-D droplet complexes) are present in the upper phase at any settling time. The
larger proportion and the higher mobility ofcell-D droplet complexes at the interface
serve to explain the small decrease in P values over time in Fig. 2A.

The fact that a smaller number of free bone marrow cells are present in the
upper phase is also supported by additional experiments carried out as for erythro­
cytes. A mixture of bone marrow cells and upper phase was carefully added to the
bottom phases. The proportion of unsedimented cells after 80 min (ca. 80%; results
not shown) is higher than P values obtained by mixing the two-phase system (60­
70%; Fig. IA).

The decrease with time of P values in intermediate interfacial tension systems is
clearly higher for bone marrow cells (45-50% at 20 min and 75-80% at 80 min; Fig.
2B) than for erythrocytes (10% at 20 min and 20-25% at 80 min; Fig. IB). Both the
low negative surface charge of the bone marrow cells 16 and the increase in interfacial
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Fig. 2. Partitioning behaviour of bone marrow cells with increase in phase settling time and interfacial
tension in charge-sensitive systems. Partition values, P, in (A) 5.0% (wjw) D-4.0% (wjw) PEG and (B)
5.3% (wjw) D-4.3% (wjw) PEG two-phase systems are given in terms of (.) haemoglobin, (0) protein
content and (0) cell number in the top phase as a percentage of that present in the total cells added. Points
represents the means (± S.D.) of at least four separate partition experiments, each sampled and measured
in duplicate.
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tension favour a decrease in P values over time. The proportion of rapidly moving
cell-D droplet complexes is higher in the upper phase. Therefore, the tendency for
bone marrow cells to remain as free cells in the upper phase· can be assumed to be
lower.

High interfacial tension systems. Experiments were also carried out at a 5.6%
(wjw) D-6.6% (wjw) PEG polymer concentration (results not shown). The decrease
in P values over time was nearly total (75% at 20 min and > 90% at 80 min), in­
dicating that this cell population moves quickly (in the form of cell-D droplet com­
plexes) to the interface. The effect of this high interfacial tension again overcomes the
effect of the potential difference on the partitionirig of bone marrow cells. The num­
ber of cell-D droplet complexes formed increases progressively from low to high
interfacial tension values. The increase in interfacial tension then favours the ad­
sorption of cell-D droplet complexes at the interface more in bone marrow cells than
in erythrocytes.

Bone marrow cell fractionation by counter-current distribution
Improved fractionation of heterogeneous cell populations has been observed

previously when the settling times are longer (20 min) than those usually employed
(5-7 min) during thin-layer CCD in low-interfacial charge-sensitive systems. CCD
profiles with at least two or three peaks (due to the presence of different cell subpop­
ulations) were always obtained. The increase in settling time did not improve the
fractionation of homogenous erythrocyte populations where single-peak profiles were
observed5,6,S-1!.

These observations were studied in this work using higher interfacial tension­
systems, which facilitate phase separation and therefore sedimentation of the cell-D
droplet complexes. As P values for bone marrow cells decrease with increase in in­
terfacial tension (Fig. 2A and ref. 16), the possibility exists of employing a shorter
settling time during the fractionation and so improve cell resolution.

Another factor determining the speed of phase settling is the height of the phase
column. The more rapid settling of phases produced by reducing the height of the
phase column in the thin-layer CCD rotor seems to decrease the interaction of cells
with D droplets, thereby interfering with the cell partitioning mechanism, which, in
turn, may result in a lower efficiency of cell fractionation! 3 . As weak interaction
between cells and D droplets in charge-sensitive systems has already been shown
(preceding section), reducing the height of the phase column in the CCD rotor should
not affect the cell partitioning mechanism in these systems significantly. In fact, frac­
tionation of heterogeneous bone marrow cells is not improved by just shortening the
height of the phase column (for instance, reducing the volume of the upper phase) in
the cavities of the CCD rotor. A longer settling time (20 min) than that usually
employed (5-7 min) was simultaneously required to improve cell fractionation6.
Therefore, experiments were carried out at both a short (5 min; Fig. 3) and a long (20
min; Fig. 4) settling time, using three systems with a range of low and intermediate
interfacial tension values [5.0% (wjw) D-4.0% (wjw) PEG; 5.2% (wjw) D-4.2%
(wjw) PEG; 5.3% (wjw) D-4.3% (wjw) PEG]. Bone marrow cells are totally ad­
sorbed at the interface of systems with higher interfacial tension (preceding section),
and therefore they cannot be used.
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Fractionation at short settling times. Representative CCD profiles for the frac­
tionation of bone marrow cells, at a short settling time (5 min), are shown in charge­
sensitive systems with low (Fig. 3A) and intermediate (Fig. 3B and C) interfacial
tensions. A high (L = 0.9/0.7 = 1.3) and a low (L = 0.4/0.7 = 0.6) phase column
were employed. Results are given for a high phase column (L = 1.3; Fig. 3) as similar
single-peak profiles, located in the earlier cavities of the rotor, were also obtained for
a low-phase column (L = 0.6; results not shown).

Assuming that a high proportion of free bone marrow cells is present in the
upper phase of low interfacial tension systems (high P values; see discussion for Fig.
2A) and that free cells settle slowly towards the interface12

, a displacement of free
cells in the top phase of each cavity towards the next one may take place during the
CCD procedure. A low fractionation efficiency (single-peak profile) is obtained as a
consequence of free cell displacement towards the high-numbered cavities of the CCD
rotor (Fig. 3A and ref. 6). In contrast, the fractionation of bone marrow cells in
non-charge-sensitive systems, at both a similar interfacial tension value and a short
settling time, gave rise to two broad subpopulations23

,24, as a result of the small
proportion of free bone marrow cells in the upper phase of low interfacial tension
systems (low p values; ref. 16) and the fact that cells bound to D droplets settle rapidly
towards the interface 1 2

.

Owing to the rising affinity of bone marrow cells for D droplets with increase in
interfacial tension, the P values decrease (Fig. 2 and ref. 16). However, improved
fractionation was not achieved by increasing the interfacial tension of the systems. As
shown, a single-peak profile was also obtained in intermediate interfacial tension
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Fig. 3. Influence of interfacial tension on the fractionation by thin-layer CCD of rat bone marrow cells, at a
short settling time (5 min). Two-phase systems contained (A) 5.0% (w/w) D--4.0% (w/w) PEG, (B) 5.2%
(w/w) D--4.2% (w/w) PEG and (C) 5.3% (w/w) D--4.3% (w/w) PEG polymer concentrations. Distribution
of cells is given in terms of(.) absorbance (410 nm) and (_) haemoglobin (mg/ml) present in each cavity
of the distribution rotor. See text for details.
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systems [5.2% (wjw) D-4.2% (wjw) PEG, Fig. 38, 5.3% (wjw) D-4.3% (wjw) PEG,
Fig. 3C]. In summary, a short settling time (5 min) was not long~enough to improve
the fractionation of bone marrow cells at any suitable polymer concentration.

Fractionation at long settling times. Representative CCD profiles for bone mar­
row cell fractionations at a long (20 min) settling time, in charge-sensitive systems
with low and intermediate interfacial tension values, are shown in Fig. 4A-C. When
using a low phase column (upper phase 0.4 ml; L = 0.6), fractionation into two broad
subpopulations at any polymer concentration is observed (Fig. 4). However, when
using a higher phase column (upper phase 0.9 ml; L = 1.3) only single-peak profiles
were obtained (ref. 6 and results not shown). This means that settling time combined
with the decrease in the height of the phase column affects the fractionation ofhetero­
geneous bone marrow cells more significantly than does the increase in polymer
concentration. Similar conclusions have been reached in experiments with hetero­
geneous avian red cell populations during animal development. CCD fractionation in
two subpopulations was obtained, in this instance, by using a slightly higher volume
of upper phase (0.7 m!) and a 20-min settling time9

-
11

.

A comment must be made in relation to the improvement in fractionation using
a low phase column, i.e., those made using a lower volume (0.4 ml) of upper phase. As
free cells predominate in the upper phase of charge-sensitive systems, the more rapid
settling of phases produced by reducing the height of the phase column should not, by
itself, affect the partitioning behaviour of cells during CCD fractionation. However,
the shorter distance between the cells ad the interface, and the longer settling time, are
both parameters that favour free cell sedimentation and therefore influence CCD
separation. It can then be suggested that most of the free cells (those with a high
surface charge in the bone marrow cell population) would be those located in the
high-numbered cavities of the CCD profile (around cavities 30-50, Fig. 4), whereas
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Fig. 4. Influence of interfacial tension on the fractionation by thin-layer CCO of rat bone marrow cells, at a
long settling time (20 min). Two-phase systems and symbols as in Fig. 3. See text for details.
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cell-D droplet complexes, because of their faster sedimentation, would be located in
the low-numbered cavities (between 5 and 20, Fig. 4).

In summary, more efficient CCD fractionation of bone marrow cells is achieved
when a long settling time (20 min) and a short phase column (L = 0.6) are used.
Changes in interfacial tension then seem not to be as important as variations in
settling time and phase column height to improve the efficiency of bone marrow
fractionation. The above results support the necessity of taking these two parameters
into account when attempting the CCD fractionation of heterogeneous cell pop­
ulations in charge-sensitive systems.
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SUMMARY

The dynamic binding capacity (DBC) of two anion exchangers (particle sizes 30
and 90 f.lm) were evaluated using bovine serum albumin as a model protein. The DBC
showed a Langmuirian dependence on protein concentration. In general, the DBC
decreased with increased loading flow-rate, but this dependence was insignificant with
long (10- and 20-cm) columns. The DBC of the 30-f.lm anion exchanger was only
slightly dependent on flow-rate even in short (5-cm) columns. The breakthrough
curves were generally steeper with narrow columns and with the 30-f.lm material.

INTRODUCTION

In preparative chromatography, the maximum throughput is important for
economic reasons; one would like to load as much protein in as little time as possible.
As suggested by Chase1

, frontal analysis can be used to evaluate the dynamic binding
capacity (DBC) of a chromatographic matrix. The protein is continuously loaded
onto the column at a particular flow-rate until breakthrough of the feed stream
occurs. The amount of protein that has been applied at this point is the DBC. If one
continues to feed the protein through the column, a breakthrough curve is generated,
its slope representing the rate of increase in protein concentration in the effluent. The
sharpness of such a curve provides a measure of the binding efficiency and a clue to
the kinetics involved. This approach is far better than performing batch studies, as it
represents real operating conditions.

The DBC for a particular protein is dependent on many factors 2
: the nature of

the gel matrix3.4, the flow-rate at which the protein is applied to the column, the
column dimensions (i.e., column diameter and bed height), protein size, film, pore
and overall diffusion constants of the protein and the nature of the adsorption iso­
therm of the protein. Regnier and co-workers4

-
6 have collected extensive data on

various parameters that affect the intrinsic loading capacity of silica-based materials

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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for both reversed-phase and anion-exchange chromatography of proteins. Protein
binding depended on the accessible surface binding sites rather than the total surface
area, and the pore size affected not only the loading capacity but also the resolution of
the proteins. An extensive review on ion-exchange chromatography was published by
Helfferich 7

. Despite recent advances in the theoretical understanding of chroma­
tographic processes8- 13 , protein chromatography still remains largely empirical. Re­
cently, Kopaciewicz et al. 14 studied the effects of particle, pore and protein sizes on
the binding capacity of silica-based media. In their study, both static and dynamic
experiments were carried out. They found that the DBC was inversely proportional to
flow-rate and particle size, and the magnitude of these relationships depended strong­
lyon the pore size of the media. The purpose of this work was to study experimentally
the effect of loading flow-rate, column dimensions, gel particle size and initial concen­
tration on the DBC of two agarose-based media for a protein.

EXPERIM ENTAL

Materials
Bovine serum albumin (BSA) (fraction V) was purchased from Miles Diag­

nostics. The two anion exchangers tested were Q Sepharose Fast Flow (FF) and Q
Sepharose High Performance (HP) (Pharmacia). Both of these gels are 6% cross­
linked agarose-based media with similar pore-size distributions (they both have ex­
clusion limit of 4 x 106 daltons). Their average bead sizes are 90 and 30 j1m, respec­
tively. In addition, they share similar chemical properties with -CHzN+(CH3h as the
ion exchange group. Analytical-reagent grade Tris-HCl was obtained from Sigma,
and the fast protein liquid chromatographic (FPLC) system and HR columns (Phar­
macia) were used throughout this study.

Methods
The DBC of Q Sepharose Fast Flow and Q Sepharose High Performance were

evaluated using BSA as a model protein. The DBC is defined as the sample load at
which the sample concentration of the effluent, monitored by UV absorbance at 280
nm, is 10% of the input stream. This is expressed as milligrams of BSA per millilitre
of packed gel. The slopes of the breakthrough curves are approximated by the
straight line connecting 10% and 90% of maximum deflection of the UV trace. Col­
umns of I.D. 5 and 10 mm were packed at bed heights of 5, 10 and 20 em under a
linear flow-rate of5 cm/min. BSA, dissolved in 50 mMTris-HCl, pH 7.0 at 10 mg/ml,
was fed through the gel matrices at linear flow-rates from 0.25 to 4.0 em/min. The
DBC was determined as a function of four parameters: the linear sample loading
flow-rate (F), the column diameter (D), the packed bed height (H) and the average
particle size of the gel. Experiments were performed according to the combinations of
F, Hand D listed in Table I, and two data points were collected for each combination.

The DBC was also determined as a function of initial protein concentration
according to Table II. A 5 mm I.D. column packed with 90 j1m FF material to a
height of 10 cm was used for this study. BSA at concentrations from 1 to 10 mg/ml
was loaded onto the column at 1.0 or 4.0 cm/min.

All experiments were performed at room temperature. To avoid systematic
effects due to uncontrolled variables such as small temperature fluctuations, the order
of the experiments was randomized.
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of the gel bed results. For the 90-flm FF material, we found that the effect of linear
flow-rate on the DBC decreases with increasing bed height. A longer gel bed allows
for a longer residence time, and therefore more time for pore diffusion to be complet­
ed. When using larger gel particles, a long gel bed is recommended to maximize
throughput in the sample loading stage. Naturally, when using a long column, the
tradeoffs are a higher operating back-pressure and an increased separation time.

Effect ofprotein concentration
In Fig. 3, the DBC of the 90-flm FF material is plotted against protein concen­

tration for two loading flow-rates. These two curves are Langmuirian. If batch ad­
sorption of BSA on an ion exchanger is of the Langmuir type, the dynamic ad­
sorption of this protein may exhibit a deviation from Langmuirian behavior owing to
the kinetic effect16

. In this instance, a 10-cm bed was used to guarantee efficient gel
utilization, which explains the similarity of the curves at two different flow-rates.

Effect of column diameter
A higher DBC and a steeper breakthrough are associated with the 5-mm J.D.

columns. We attribute this effect of column diameter to an uneven radial distribution
of protein during sample loading.

CONCLUSIONS

When using smaller particles (HP medium, 30 flm), the DBC hardly depends on
the loading flow-rate even in a short column. Also, steeper breakthroughs are associ­
ated with smaller particles. The tradeoff here is a higher operating pressure.

A long gel bed can compensate for the effect of flow-rate on the DBC when
larger gel particles (FF medium, 90 flm) are used. The tradeoffs here are a higher
operating pressure and a longer separation time owing to the long column.

Dynamic adsorptions at different flow-rates display similar Langmuirian be­
havior if efficient mass transfer is maintained.
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SUMMARY

New separation media based on highly cross-linked porous-bead polymers con­
taining pendant phenolic groups have been prepared. The steric environment and
acidity of the phenolic groups have been varied systematically to provide access to a
new family of separation media useful in the separation of aromatic as well as aliphat­
ic amines. The bead polymers with 10 Jim average size are prepared by suspension
polymerization of 4-tert.-butyloxycarbonyl (t-BOC) derivatives of 4-hydroxystyrene
or analogues with alkyl substituents in positions 3 and 5, with divinylbenzene under
conditions which afford polymers with surface areas of more than 200 m 2 jg. The
t-BOC groups are removed from the bead polymers by a thermolysis process which
greatly facilitates bead processing, The unclassified polymers gave high-performance
liquid chromatography columns with approximately 18 000 plates per meter and were
found to be very effective in the separation of amines.

INTRODUCTION

In the last decade there has been a large increase in the number of polymer­
based high-performance liquid chromatography (HPLC) columns available for diffi­
cult separations. This increase has come about even though the plate counts of the
best of these materials cannot match those of most of the silica-based separation
media. The latter have enjoyed immense popularity because silica-based separation
media can be produced inexpensively with smal1 particle sizes, narrow particle size
distributions, very uniform pore structures and with enough mechanical stability to
easily withstand the high pressures of modern HPLC l

. These properties result in
columns which have high plate counts and very high resolution. In addition, the
reactive silanol groups on the silica surface can be reacted with a variety of organic
moieties to give separation media with a wide range of polarities l , some of which
may, for example, be useful in the resolution of stereoisomers2 , A significant draw-

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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1. : R = CH3

~ : R = CH(CH3)Z

back of the silica columns is their lack of stability in basic media3. Their use under
basic conditions leads to dissolution of the silica matrix with formation of large void
volumes, which limits the kinds of separations that can be performed. In spite of
recent efforts to shield the silica with bulky silanizing reagents4 or thick layers of
polymerS, none of the currently available silica-based materials is truly stable over the
entire pH range.

This pH instability has sparked interest in new materials such as polymeric
HPLC resins because many of these offer pH stability over the entire pH range, which
places fewer limitations on the kinds of separations that can be performed. The first
resins prepared by suspension polymerization were rather large particles, 50-100 11m,
which were not very useful for HPLC6

. Gradual improvements in reactor design and
suspension polymerization methodology7 have allowed the reproducible large-scale
preparation of resins with an average particle size of 5 11m. One of the first high­
resolution polymeric HPLC columns was packed with the PRP-1 resin, introduced in
1980 by the Hamilton company8. This spherical, 10-l1m macroporous resin is a copol­
ymer of styrene and divinylbenzene, which is stable from pH 0 to 14 and can be used
for the separation of a wide variety of organic molecules. Many other unique poly­
meric HPLC columns have since been introduced, including ion exchangers9

, unique
reversed-phase columns10 and a new graphitized carbon column 11. Other develop­
ments in this field include the seeded polymerization technique introduced by Ugel­
stad and co-workers I2 ,13, which allows the production of monodisperse polymeric
resins, thereby avoiding the time-consuming size classification which is necessary with
conventional suspension polymerized resins. The newest innovation has been the
pellicular polymeric resins l4

, which have efficiencies approaching those of the silica­
based materials in certain applications and are likely to see further advances in the
near future.

This paper describes the chromatographic properties of a series of macroporous
polymeric resins containing reactive phenolic functionalities. The design and syn­
thesis of the monomers and polymers used in this study is described in detail else­
where 1S- 17

. Substituted phenol resins were selected since the phenol moiety contains
an acidic hydrogen atom that can form strong hydrogen bonds to basic compounds
such as amines, as demonstrated previously18 in the removal of e-caprolactam from
aqueous solutions by using large particles of a cross-linked poly(hydroxystyrene)
resin. In our research, a series of 10-l1m, rigid, spherical, macroporous beads (Fig. I,
structures 1-3) were prepared, in which the acidity of the phenolic hydrogen and the
steric environment around the phenolic hydrogen ~as changed systematically in or­
der to observe the influence of structure on separation ability.

-fCH,CHHcH;-CHHcH,CH1-.*. ~ ©JOH -{CH-CH;1- Et

Fig. 1. Structure of the cross-linked bead polymers 1-3. Et = Ethyl.
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Polymer beads were packed into HPLC columns with a Chromatem slurry
packing machine for HPLC columns purchased from Touzart and Matignon. For a
typical experiment, 1,5 g of polymer beads were suspended in 15 ml of slurry solvent
(a balanced-density mixture as described in the section below) with the aid of sonica­
tion. This suspension was poured into the column packing tube and packed for I hat
3000 p.s.i. by using methanol as the packing solvent. The analytical HPLC equipment
used included a Perkin-Elmer Sigma 15 chromatography data station, a Perkin-Elmer
Series 10 liquid chromatograph, a Perkin-Elmer LC-25 refractive index (RI) detector,
and a Rheodyne 7125 sample injector equipped with a 6-,u1 sample loop. Stainless
steel columns (15 cm x 0.46 cm I.D.) were purchased from Mandel Scientific, and all
stainless-steel frits were purchased from P.M. Instruments (Toronto, Canada). Platel
meter efficiencies of the columns were calculated from the half-width height of a
pentane peak by using methanol as the mobile phase at a flow-rate of 0.5 ml/min. All
solvents used were HPLC grade and all of the solutes injected on the columns were
purchased from Aldrich. Thermogravimetric analyses were done with a Mettler TA
3000 at a heating rate of lQoC/min and under a nitrogen atmosphere. Detailed experi­
mental procedures for monomer synthesis and suspension polymerizations, as well as
procedures for porosity and particle size analysis, can be found elsewhere 15

,16.

Determination of the balanced-density slurry
A balanced-density solvent mixture is a mixture of two solvents, one having a

higher density and the other a lower density than the polymer beads19
, and the overall

density matching that of the polymer beads. The quantities of the two solvents are
adjusted so that the beads do not rise or fall in the slurry solvent mixture. This helps
to give a more homogeneously packed column because the larger and heavier poly­
mer beads will not tend to settle to the bottom of the column while the slurry is in the
column packing apparatus; this is especially important for an unsized sample of
polymer beads. In order to determine the balanced-density slurry, a small amount of
polymer beads (enough to fit on the tip of a spatula) was placed in a 10-ml vial and 2
ml of carbon tetrachloride (density = 1.594 g/ml) were added. In this solvent the
polymer beads float up to the top of the vial. Methanol (density = 0.791 g/ml) was
then added to the vial from a buret in O.I-ml increments, and the direction of travel of
the polymer beads was observed after the addition of each increment. The addition of
methanol was stopped when the-particles began to sink towards the bottom of the vial
because the balanced density of the slurry was reached at this point. For polymers 1
and 2, the balanced-density slurry composition was methanol-carbon tetrachloride
(1.2: 1.0, v/v), while for polymer 3 it was methanol-carbon tetrachloride (1.4: 1.0, vIv).

Thermal cleavage of the t-SOC groups of 9, 10 and 11
These reactions were done in 100-ml round-bottom flasks equipped with adap­

ters connecting the flasks to a high-vacuum pump. The flask containing the polymer
beads were immersed in an oil bath preheated to 220-230°C and left for time periods
adjusted according to the sample size. Our previous work with t-BOC-protected phe­
nolic polymers17

.
2o has shown that deprotection times can be reduced drastically to a

few minutes by decreasing the size of the polymer sample or by using a slowly rotating
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system for which heat transfer is greatly improved. Fourier transfrom infrared (FT­
TR) spectra confirmed the complete removal of the t-BOC groups after the thermol­
ysis reaction (loss of strong t-BOC carbonyl band centered near 1760 cm -1).

RESULTS AND DISCUSSION

Design and synthesis of the resins
The conditions used in the synthesis of our series of substituted phenolic resins

are outlined schematically in Fig. 2. Suspension copolymerization of the appropriate
alkyl-substitutedp-t-BOC styrene monomer (4-6) with commercial "divinylbenzene"
(55% of 7 and 45% of 8) at 80°C in the presence of a porogen gave a series of rigid,
spherical, macroporous substituted phenolic resins (9-11). High stirring speeds (800
rpm) and high concentrations of suspension stabilizer [2% poly(vinyl alcohol) in
water] were used as these conditions favor the formation of small beads. Cyclohexa­
nol (60% of the total organic phase) was used as the porogen as it gave resins with
high surface areas and porosities. Monomers 4-6, containing the t-BOC protecting
group, were chosen because the t-BOC group can easily be thermolyzed once the
polymer beads have been prepared to yield the desired phenolic functionality 17.

:~~ C"© +
c~

0 CH=CH, Et
I

7 8COOt-Bu

iCH,CHHcH;-CHHcH,CHt-

----~.. '& ~ ~
SUSPENSION R¥R ~ ~
POLYMEI,HZATION 0 -{CH-CHa- Et

I
COOt-Bu

.1.: R=H

i: R= CH3

,[: R = CH(CH3)z ~.c
J!:R=H

~: R= CH3

11 : R =CH(CH3)2
~

.!:R=H

1: R= CH3

1: R =CH(CH3)2

Fig. 2. Preparation of polymers 1-3. Et = Ethyl; I-Bu = lerl.-butyl.

Because of the small scale of the polymer;zation reaction no attempts were
made to size the resin beads, but instead, conditions were optimized to produce
batches with relatively narrow size distributions. Fig. 3 shows an example of a batch
with an average particle size of about 10 ,urn, which was best suited for our study as
distributions with a smaller average particle size led to high column back pressures
because of the large percentages of fines in these samples. The physical data for
polymers 9-11 are reported in Table T, which shows that we were successful in pro-
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10

Particle Size x in Jim

20 30

Fig. 3. Particle size distribution for polymer 9 prepared by suspension polymerization.

ducing a series of resins having small average particle sizes (10-12 fim) and high
surface areas (200-300 m2 jg). This table also shows the thermolysis temperature for
the t-BOC group of each polymer and the percentage weight loss upon heating from
50 to 3000C. In all cases, loss of the t-BOC groups upon thermolysis was confirmed by
FT-IR monitoring as the strong carbonyl band near 1760 em -1, which is character­
istic of the t-BOC groups, was absent after thermolysis. The mole fraction of protect­
ed phenolic units incorporated in each sample could be calculated from these weight
losses. Fig. 4 contains the thermogravimetric analysis trace for 9, demonstrating that
the t-BOC protecting group can be removed cleanly and quantitatively simply by
heating the resin to the appropriate temperature; similar curves were obtained in the
thermolysis of polymers 10 and 11. Fig. 5 shows the cumulative mercury porosimetry
curve for polymer 9. Most of the porosity can be found in pores below 1000 A, which
accounts for the high surface area of this polymer. The rise of this curve above 5000 A
is an artifact of the mercury porosimetry technique and represents the filling of the
spaces between the beads by mercury; similar curves were obtained for 10 and 11.

TABLE I

PHYSICAL DATA FOR POLYMERS 9,10 AND 11

Parameter

Mean particle size (/1m)
(Standard deviation)
Surface area (m 2 jg)
Thermolysis temperature

CC)
% Weight loss
Mole fraction of

phenolic units

Polymer

9 lO 11

10.20 10.42 12.00
(4.4) (4.3) (5.7)

232 313 262
191 211 216

23.4 23.6 21.6
0.39 0.43 0.45
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Fig. 4. Thermogravimetric analysis data recording the loss of t-BOC protecting group upon heating of
polymer 9.

Ease of processing of the bead products resulting from the thermal cleavage of the
t-BOC group

The cleavage of protecting groups in HPLC-size polymer beads though easily
conceived in terms of chemistry, is in fact a demanding and time-consuming oper­
ation due to the physical form of the polymer beads, which presents a special prob­
lem. While excess reagents, solvents and reaction by-products are usually removed
from insoluble polymer beads by filtration, it is extremely difficult to filter very small
polymer beads as small-size particles can easily clog filtration media leading to ex­
ceedingly long filtration times. To avoid these problems, it is convenient to wash the
small beads through a series of decantations with appropriate solvents. This is a
lengthy procedure that may typically require up to four weeks because one must allow
the solvent to fully penetrate the beads and the impurities to diffuse out of the highly
porous beads.

2.0

.-...
'-... 1.5e
'-"..
e
:::I

1.0"0
;;.....:
] 0.5:::Ie
:::Iu

0.0
37 100 500 1000 5000 Pore Radius A

Fig. 5. Cumulative pore volume for polymer 9.
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The t-BOC protecting group was used in this research because it is easily and
cleanly removed by thermolysis in a process which affords only gaseous by-products;
therefore, it can be removed in a solid-state reaction that does not require any sub­
sequent tedious washing procedures to isolate the purified beads. In our process, the
polymer beads containing the t-BOC-protected phenolic groups were placed in a
round-bottom flask and heated to the appropriate temperature under a flow of inert
gas or under high vacuum. The by-products of this reaction - carbon dioxide and
isobutylene 17

- are gases at the temperatures used for the cleavage reaction and are
therefore easily removed. Once the cleavage reaction is complete, the beads are ready
to be packed into HPLC columns without further work-up or washing. It is in­
teresting to note that the thermolysis of the t-BOC groups of polymer 9 results in an
apparent decrease in the surface area of the beads (from ca. 230 to ca. 150 m2 /g) as the
flexibility of the more lightly cross-linked portions of the beads increase during the
heating process and some temporary collapse is observed. However, the original
surface area of the beads is regained (to ca. 225 m2/g) after deprotection if the beads
are again suspended in hexane, allowed to equilibrate and dried in vacuo.

Another advantage of the thermal reaction is that it is free from the steric
inhibition effects which may be observed in the deprotection of the more hindered
phenolic polymers used in this study. For example, we have found that the t-BOC
group of 9 could be cleaved easily and quantitatively by heating to 6YC overnight a
suspension of the polymer beads in a 5% solution of sodium hydroxide in methanol.
In contrast, the t-BOC group of 11 proved much more resistant to cleavage under
these conditions because the bulky isopropyl groups shield the carbonate group from
attack by chemical reagents. Even after seven days of reaction at 6YC a significant
amount of the t-BOC group remained. In contrast, the t-BOC group of 11 can be
removed thermolytically in a few minutes by heating 11 at 200-230°C; accessibility of
reactive sites is clearly not a factor with the thermolysis reaction.

Chromatographic properties of the resins
The polymer beads prepared above were packed without prior sizing into 15 cm

x 0.46 cm I.D. stainless-steel HPLC columns at a solvent pressure of 3000 p.s.i. by
using methanol as the mobile phase and a balanced-density slurry19 of methanol and
carbon tetrachloride. Polymers 1 and 2 gave columns with approximately 18 000

TABLE II

CALCULATION OF HEIGHT EQUIVALENT TO A THEORETICAL PLATE (HETP) FOR HPLC
COLUMNS

Calculated from: N = (tR /WIIZ)Z . 5.545 and HETP = L/N, where N = number of plates, tR = retention
p p

time for pentane (min), W I/2 = width of pentane peak at half-height (min) and L = length of HPLC
column (150 mm). HETP is measured by injection 01'6 pI ofa 2% solution of pentane in methanol by using
0.5 ml/min methanol as the mobile phase.

Polymer I
Rp WIIZ N N/m HETP

(pm)

1 4.85 0.220 2690 17900 55.6
2 5.06 0.225 2800 18700 53.5
3 5.51 0.330 1550 10 300 97.0
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TABLE III

CHROMATOGRAPHIC DATA FOR SEPARATIONS DONE WITH 1

k' = (IR- (0)/10, IR = retention time, 10 = retention time of an unretained component (heptane) and G( =

k' 2/k' ,. Both IR and 10 are in min.

Compound tR 10 k' G(

2,4,6-Tri- lerl. -butylaniline 3.9 3.5 0.1
2,6-Diisopropylaniline 6.6 3.5 0.8 8.1
2,6-Diethylaniline 8.3 3.5 1.4 12.7
2,6-Dimethylaniline 11.2 3.5 2.2 20
Aniline 18.9 3.5 4.4 40

Triphenylamine 6.l 3.5 0.7
Diphenylamine 9.8 3.5 1.8 2.6
Aniline 18.9 3.5 4.4 6.3

N-Ethylaniline 8.2 3.5 1.3
N-Methylaniline 10.3 3.5 1.9 1.5

N,N-Dimethylaniline 6.4 3.5 0.8
N-Methylaniline 10.3 3.5 1.9 2.4
Aniline 19.0 3.5 4.4 5.5

2,6-Dimethylaniline l1.3 3.5 2.2
2,4-Dimethylaniline 14.3 3.5 3.1 1.4

2-Methylaniline 14.8 3.5 3.2
4-Methylaniline 18.7 3.5 4.3 1.3

2-Methylpyridine 12.1 3.5 2.4
4-Methylpyridine 14.7 3.5 3.2 1.3

2,6-Dimethylpyridine 10.9 3.5 2.1
2,5-Dimethylpyridine 13.6 3.5 2.9 1.4
2,4-Dimethylpyridine 15.6 3.5 3.4 1.6

I-Aminonaphthalene 23.7 3.5 5.7
2-Aminonaphthalene 29.5 3.5 7.4 1.3

chromatographic data are given in Table III. The term "IX", which is the relative
retention of one solute with respect to another, is obtained by dividing the capacity
factors (k') of the solutes; the larger the value of IX, the better the separation21 . All of
the values of IX reported in Table III are determined relative to the first component of
each mixture. Elution of these aromatic amines was possible by using a small percent­
age (10%) of a polar solvent, ethyl acetate, mixed with a non-polar solvent, hexane.
The various amines could not be eluted from this column by using pure hexane as the
mobile phase because of the relatively strong hydrogen bonds which are formed
between the amines and the phenolic hydroxyl. Low flow-rates were used with the
columns of unsized beads since higher flow-rates (> 1.5 ml/min) caused excessive
pressure drops.

Fig. 6a shows that aniline, 2,6-dimethylaniline, 2,6.diethylaniline, 2,6-diisopro­
pylaniline and 2,4,6-tri-tert.-butylaniline are all easily separated from one another by
polymer 1. The most hindered molecule, 2,4,6-tri-tert.-butylaniline, elutes with the
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column dead volume because it is too hindered to form hydrogen bonds with the
phenol, while the least hindered molecule, aniline, shows the most retention because it
can most easily form hydrogen bonds with the phenol. Fig. 6b illustrates the sep­
aration of triphenylamine, diphenylamine and aniline; Fig. 6c shows a good sep­
aration of N-methylaniline and N-ethylaniline, while Fig. 6d confirms that this col­
umn can easily separate primary, secondary and tertiary amines. Fig. 6e-g shows
good separations for aromatic amine isomers, namely 2,6- and 2,4-dimethylaniline, 2­
and 4-methylaniline and 1- and 2-aminonaphthalene. In each case, the least sterically
hindered amine shows the greatest retention on the column.

Fig. 7a and b shows that excellent separations are obtained on resin 1 with some
alkyl pyridine isomers, 2- and 4-methylpyridine, as well as 2,4-, 2,5- and 2,6-dimethyl­
pyridine. For the separation of pyridines, which are generally more basic than ani­
lines22

, a more polar mobile phase, ethyl acetate-hexane (90: 10, vjv), was required to
achieve retention times similar to those of the aromatic amines. At this point, it
should be pointed out that these types of separations are normally very difficult to
carry out on any type of silica-based separation media because of the severe hydrogen
bonding and the ion-exchange type of interactions which occur between the amines
and the residual silanol groups on the silica surface23

; such interactions generally lead
to badly shaped chromatographic peaks.

The separations discussed above were then performed on polymers 2 and 3

TIME (min) 10 20

a

b

Fig. 7. Separation of substituted pyridines by using polymer l. A IS-em column was eluted with ethyl
acetate-hexane (90:10, v/v) at 0.5 ml/min.
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under the conditions used with 1; typical results are shown in Fig. 8. While baseline
resolution of 2,6- 2,5- and 2,4-dimethylpyridine can be achieved by using the unhin­
dered phenol polymer, 1, the separation becomes progressively worse as the steric
hindrance around the phenolic hydroxyl is increased. It is not surprising to see that
the pyridines have less retention on the hindered phenol columns because the hinder­
ed phenols are less acidic than the unhindered phenol24 and would be expected to
form weaker hydrogen bonds with nitrogen containing compounds. In these cases,
the decreased acidity and increased steric hindrance in 2 and 3 do not help to improve
the selectivity of the separations. An aditional example of the differences which are
observed in the separation of substituted pyridines with columns packed with poly­
mers 1-3 is shown in Fig. 9. It is seen in this figure that some advantage may be taken
of the differences in retention between the three types of packing materials. The

a

b

c~

~
Cl::
Cl::

; )
.... 1------.--'
Cl:: ....L ..&..- _

TIME (min) 10 20

Fig. 8. Separation of substituted pyridines on IS-em columns of (a) polymer I, (b) polymer 2, and (c)
polymer 3, by using ethyl acetate-hexane (90:10, v/v) at 0.5 ml/min.
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Fig. 9. Separation of substituted pyridines on [5-cm columns of (a) polymer 1 (Fig. 9a), (b) polymer 2, and
(c) polymer 3, by using ethyl acetate-hexane (90: [0, vjv) at 0.5 m[jmin.

improved separation characteristics observed with columns packed with 2 or 3 likely
result from the increased steric demands of these two polymers; it is noteworthy that
columns packed with 2 or 3 also provide faster elution times.

It was expected that the hindered phenolic polymers 2 and 3 might prove even
more versatile for the separation of aliphatic amines, which are much more basic than
pyridines and anilines. As can be seen in Fig. lOa it is virtually impossible to achieve
any meaningful separation of aliphatic amines by using polymer 1. The phenol moiety
of 1 has a pKa of approximately 10 (in aqueous solution), while the pKa of the
conjugate acid of most aliphatic amines lies between 9 and 10 (ref. 24). In this region
ofpKa values, proton exchange can occur between a phenol and an amine in addition
to very strong hydrogen bonding. The separation attempted in Fig. lOa involved
l-phenylethylamine and 2-phenylethylamine on a column packed with polymer 1; in
this separation a very polar solvent, methanol, was required to achieve elution of the
aliphatic amines. It can be seen that both of these amines adsorb so strongly onto 1
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a

b

TIME (min) 10 20

Fig. 10. Attempted separation of isomeric aliphatic amines by using IS-em columns packed with (a)
polymer I, and (b) polymer 3, by using methanol at 0.5 ml/min.

that the resulting chromatographic peaks are so broad as to virtually disappear in the
baseline.

2,6-Dimethylphenol and 2,6-diisopropylphenol are reported to have pKa values
of 10.6 and 11.1 respectively24, which means that they are significantly less acidic than
the unhindered phenol moiety and therefore should form weaker hydrogen bonds
with aliphatic amines. Fig. lOb shows that more "normal" chromatographic peaks
can be obtained with polymer 3 for a mixture of 1- and 2-phenylethylamine. Both the
reduced acidity of 3 and the sterically congested environment of its phenolic group
contribute to weaken the strength of the hydrogen bonds to the amino groups. This
effect has been quantified previously with low molecular weight analogues25 . Fig. IIa
shows that the separation of these two compounds can be further improved by using
methanol-water (80:20, v/v) as the mobile phase; Fig. 11 b shows a similar separation
of benzylamine, 2-phenylethylamine and 4-phenylbutylamine by using 3 as the sep­
aration medium and methanol-water (80:20, v/v) as the mobile phase.

Here again the ability of 3 to separate aliphatic amines is important in terms of
potential practical applications since silica-based adsorbents are generally not suit­
able for the separation of such systems. In a recent article26, procainamide, which
contains a tertiary aliphatic amine group, showed very bad tailing on an octadecyl
silica gel because of interactions, with residual silanol groups, which have been re­
ported to have pK;s ranging from 5 to 10 (ref. 27). In addition, our columns can
operate both with aqueous as well as non-aqueous mobile phases, while bonded silica
columns tend to be unstable3 above pH 7.
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Fig. I I. Separation of aliphatic amines on a IS-em column of polymer 3 by using methanol-water (80:20,
v/v) at 0.5 ml/min.

CONCLUSION

This work demonstrates that the versatility of functionalized polymers can be
applied to the preparation of HPLC separation media. The porous polymers can be
used in both organic and aqueous media and their adsorption properties can be tuned
to accommodate a variety of organic separations. In the case of our poly(hydroxysty­
rene) resins, both the steric environment and the pKa of the phenolic groups are
important variables which control the ultimate HPLC properties of the polymers.
While suspension polymerization may be used effectively to prepare highly porous
high-surface area resins, other techniques which can be used to produce porous but
uniformly sized resins may provide another dimension to the approach. Our current
work is also directed towards novel, monodispersed, non-porous, small-diameter
beads with a high density of surface functionalities.
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SUMMARY

Thymidine and 2'-deoxyadenosine were reacted with phenyl glycidyl ether in
order to study the formation of the corresponding 2'-deoxynucleoside adducts. Sep­
aration methods were elaborated using either reversed-phase high-performance liquid
chromatography with photodiode-array detection, or centrifugal circular thin-layer
chromatography. The adducts' were isolated on a preparative scale and were fully
characterized by UV spectroscopy, desorption chemical ionization and fast atom
bombardment mass spectrometry and 270- and 360-MHz lH NMR spectrometry.
For thymidine the main adduct was characterized as N-3-(2-hydroxy-3-phenoxypro­
pyl)thymidine. With 2'-deoxyadenosine, predominantly N-l-(2-hydroxy-3-phenox­
ypropyl)-2'-deoxyadenosine was formed. With longer reaction times, the formation
of a minor amount of dialkylated 2'-deoxyadenosine was observed. These nucleoside
adducts will be used as marker compounds for studies of DNA adduct formation.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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INTRODUCTION

E. VAN DEN EECKHOUT et al.

Mono- and bifunctional glycidyl ethers are widely used for the production of
epoxy resins and to improve the processing and stability of industrial polymers.
Therefore, their structure-mutagenicity and structure-genotoxicity relationships have
been the subject of in vitro l - 13 and in vivo studies2 ,14-17 in order to assess the genotoxic
potential of these particular chemicals.

From a review published by Hopkins l8
, it could be concluded that although

these compounds were mutagenic, in vitro and in vivo studies needed more emphasis.
Further, as it has been reported that workers exposed to glycidyl ethers suffered skin
and eye irritation and allergic reactions 19 and that even adverse testicular and
haemopoietic effects have been described20

, a thorough study of the biological action
of these compounds is warranted. The effects described above led in 1978 to
recommendations for limiting the occupational exposure to these compounds 19

. It is
generally believed that reactions of eiectrophilic reactants with sites in DNA, RNA or
protein are fundamental to the induction of mutations. Our interest in the structure­
mutagenicity relationships for aliphatic epoxides I2 ,13,21-25 and in the reactivity of
some of these epoxides with 2'-deoxynucleosides and DNA26-28 prompted us to
extend the limited literature9

,29 on the reactivity and identification of adduct
formation between phenylglycidyl ethers and 2'-deoxynucleosides.

In this paper we report the separation and structure elucidation of the nucleoside
adducts formed between 2'-deoxyadenosine and thymidine with phenyl glycidyl ether.
For this purpose, preparative centrifugal circular thin-layer chromatography (TLC)
and both analytical and preparative reversed-phase high-performance liquid chroma­
tography (HPLC) were used. On-line identification during HPLC analysis was done
by means of a photodiode-array detector, which proved to be a powerful approach for
the assignment of the alkylation site. The main adducts isolated were confirmed by
means of mass spectrometry (MS) and nuclear magnetic resonance (NMR) spec­
trometry.

EXPERIMENTAL

Materials
All solvents were of analytical-reagent grade. Phenyl glycidyl ether (2,3­

epoxypropyl phenyl ether) was obtained from Janssen Chimica (Beerse, Belgium), and
was distilled in vacuo before use. 2'-Deoxyadenosine (dAdo) and thymidine (Thy) were
purchased from Sigma (St. Louis, MO, U.S.A.). 3-Phenoxypropane-l,2-diol was
synthesized as reported 30.

Reaction of 2'-deoxynucleosides with phenyl glycidyl ether
Thymidine or 2'-deoxyadenosine (2 mg) was dissolved in 2 ml of methanol and

1 ml of 1 M phenyl glycidyl ether in methanol was added. The compounds were
allowed to react for 24 or 48 h at 37°C in tightly sealed test-tubes equipped with
a PTFE-lined screw-cap. For preparative purposes 50 mg of 2'-deoxynucleoside in
methanol were used.
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Thin~layer chromatography
TLC was performed on silica gel 60 G F 254, thickness 0.25 mm (10 cm x lO cm

plates) (E. Merck, Darmstadt, F.R.G.). The following solvent systems were used as
mobile phases: (I) dichloromethane-methanol (90:10); (II) dichloromethane-metha­
nol (60:20); (III) butanol-acetone-acetic acid-water (10: 10:2:5); (IV) dichloro­
methane-tetrahydrofuran (THF) (20:80); and (V) isopropanol-ammonia-water
(70: lO:20). i

A lO-1l1 volum~ of the reaction mixture was applied to the plate, together with
Thy, dAdo (I mg/ml), phenyl glycidyl ether (I mg/m!) and phenoxypropane-l ,2-diol (I
mg/ml) (synthesized30

) as reference compounds.

Preparative centrifugal circular thin-layer chromatography
Centrifugal circular TLC was performed on a Chromatotron instrument

(Harrison Research, Palo Alto, CA, U.S.A.). Silica gel plates were used with a layer
thickness of 2 mm, prepared by suspending 65 g of Kieselgel 60 P F254 (E. Merck) in
130 ml of distilled water.

Analysis of the thymidine-phenyl glycidyl ether reaction mixture. The mobile
phase was dichloromethane-THF (30:70) at a flow-rate of 7 ml/min. For samples
preparation, after reaction 24 or 48 h (see above), the methanol was removed under
reduced pressure and the residue was dissolved in 1.1 ml ofTHF containing 3 drops of
methanol. The amount injected was 1.0 ml.

Under these conditions and with both reaction times, three compounds eluted,
with RF values from analytical TLC on silica gel of 0.95, 0.80 and 0.70. The first band,
identified as phenyl glycidyl ether, was discarded. The other two compounds were
collected, the solvent was removed under reduced pressure and the residues were
analysed by NMR and MS. The compound with RF 0.70 was identified as thymidine
and that with RF 0.80 as an adduct.

Analysis of the 2'~deoxyadenosine-phenyl glycidyl ether reaction mixture. The
mobile phase was dichloromethane-THF (20:80) at a flow-rate of 7 ml/min. Samples
and amounts injected were as for thymidine.

When the reaction was performed for 24 h, four compounds were separated,
with R F values from analytical TLC on silicagel of 0.10, 0.36, 0.80 and 0.95. However,
when the reaction was performed for 48 h, five compounds were detected, with RF

values from analytical TLC on silica gel of 0.10, 0.20, 0.36, 0.80 and 0.95.
The bands with RF 0.36 (AD-I) and 0.20 (AD-2) were collected. After removal of

the solvent under reduced pressure, AD-l (main compound) was subjected to NMR
and desorption chemical ionization (DCI) MS. AD-2 was subjected only to DCI and
fast atom bombardment (FAB) MS, as the amount recovered was insufficient for
NMR analysis.

Analytical reversed-phase HPLC
Analytical reversed-phase HPLC was done on a chromatograph equipped with

a Waters Assoc. M-45 pump and a 20-lll six-way Valco valve external loop. Detection
was effected with a Hewlett-Packard Model 1040A photodiode-array detector
equipped with a Hewlett-Packard Model 8290M flexible disk drive and Hewlett­
Packard 85 computer.

For the analysis of the thymidine-phenyl glycidyl ether and the deoxyaden-
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osine~phenyl glycidyl ether reaction mixtures, a 10 RP-18 column (25 cm x 4.6 mm
J.D.) (Bio-Rad, Ghent, Belgium) was used. The eluent for the thymidine-phenyl
glycidyl ether mixture was 0.01 M ammonium formate (adjusted with formic acid to
pH 5.l)-methanol (95:5) at a flow-rate of 2 ml/min. For deoxyadenosine-phenyl
glycidyl ether the same eluent was used but in the proportions 90: 10, at a flow-rate of
1.8 ml/min. The detection wavelength was 260 nm.

Preparative reversed-phase H PLC
Preparative reversed-phase HPLC was used for the isolation of the main

2'-deoxyadenosine adduct. This was done on the same apparatus as for the analytical
separations but with a 10 RP-18 (25 cm x 2.2 cm J.D.) column (Alltech). The mobile
phase was 0.01 M ammonium formate (pH 5.l)-methanol (80:20) at a flow-rate of7.2
ml/min. The mixtures after reaction for 24 and 48 h were injected separately using
a six-way Valco valve with a 100-pl loop. The detection wavelength was 260 nm.

NMR spectrometry
One-dimensional (1D) IH NMR spectra were run on a Bruker WH 360

apparatus at 18°C with 2% solutions. A pulse of 2 ps, quadrature detection and
a resolution of 0.208 Hz per point were used.

A spin-lock experiment31 ,3Z was performed on 3 mg of dAdo adduct in 0.4 ml of
methanol-water (1:1, v/v) at 30°C on a Bruker AM 270 spectrometer. The experiment
was recorded with the pulse sequence PS-900-t l -SL-tz, SL being a 100-ms spin-lock
pulse with 4.0-kHz field strength and PS a I-s presaturation period on the water signal.
The phase of the first pulse was incremented with t l to obtain pure absorption spectra
[Time Proportional Phase Increment (TPPI) method]33. In a total time of 15 h, 256
interferograms of 1K data points were recorded. These were multiplied by a n/3 shifted
sine-bell, Fourier transformed and phase-corrected. The t l interferograms were
multiplied by a n/3 sine-bell, zero-filled to lK, Fourier transformed and phase­
corrected. The digital resolution in both dimensions was 5.8 Hz per point.

Desorption chemical ionization mass spectrometry
DCI mass spectra were recorded on a Ribermag 10-1 OB quadrupole mass

spectrometer (Nermag, Paris, France) equipped with a Sidar data system. Primary
ionization of the reagent gas (ammonia) was done with the aid of70-eV electrons. The
ionizaton current was 0.08 rnA and the source temperature was 100°C. The ion source
pressure was 0.1 mmHg. The compounds were brought onto the DCI probe with
a microsyringe. After evaporation of the solvent, the DCI probe was heated at a rate of
9 mA/s. Spectra were recorded over a mass range of 100-600 u using an integration
time of 2 ms/u. The ion current profile generated during DCI was reconstructed from
the total ion current associated with each of the consecutively recorded mass spectra
and the mass spectra which were associated with the scan numbers corresponding to
the maximum intensity in the reconstructed total ion current profile were plotted for
interpretation.

Fast atom bombardment mass spectrometry
FAB-MS and tandem MS (MS-MS) were carried out on a VG 70 SEQ

hybrid mass spectrometer (VG Analytical, Winsford, UK.), controlled through a VG
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11-250 data system. The instrument is equipped with an Ion Tech saddle field atom gun
and consists of a high-resolution double-focusing mass spectrometer (MS-I) with EB
configuration followed by an radiofrequency (RF)-only quadrupole collision gas cell
and a high-performance quadrupole mass analyser, which is used as MS-II. Samples
were dissolved in the minimum amount of methanol and a I-pI aliquot was added to
the matrix (e.g., glycerol). Fast atom bombardment by a I-mA beam of 8-keV xenon
atoms was used to desorb ions from the matrix. Spectra were recorded by repetitive
scanning over the range 20-600 u using a scan time of 2 sjdecade.

MS-MS or daughter ion spectra were obtained by collisionally activated
decomposition (CAD) using argon as collision gas in the third field-free region
(RF-only quadrupole collision gas cell) and by scanning MS-II. The FAB-MS­
CAD-MS spectra were obtained by averaging ten scans.

Ultraviolet spectroscopy
UV spectra were recorded on-line during HPLC analysis in the HPLC solvent

system with the aid of the photodiode-array detector.
UV spectra from preparatively isolated samples such as AD-l and Th-l were

taken off-line on a Perkin-Elmer Lambda 15 UV-VIS spectrophotometer equipped
with a Perkin-Elmer EX-800 printer.

Dried samples were diluted in water to obtain absorbance values between 0.5
and 1.0. UV spectra were recorded at acidic pH by mixing the aqueous samples with an
equal volume of 0.1 M hydrochloric acid or at alkaline pH by mixing with an equal
volume of 0.1 M sodium hydroxide solution. Aliquots of preparatively collected
fractions were mixed with an equal volume of 12 M hydrochloric acid to observe any
changes in the UV spectrum 18 h after addition of the acid.

RESULTS AND DISCUSSION

Thymidine and 2'-deoxyadenosine were reacted with phenyl glycidyl ether in
methanol. After 24 and 48 h at 37°C, the resulting reaction mixtures were analysed and
the structures of the resulting 2'-deoxynucleoside adducts were elucidated. Phenoxy­
propane-l,2-diol was formed in minor amounts as a hydrolysis product of phenyl
glycidyl ether in some of the reactions.

HPLC-UV spectroscopy
As it has been shown that nucleoside mixtures are excellent candidates for HPLC

analysis, the adduct formation described above was investigated by reversed-phase
HPLC using 0.01 M ammonium formate (pH 5.1)-methanol mixtures as eluents.

The eluted compounds were detected by a photodiode-array detector, which is
particularly useful in these analyses as the recording of detailed UV spectra of the
compounds in the mixture indicates the location of the alkylated 2'-deoxynucleosides
on the HPLC trace. Further, these UV data give a strong indication of the alkylation
site on the heterocyclic base moiety, as supported by the work of Singer34

, who
published a large amount ofUV spectral data for nucleosides. She showed that the UV
spectra ofnuc1eosides obtained at different pH values, together with the calculation of
the absorbance ratio measured at 254 and 280 nm, provide information on the
alkylation site on the heterocyclic base moiety. Our group has used this approach for
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TABLE I

COMPARATIVE TABLE OF UV SPECTRAL DATA OF ADDUCTS OF THYMIDINE AND
DEOXYADENOSINE

AdducI So Iven I Am(.lX Ralio,
(nm) 254/280 nm

N-3-Ethylthymidinea H 2O 269 0.95
pH I 269

N·3-Epichlorohydrin-thymidineb H2O 269 1.00
pH I 269

N-3-Phenyl glycidyl ether-thymidine' H 2O, 269 1.00
pH I 269

Thymidine' H2O, 267 1.20
pH I 267

N-I-Propylene oxide-deoxyadenosineb H 2O, 259 2.8
pH I 259 3.1

N-I-Glycidoldeoxyadenosineb H 2O, 258 2.5
pH I 258 2.5

N-I-Phenyl glycidyl ether-deoxyadenosine' H2O 261 2.4

a Ref. 34.
b Ref. 27.
, Our results.

the identification of N-3-alkylated thymidines formed by the reaction between
thymidine and several propylene oxides2

7. The results obtained in these studies, as they
pertain to the present study, are summarized in Table I. Comparison with the UV
results given by photodiode-array detection coupled with HPLC as summarized in
Table II led to the suggestion of N-I alkylation for 2'-deoxyadenosine and N-3
alkylation for thymidine, as the 254/280 nm ratios of the isolated peaks corresponded
to the ratios found by either Singer or our group.

TABLE II

HPLC CAPACITY FACTORS, UV PEAK MAXIMA AND 254/280 nm ABSORBANCE RATIOS FOR
PEAKS FROM THYMIDINE AND DEOXYADENOSINE REACTIONS AS SHOWN IN FIG. 2

Peak k'a

dAdo 8.5
AD-I 19.5
Phenyl glycidyl ether-diol 23.5d

Phenyl glycidyl ether 33.0d

Th-l 0.65
Thy 3.53

"-max (nm) (ralio)'

0.05 M HClb pH 5.1 0.05 M NaOHb

257 (4.4) 260 (5.9) 260 (6.0)
261 (2.4) 261 (2.4) 263 (2.1)

269 (1.0)
269 (1.0)

269 (1.0) 269 (1.0) 270 (1.0)
267 (1.2) 267 (1.2)

a Capacity factors by reversed-phase HPLC, k' = (I - 10)/10,
b Reagents (0.1 M HCI or 0.1 M NaOH) added to an equal volume of sample in water, so that the

absorbance is between 0.5 and 1.0.
, Peak maxima in nm and 254/280 nm absorbance ratios in parentheses.
d Capacity factor in the solvent system 0.01 M ammonium formate (pH 5.l)-methanol (90:10);

flow-rate 1.8 ml/min.



ADDUCT FORMAnON: PHENYL GLYCIDYL ETHER, dAdo AND Thy 119

(b)

IAU 0.08AU 10.02

4b
TIME (min )

2010

a

(a)

1 2 :3 .4 5
TIME (min )

Fig. I. (a) Analytical reversed-phase HPLC of dAdo-phenyl glycidyl ether reaction mixture. Column, LO
RP-18 (25 cm x 4.6 mtn 1.0.); eluent, 0.01 M ammonium formate (pH 5. I)-methanol, 90:10) flow-rate, 1.8
ml/min, (b) Analytical reversed-phase HPLC of Thy-phenyl glycidyl ether reaction mixture. Column, LO
RP-18 (25 cm x 4.6 mtn 1.0.); eluent, 0.01 M ammonium formate (pH 5. I)-methanol, (95:5); flow-rate, 2.0
ml/min.

For both the 2'-deoxyadenosine-phenyl glycidyl ether mixture and the thy­
midine-phenyl glycidyl ether mixture, the eluents used separated the reaction product
from the other components, i.e., unreacted base, phenyl glycidyl ether and phenyl
glycidyl ether-diol, which is sometimes formed in minor amounts. The results obtained
for the reaction mixtures after 24 and 48 h are given in Fig. la and b and Table II.
Adduct formation in the thymidine reaction mixture after 24 and 48 h was identical.
For deoxyadenosine, however, although the analytical HPLC traces of the 24- and
48-h reaction mixtures were identical, preparative isolation of the adduct peak (tR =
27.6 min) (Fig. 2) revealed that in the 24-h mixture only a monoalkylated adduct was
formed (see mass spectra), whereas in the 48-h mixture mono- and dialkylated adducts
were formed and not separated in the present system.

10 2'0 30 40 50 60
TIME (min)

Fig. 2. Preparative reversed-phase HPLC of dAdo-phenyl glycidyl ether reaction mixture. Column, 10
RP-18 (25 cm x 2.2 cm 1.0.); eluent, 0.01 M ammonium formate (pH 5. I)-methanol, (80:20); flow-rate, 7.2
ml/min.
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Thin-layer chromatography and preparative circular thin-layer chromatography
As a preliminar screening technique and to establish conditions for circular

TLC, regular TLC in several solvent systems was tried. The results for the 48-h
thymidine and deoxyadenosine reaction mixtures are given in Table III. In the
thymidine reaction mixture only one reaction product is detected in all the systems
used; in the 24-h 2'-deoxyadenosine reaction mixture one product is formed and in the
48-h mixture in solvent systems II and IV two products are separated.

TABLE III

RF VALUES OF 48-h THYMIDINE AND 2'-DEOXYADENOSINE REACTION MIXTURES

Solvent dThy TH-l dAdo AD-2 AD-l Phenyl glycidyl Phenyl glycidyl
ether-dial ether

I 0.38 0.67 0.33 0.16 0.16 0.80 0.95
II 0.82 0.90 0.61 0.32 0.21 0.88 1.00
III 0.79 0.79 0.69 0.60 0.60 0.79 1.00
IV 0.70 0.80 0.10 0.20 0.36 0.80 0.95
V 0.87 0.92 0.92 0.95 1.00

As TLC gave a good separation of the reaction products the technique of
centrifugal circular TLC on a Chromatotron instrument was evaluated to obtain pure
2'-deoxynucleoside adducts for subsequent 1H NMR and mass spectral analysis. If an
appropriate solvent system can be found, the latter technique provides an elegant and
rapid method for the isolation of pure phenyl glycidyl ether adducts. As a separation
method elaborated on an analytical TLC plate can in most instances be easily
transferred to the centrifugal circular TLC (Chromatotron) system without too large
a decrease in efficiency, an analytical TLC system was first elaborated for both
reaction mixtures. The results are summarized in Table III.

Some restrictions are imposed on the use of solvent systems in circular TLC.
Therefore, mixtures of THF and dichloromethane were tested for preparative
purposes.

The thymidine reaction mixture was easy to analyse as two well separated bands
could be collected. NMR and MS, discussed below, identified the compound with RF

0.80 as a monoalkylated thymidine adduct. The two 2'-deoxyadenosine adducts were
characterized as monoalkylated material (AD-I) and a mixture of mono- and
dialkylated material (AD-2). The fact that the second band contained a mixture of
mono- and dialkylated material could be explained by the difficulty in the visual
resolution of bands with a low RF value in the Chromatotron system. Bands with
a high RF value are sharp, in contrast to bands with a low RF value, which tend to be
diffuse, rendering a complete separation difficult.

Thymidine adduct
The 1H NMR data for the thymidine adduct in [2H6]dimethyl sulphoxide

WH6]DMSO) and of the 2'-deoxyadenosine adduct in [2H4]methanol-water (I: I) are
given in Table IV, together with the appropriate reference data. Compared with
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thymidine, additional resonances in the region c5 = 3.88-4.14 (six protons) and the
aromatic region (five protons) indicated the presence of a phenyl glycidyl ether moiety
on the pyrimidine ring.

In order to exclude possible alkylation at the sugar hydroxyl functions, the
spectra of the phenyl glycidyl ether-thymidine adduct were recorded in [ZH6]DMSO
and [zH6]DMSO-trifluoroacetic acid (TFA). In the latter spectrum there is a nar­
rowing of the H'-3 and H'-5 pattern, wich could be explained by the disappearance of
the 3J(H,OH) coupling. This was proof of the presence of an intact 2'-deoxy­
ribofuranosyl moiety. When we considered in more detail the OH resonances in the
eH6]DMSO spectrum, the doublet at c5 = 4.2 ppm could be assigned to 3'-OH and the
triplet at c5 4.95 to 5'-OH. Two triplets were found at 5.19 and 5.22 ppm, each
integrating for one proton. The signal at c5 = 5.22 ppm belongs together with
a resonance at c5 = 3.15 ppm (shown by a double irradiation experiment) to an
impurity. The resonance signal at c5 = 5.19 ppm was assumed, however, to be built up
of two doublets originating from the phenyl glycidyl ether hydroxyl function. The
latter observation was substantiated by the observation that the proton resonances of
the phenyl glycidyl ether moiety were split, conistent with the occurrence of two
different hydrogen bridges, as shown in Fig. 3.

," 0
I" ° 0-0- H,C6! '!-ko

0- 0 - H 2C,2"tH 6tCH '-CH2'N6tCH3HC' "N3 4
1 5 3 3" 3 5

I 12 1 Jzl I
o'H..·o0--N 6 H ° N 6 HH0-d H0-d

OH OH
Fig. 3. Possible formation of hydrogen bridges ofN-3-(2-hydroxy-3-phenoxypropyl)thymidine. 0 = Phe­
nyl.

This was an indication that the reaction between thymidine and phenyl glycidyl
ether occurred at N-3 and at the less hindered position of the phenyl glycidyl ether.
Because of degeneration of the spin system of H-1A", H-1B" and H-2", their mutual
coupling constants could not be measured. For H-2", H-3A" and H-3B" we observe
a downfield shifrin the range of 0.37-0.62 ppm, caused by the change of linkage from
an OH to the base and another indication that the reaction occurred at C-3" of the
glycidyl ether, which confirmed our finding from the OH resonances. The coupling
constant 2J(3A", 3B") of 12 Hz in the adduct (Table V) could be attributed to the C-2",
C-3" moiety of the glycidyl part by comparison with the coupling constants of phenyl
glycidyl ether-diol in zHzO solution. We must point to the collapse of the two protons
of C-l" for the two modifications, which is acceptable only if the phenoxy-CH2(1")
part does not belong to one of the supplementary rings caused by the hydrogen bridge.

Adenosine adduct
The 360-MHz IH NMR spectrum of the adenosine adduct was recorded in

[ZH4]methanol. Comparison of the chemical shifts of the glycidyl moiety in the adduct
with those observed in phenoxypropane-l ,2-diol showed an important downfield shift
in the range of 0.6-0.7 ppm of the protons on C-3", which indicates that the reaction
occurred on the less hindered carbon atom. The assignments of the ID 1H NMR
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effect between one of the purine ring protons and H-I' of the sugar moiety. When we
took the H-I'-H-2 and H-I'-H-8 distances into consideration and took into account
that only one cross-peak was observed, we may accept an ROE contact between H-l
and H-8. This hypothesis was substantiated by the observation of ROE cross-peaks
between the protons on C-2" and C-3" with H-2 of the base. An ROE effect between
H-8 and the protons on the phenyl glycidyl part is excluded.

The observations discussed above can only be explained if the reaction has
occurred between N-l and the less hindered epoxide carbon atom of the phenyl
glycidyl moiety.

The ROE effects are show in Fig. 4. Indeed, if the reaction had occurred between
N-l and C-2", an ROE effect between H-2 and H-3" would have been impossible and
an NOE effect between H-2 and H-l" must be expected (Fig. 5a). The occurrence of an
ROE contact between H-3" and H-2" with H-2 implies that the reaction did not occur
at the NH on C-6. In this instance an ROE contact between H-2 and H-2" and also
between H-2 and the H-3" resonances is unlikely (Fig. 5b). From the ROE data there is
little doubt that the reaction occurred between N-I and C-3" (Fig. 4).

The DCI (ammonia) mass spectrum of the phenyl glycidyl ether adduct of
thymidine was characterized by the presence ofa protonated molecule [MH] + atmjz =

393 (100%). Fragment ions were detected at mjz = 277 (72%), mjz = 188 (84%), mjz
= 116 (36%) and mjz = 134 (38%). The ion at mjz = 277 can be assigned to the base
protonated ion (BHz) + as a result of a rearrangement process involving the cleavage of
the anomeric C-l'-N bond36 and subsequent loss of a molecule of phenol results in the
formation ofmjz = 183. The fragment ions at mjz = 116 and 134 can be attributed to
the sugar protonated ion, [S - H) + and [S - H) . NHt.
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Fig. 6. FAB mass spectra of the tymidine-phenyl glycidyl ether adduct: (a) positive and (b) negative ion
mode.
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With the phenyl glycidyl ether adduct of 2'-deoxyadenosine, structurally
analogous ions were observed, although [MH] + was less abundant. The following ions
were detected: m/z = 402 ([MH] +, 15%), m/z = 286 ([BH2]+, 100%), m/z = 192
([BH2 -phenol]+, 20%), m/z = 116 (35%) and m/z = 134 (48%). In both instances
the typical rearrangement ions for 2'-deoxynucleosides, i.e., [B+30]+ and [B+28]+
were absent.

Analysis ofthe phenylglycidyl etheradduct formation for 2'-deoxyadenosine after
a prolonged reaction time (48 h) revealed the presence of additional ions at m/z =
552 and 436. These are suggestive of a bisalkylated 2'-deoxyadenosine. This was
unequivocally proved with the aid of FAB-MS-MS.

The FAB mass spectra (positive-ion mode) show a remarkable similarity with
the DCI spectra. The positive FAB mass spectrum of the phenyl glycidyl ether adduct
of thymidine yields a protonated molecule [MH]+ at m/z = 393 (Fig. 6a). The intense
fragment ions at m/z = 277 and 117 are formed by cleavage of the N-glycosidic bond
and correspond to the chemically modified base [BH2] + and the sugar moiety [S] +,
respectively. The [BH 2]+ ion further decomposes by loss of even-electron species,
giving rise to fragments at m/z = 259 (loss of H 20), m/z = 183 (loss of phenol),
m/z = 165 (combined loss of H 20 and phenol) and m/z = 127 (loss of phenyl glycidyl
ether). Additional structural information is obtained from the fragmentation of the
2-hydroxy-3-phenoxypropyl group (R)(e.g., R + at m/z = 151, [R - H 2] at m/z = 149,
[R-H20]+ at m/z = 133 and [R-C2H40r at m/z = 107).

The FAB mass spectrum (negative ion mode) of the phenyl glycidyl ether adduct
of thymidine shows an [M - H]+ ion atm/z = 391 and a fragmentation pattern similar
to that obtained in the positive ion mode (Fig. 6b). Only limited additional structural
information is gained. The abundant ion at m/z = 93 corresponds to the phenolate
anion. The ion at m/z = 192 can be rationalized by a retro-Diels-Alder (RDA)
rearrangement with retention of the negative charge on the side-chain (Fig. 7). This
fragmentation provides evidence that the alkylation takes place at the N-3 position.

OH

m/z 391

RDA
->

Ph~ -0

o
I

O=C~N-CH2CHCH20Ph

m/z 192

Fig. 7. Retro-Diels-Alder rearrangement of phenyl glycidyl ether adduct of thymidine.

With the phenyl glycidyl ether adducts of the 48-h reaction mixture of
2'-deoxyadenosine, the situation is more complex because the isolated fraction consists
of a mixture of the mono- and bisalkylated 2'-deoxynucleosides. In the positive FAB
mass spectrum, the [MH]+ ions are detected at m/z = 402 and 552, respectively (Fig.
Sa). Because a mixture is involved, it is impossible to distinguish which fragment ions
are associated with which protonated molecules. An additional problem is that
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Fig. 8. (a) FAB mass spectrum (positive ion mode) of 2'-deoxyadenosine-phenyl glycidyl ether adducts of
48-h reaction mixture; ions originating from the glycerol matrix are labelled G; (b,c) daughter ion spectra
(MS-MS) of the ions at (b) m/z = 402 and (c)m/z = 552 obtained byCAD ata collision energy oDO eV and
a gas pressure of 10-5 mbar.

low-abundance fragment ions are obscured by the chemical noise originating from the
matrix (see glycerol peaks labelled G in the spectrum). To overcome these two
often-encountered drawbacks of FAB-MS, we used collisionally activated decom­
position in combination with tandem mass spectrometry. With the FAB-MS-CAD­
MS techique an ion of interest is selected (MS-I), fragmented by collisionally activated
decomposition and a daughter ion spectrum is taken of the fragments (MS-II). In this
way, chemical noise is largely eliminated, stable fragment ions are induced to
decompose and, with a mixture, parent-daughter relationships can be determined.

The daughter ion spectrum of the [MH]+ ion (m/z = 402) of monoalkylated
2'-deoxyadenosine (Fig. 8b) is dominated by the BHi ion atm/z = 286, formed by loss
ofthe sugar residue wi th concomitant proton transfer. The other fragments result from
the combined loss of the sugar and phenol (m/z = 192), phenol and H 20 (m/z = 174)
or phenyl glycidyl ether (m/z = 136). Abundant ions at m/z = 149, 133, 107, 105 and
77 originate from fragmentation ofand charge retention on the 2-hydroxy-3-phenoxy­
propyl group. In the CAD mass spectrum of the [MH]+ ion (m/z = 552) of
bisalkylated 2'-deoxyadenosine (Fig. 8c), a similar fragmentation behaviour is
observed. The absence of the daughter ion at m/z = 402, corresponding to the [MHt
ion of the monoalkylated derivative, clearly demonstrates that the peak at m/z = 402
in the normal FAB mass spectrum (Fig. 8a) is due to the monoalkylated product
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m/z 552 m/z 259

Fig. 9. CAD mass spectral fragmentation pattern of dialkylated 2'-deoxyadenosine.

occurring together with the bisalkylated derivative in the isolated fraction. Another
point of interest is the presence of the ion at m/z = 259 in the CAD mass spectrum,
which gives information about the position of phenyl glycidyl ether-base bonds, as
outlined in Fig. 9.

From these results, it is clear that FAB in combination with MS-MS provides
a valuable approach to the characterization of phenyl glycidyl ether-nucleoside
adducts. In addition, FAB-MS-CAD-MS yields complementary structural informa­
tion compared with FAB-MS alone. A more detailed discussion of the collisionally
activated decomposition of gas-phase [MH]+ and [M - Hr ions of phenyl glycidyl
ether-nucleoside adducts will be reported elsewhere37

.

CONCLUSIONS

Circular preparative TLC proved to be a rapid separation method for the
isolation of simple 2'-deoxynucleoside-phenyl glycidyl ether adduct mixtures such as
thymidine-phenyl glycidyl ether. However, when the reaction mixtures are more
complicated, such as in the 48-h deoxyadenosine-phenyl glycidyl ether mixture,
resolution can be a problem. Preparative HPLC on an RP-18 reversed-phase column
was efficient for the isolation of the main adducts of the thymidine- and deoxy­
adenosine-phenyl glycidyl ether mixtures. HPLC with photodiode-array detection
proved to be an excellent method for the preliminary-identification of the adducts. The
structures already suggested by UV data for N-3(2:!!ydroxy-3-phenoxypropyl)thy­
midine and N-l-(2-hydroxy-3-phenoxypropyl)-2'-deoxyadenosine were confirmed by
the additional NMR and mass spectral data. These adducts and the methods
developed in this study will be used for the possible detection ofDNA-phenyl glycidyl
ether adducts.
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SUMMARY

An automated procedure for the precolumn derivatization of amino acids with
dansylchloride and a liquid chromatographic method for separation of the deriv­
atives with fluorimetric detection in the picomole range are reported. The method
involves a simple solvent preparation, which does not require the inclusion of non­
volatile buffers of low ionic strength and delicate pH adjustments. The procedure was
also utilized for the identification of COOH-amidated amino acids released from
peptides after digestion with carboxypeptidase.

INTRODUCTION

Classical ion-exchange chromatography with subsequent post-column ninhy­
drin derivatization still remains the most reliable methodology for routine amino acid
analysis in the nanomole range. For the detection of amino acids in the picomole
range, a number of procedures have been described which require precolumn deriva­
tization with reagents such as phenyl isothiocyanate (PTTC), 4-dimethylaminoazo­
benzene-4-sulphonyl chloride (DABS-CI), dimethylaminoazobenzene 4-isothiocya­
nate (DABITC), o-phthalaldehyde (OPA), 9-fluorenylmethyl chloroformate
(FMOC-CI) or dimethylaminonaphthalene-I-sulphonyl (dansyl) chloride l

-
7

, fol­
lowed by separation and identification of the derivatives by reversed-phase high­
performance liquid chromatography (RP-HPLC). The state-of-the art of these tech­
niques, and in particular of amino acid analysis using phenylisothiocyanate derivati­
zation, was recently reviewed8

. The success of the different procedures reported in the
literature depends on a multiplicity of factors, such as the possibility of finding reac­
tion conditions adequate for all protein amino acids, the ease of automation of the
procedure, the stability and spectroscopic properties of the derivatives and the effi-

a Dedicated to Professor G. B. Marini Bettolo on the occasion of his 75th birthday.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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ciency of the chromatographic method proposed for their separation and identifica­
tion.

These methods often prescribe the inclusion of non-volatile buffers of low ionic
strength and with pH values in the range 3.5-6.5 in the formula of at least one of the
solvents to be used for the chromatographic separation. Slight alterations of these
parameters can modify significantly the retention times of several amino acids. Fur­
ther, salts adversely affect the maintenance of the hydraulic components of the appa­
ratus and the lifetime of the column.

Using an automated version of the precolumn derivatization procedure with
dansyl chloride, we developed an HPLC procedure capable of separating dansylami­
no acids and derivatives using a system of simply prepared volatile solvents. The
entire procedure is flexible enough to permit both an adequately sensitive amino acid
analysis of protein and peptide hydrolysates and the detection of some post-transla­
tionally modified forms of amino acids, e.g., COOH-amidated residues.

EXPERIMENTAL

Acetonitrile and 2-propanol (HPLC grade) were obtained from Carlo Erba,
trifluoroacetic acid, sodium hydrogencarbonate and sodium hydroxide from Merck,
dansyl chloride from Fluka, amidated amino acids, dansylamino acid standards and
N-[2-hydroxyethyl]piperazine-N'-[2-ethanesulphonic acid] (HEPES) from Sigma, L­

[U- 14C]phenylalanine from New England Nuclear and carboxypeptidase Y (CPY)
from Boehringer. A standard solution of amino acids (Pierce) was diluted in water
(0.1 mM) and then stored at - 20T. Deionized water was first glass-distilled and then
passed through a Sep-Pak C 18 cartridge (Millipore).

Samples of peptides to be hydrolysed (25-250 pmol) were dried in recently
pyrolysed glass microtubes (40 x 6 mm 1.0.) after addition of 2 nmol of norleucine
as internal standard, and then enclosed in a Pyrex container with a I-mllayer of 5.7
M hydrochloric acid plus 0.1 % phenol at the bottom. The container was evacuated,
flushed with nitrogen, evacuated again and sealed. Hydrolysis was performed in the
vapour phase for 20-24 h at IIWe. After the hydrolysis, the tubes were dried in vacuo
at 40°C over sodium.hydroxide pellets for 30 min. Automated dansylation of amino
acid mixtures was achieved by using a Gilson auto-sampling injector consisting of
two modules, a Model 231, sample injector equipped with a code 31 rack thermosta­
ted at 35°C and a 20-ttl sample loop, and a Model 401 diluter, both controlled by the
sample controller keypad. The rack positions 18/2, 18/4 and 18/6 were modified to
accommodate glass vials (Pierce, 32 x 12 mm 1.0.) containing the reagents. The
tubes with dried samples were placed on the rack of the auto-sampling injector, which
automatically dissolved the amino acid mixture in 10 ttl of 0.1 M NaHCO r 5 mM
EDTA (pH 9.0), and then performed the derivatization by adding 10 ttl of the dans­
ylchloride solution (2.5 mg/ml in acetonitrile) followed by incubation for 30 min. One
minute before loading onto the column, 10 ttl of 0.4 M sodium hydroxide solution
were added to the tubes to hydrolyse the excess of unreacted dansylchloride; 20 ttl of
this mixture were loaded onto the column.

For the chromatographic analysis, the apparatus consisted of two Waters Mod­
el 510 pumps (Millipore); gradient formation, quantification of chromatographic
peaks and data treatment were effected by an IBM Model 286 PC XT computer using
a Baseline 810 program (Millipore).
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Separation of dansylamino acids was carried out on a Beckman Ultrasphere
column (RP-18, 5 ,urn, 250 x 4.6 mm LD.), thermostated at 48°C. The column was
protected by a 2-,um stainless-steel filter (Rheodyne).

For the chromatographic separation a gradient was formed with two mobile
phases: solvent A, 0.05% trifluoroacetic acid; and solvent B, acetonitrile-2-propanol
(4: I, v/v). The flow-rate was 1.2 ml/min. The column effluent was mixed before the
detector with 0.05 M sodium hydroxide in 20% acetonitrile using a Beckman Model
IIOA pump with the flow-rate set at 200 ,ul/min. This procedure permits the op­
timization of the fluorescence response of dansyl derivatives 9

.

Dansylamino acids were detected using a Fluorichrom fluorescence detector for
liquid chromatography (Varian), equipped with an excitation band filter at 280-340
nm and sharp emission cut-off filter at 430 nm.

Conventional amino acid analysis by ion-exchange chromatography (lEC) and
post-column ninhydrin derivatization was performed using an LKB 2131 Alpha Plus
instrument.

Digestion of peptides (1 nmol or less) with carboxypeptidase Y was performed
at 35°C in 100 ,ul of 20 mM HEPES (pH 8.0) containing 2 nmol of norleucine as
internal standard; the enzyme-substrate ratio was 1:50 (w/w). Aliquots of 20 gl,
usually drawn at I, 5, 10, 20 and 30 min, were immediately lyophilized and then
derivatized with dansy1chloride. Half of each sample was loaded onto the column for
analysis; the remainder was dried, subjected to acid hydrolysis and then analysed.

RESULTS AND DISCUSSION

A simple program for the automated dansylation of amino acids and their
derivatives was prepared for the Gilson auto sample injector and is reported in Table
I.

The dansylation reaction yields stable, highly fluorescent derivatives with both
primary and secondary amino acids 3

; no troublesome extraction of the products is
required before analysis. According to the present version of the method, the samples
are processed on-line under conditions which permit a complete dansylation also of
the slowly reacting amino acids. The efficiency of dansylation and possible losses of
the sample during automated derivatization were controlled by counting the radioac­
tivity of an aliquot of a labelled phenylalanine solution before and after derivatiza­
tion, and by counting the radioactivity of the dansylphenylalanine peak collected
from the HPLC effluent, after automated injection of an aliquot of the labelled sam­
ple onto the column. The recovery was always:;:: 95%. The automated addition of
dil ute sodium hydroxide solution to the samples after the derivatization reaction
effects the complete hydrolysis of unreacted dansyl chloride, with a consequent im­
provement of the baseline quality.

All dansyl derivatives of amino acids obtainable from protein hydrolysates can
be separated in 30 min by using a system of volatile solvents of very simple prepara­
tion. The total running time, including column recycling, is about 34 min. The condi­
tions for the chromatographic analysis are given in Table II and a typical chromato­
graphic separation is shown in Fig. I. The percentage of trifluoroacetic acid in solvent
A is critical for the separation of Asp-Glu and Ala-Arg derivatives. Only slight
adjustments of the gradient parameters are occasionally required to ensure prolonged
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TABLE I

PROGRAM FOR AUTOMATED DANSYLATION WITH THE GILSON AUTO SAMPLER INJEC­
TOR

1 RACK CODE 31
2 AUXIL 6/1
3 INPUT C/1
4 INPUT CO/41
5 INPUT C6/23
6 C1=0
7 FOR C2=1/10
8 FOR C3=l/6
9 C1=C1+1
10 PRINT/80
11 TUBE 18/4
12 HEIGHT
13 ASPIR 0/50/2
14 HEIGHT
15 ASPIR 0/12/0
16 HEIGHT
17 TUBE C2/C3
18 HEIGHT -1
19 DIS 0/18/0
20 TUBE 18/6
21 HEIGHT +7
22 ASPIR 0/12/0
23 TUBE C2/C3
24 HEIGHT -1
25 DIS 0/18/0
26 FOR C4=l/4
27 ASPIR 0/10/0
28 HEIGHT 0
29 DIS 0/11/0
30 HEIGHT -1
31 NEXT C4
32 HEIGHT
33 RINSE
34 DIS 0/1000/9
35 C5=0
36 FOR C5=l/CO
37 PRINT C5/25
38 WAIT 1
39 NEXT C5
40 PRINT/75
41 TUBE 18/2
42 HEIGHT
43 ASPIR 0/50/2
44 HEIGHT +8
45 ASPIR 0/10/1
46 TUBE C2/C3
47 HEIGHT -1

48 DIS 0/15/1
49 FOR C5=1/3
50 ASPIR 0/15/0
51 HEIGHT 0
52 DIS 0/17/0
53 HEIGHT-1
54 NEXT C5
55 HEIGTH
56 RINSE
57 DIS 0/1000/9
58 WAIT 30
59 PRINT Cl/1
60 TUBE C2/C3
61 IF C6=0
62 GO TO 75
63 DIS 0/C6/0
64 HEIGHT
65 ASPIR 0/50/0
66 HEIGHT 0
67 FOR C5=1/3
68 ASPIR 0/20/0
69 HEIGHT 0
70 DIS 0/22/0
71 HEIGHT-1
72 NEXT C5
73 HEIGHT
74 WAIT 30
75 HEIGHT-1
76 ASPIR 0/25/0
77 TUBE 0/0
78 DIS 0/27/0
79 WAIT 2
80 INJECT 1
81 AUXIL 7/2
82 WAIT /3/1
83 WAIT 100
84 INJECT 0
85 DIS 0/500/4
86 RINSE
87 DIS 0/1000/9
88 IF C1=>C
89 GO TO 92
90 NEXT C3
91 NEXT C2
92 WAIT CO
93 AUXIL 6/0
94 HOME

efficacy of the chromatographic performance. Under these conditions the column has
a long lifetime (about 4000 analyses).

The reproducibility of the retention time of each derivative is shown in Table
III. The coefficient of variation (C.V.) for each retention time was within 0.2% in six
successive runs.
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TABLE II

GRADIENT PARAMETERS

Time Composition" Curveb

(min) (type)
A (%) B(%)

0.0 93.0 7.0
1.0 93.0 7.0 0
9.0 86.0 14.0 +1

24.0 57.0 43.0 +1
28.0 30.0 70.0 +7
28.2 0.0 100.0 +1
30.0 0.0 100.0 0
30.7 93.0 7.0 +1

" Solvents: A, 0.05% trifluoroacetic acid; B, acetonitrile-2-propanol (4: I, vjv).
b Waters gradient curve: 0 = isocratic; + I = linear; + 7 = convex.

For fluorescence detection we used a broad transmission band filter (280-340
nm) and an emission filter with a cut-off at 430 nm, as the nature of our solvent
system affects both the fluorescence spectra and the intensity of the various dansyl­
amino acids differently. The linearity of response of the method of derivatization was
tested for amino acid standards at different concentration levels; the results are shown
in Fig. 2. Peak area was proportional to the concentration of amino acid in the
dansylation tubes from 0.3 to 50 f.lM. Inclusion of EDTA in the derivatization reac­
tion mixture is essential in order to obtain good yields with those amino acids whose
solubility is impaired by the formation of salts with cations extracted from glass
during the hydrolysis1o .

All these features render this procedure an attractive alternative to other deriva­
tization reactions for amino acid analysis at the picomole level. Moreover, the liquid
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Fig. I. Separation of an amino acid mixture after automated derivatization with dansylchloride. Sample
size, 100 pmol of each amino acid. The peaks are labeled by one-letter abbreviations for the usual protein
amino acids; Aba = a-aminobutyric acid, Nle = norleucine, Dab = 2,4-diaminobutyric acid, Dns-OH =

I-dimethylaminonaphthalene-5-sulphonic acid, Dns-NH 2 = I-dimethylaminona phthalene-5-sulphonam­
ide.
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TABLE III

REPRODUCIBILITY OF RETENTION TIMES OF DANSYLAMINO ACIDS

Compound Retention time C.v.
(min) (%)

Dansyl-OH 7.21 0.18
Dansyl-NH 2 1l.31 0.15
Dansyl-Ser 12.52 0.21
Dansyl-Asp 13.09 0.21
Dansyl-Glu 13.53 0.15
Dansyl-Gly 13.85 0.28
Dansyl-Thr 14.84 0.13
Dansyl-Ala 15.80 0.08
Dansyl-Arg 18.04 0.30
Dansyl-Aba 18.10 0.18
Dansyl-Pro 20.34 0.17
Dansyl-Met 20.70 0.08
Dansyl-Val 20.92 0.13
Dansyl-Phe 22.06 0.09
Dansyl-Ile 24.05 0.16
Dansyl-Leu 24.42 0.16
Dansyl-Nle 25.03 0.17
Di-dansyl-Cys 27.21 0.19
Di-dansyl-Dab 28.08 0.22
Di-dansyl-Lys 29.78 0.21
Di-dansyl-His 30.99 0.27
Di-dansyl-Tyr 32.09 0.20

~ 12.,-------...,-------------,
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~

o

AnUno acid concen~ra~ion (~M)

Fig. 2. Relationship between different concentrations (0.3, I, 10,50 /lM) of amino acids and peak area of
the corresponding derivatives after automated dansylation and chromatographic separation. For the sake
of clarity only data related to some representative amino acids are reported.
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chromatographic separation of dansyl derivatives can be used in the course of se­
quence determinations of peptides according to the manual dansyl-Edman procedu­
re ll . In fact, this procedure is still widely used not only because of its simplicity and
low cost, but also because in some instances it gives more sequence information than
expensive automated machines. The different scheme of the extraction steps may be
very convenient for the analysis of hydrophobic peptides.

It should be noted that the vapour-phase hydrolysis of peptides, as described
here, is both easy to perform and necessary in order to minimize contamination from
various sources when analysing micro amounts of samples.

A comparison of the amino acid compositions of some bioactive peptides deter­
mined by the present method and by conventional IEC is reported in Table IV.

Finally, we adopted the automatic dansylation procedure for the analysis of
amidated amino acid residues, which are often found at the C-terminus of biological­
ly active peptides. The peptide of interest is digested with carboxypeptidase Y under
conditions (see Experimental) that minimize the amidase activity. In fact, it has been
shown that the salt composition and pH of the solvent affect to different extents the
various enzymatic activities of carboxypeptidase Y, and in particular the amidase and
the peptidyl amino acid amide hydrolase activities l2

,13. The time course of the release
of amino acids from the C-terminus is monitored by analysing appropriate aliquots
of the digestion mixture by the procedure described above. Under these conditions, at
least a portion of the C-terminal amidated residue is released intact. It can be identi­
fied by direct HPLC analysis of its dansyl derivative. The identification can be con­
firmed by identifying in a second aliquot, after acid hydrolysis of the dansylamide, the
corresponding dansylamino acid. Alternatively, the peptide can be subjected to the
appropriate number of cycles of the Edman degradation; having subtracted the pen­
ultimate residue, the tube containing the putatively amidated C-terminal residue is
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Fig. 3. Separation of an amidated amino acid mixture after automated derivatization with dansylchloride.
Sample size, 200 pmol of each compound.
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Fig. 5. Left: chromatogram obtained from a sample ofGinozin Combi (trade-name for a Ferrosan, Soeborg,
Denmark, tablet containing 2 mg of ginsenosides, eleven vitamins and eight minerals). Right: chromato­
gram for a sample ofGericomplex (trade-name for a capsule produced by Pharmaton, Lugano, Switzerland,
containing ginseng extract corresponding to 200 mg of root of Panax ginseng C. A. Meyer, ten vitamins and
six minerals). The two chromatograms illustrate well that the profiles ofginsenosides in various products can
be very different. Both analyses were performed with the gradient elution programme. Column as in Fig. 3.
Peak numbers as in Fig. 2.

total ginsenosides for the extract solution not applied in the Sep-Pak procedure to
100%, the recovery for the Sep-Pak procedure was found to be 98.9% with calculated
relative standard deviation of 4.2% (n = 41).

The accuracy of the method, including the Sep-Pak procedure, was substan­
tiated by assaying production samples ofginseng tablets. The recovery was found to be
98.4% of theory for Ferrosan products, with a standard deviation of 5.0% (n = 7).

CONCLUSION

This method for assaying ginsenosides has the advantage of dealing with all the
ginsenosides in question in a single run, with a good separation of all the compounds.
Especially the resolution of Rgl and Re, which has been a major drawback in many
earlier methods, is acceptable (Fig. 5). The results emphasize that it is important which
type of C18 column is chosen. The six columns tested here showed considerable
differences in column selectivity. In developing new methods this fact can be utilized
and should be thought of as a possible optimizing parameter together with the solvent
selectivity and the number of theoretical plates.
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SUMMARY

The capacity of reversed-phase high-performance liquid chromatography
(HPLC) and capillary gas chromatography (GC) to separate 37 sesquiterpene lac­
tones of the Melampodiinae has been investigated. The HPLC system employed a
Hypersil ODS column and methanol-water as eluent for isocratic and gradient sep­
arations. The GC system utilized a RSL-150 bonded phase capillary column with
flame ionization detection. The previously characterized melampolide melnerin B was
determined by both HPLC and GC to be a mixture of two isomers, containing a
2-methylbutanoate (melnerin B) or a 3-methylbutanoate (melnerinB') substituent at
C-8. The HPLC and GC methods developed have been applied to the analysis of a
crude extract of Melampodium cinereum.

INTRODUCTION

Sesquiterpene lactones are a structurally diverse group of over 3000 natural
products isolated primarily from plants of the Asteraceae. Many have important
biocidal and pharmaceutical activities1,2. The leaves of feverfew, Tanacetum par­
thenium, have yielded several sesquiterpene lactones which inhibit prostaglandin
synthesis and are used for the treatment of migraine headaches3.4. A highly potent
molluscicide, 7a-hydroxy-3-desoxyzaluzanin C has been isolated from Podachaenium
eminens (Asteraceae)5. Dihydroparthenolide, a constituent of common ragweed,
Ambrosia artemisiifolia, stimulates germination of the devastating parasitic weed
Striga asiatica at nanomolar levels6

.

Less work has been done on the ecological functions of these compounds 2
•
7

•

However, because of their high alkylating power, which is due to the a-methylene­
y-lactone moiety which most possess, along with a,p-unsaturated carbonyl and
epoxide moieties in certain compounds, it may be expected that these compounds will
exhibit toxic effects against many organisms and play an important role in the chemical

a Present address: Department of Chemistry, Ashland University, Ashland, OH 44805 (U.S.A.)
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defenses of plants which contain them. Evidence is accumulating that sesquiterpene
lactones deter insect feeding 8 ,9, reduce the survival of insect larvae and adults 1

0,11, and
inhibit germination and growth of other plants 12 ,13.

Melampolide-type sesquiterpene lactones (Fig. 1) are characteristic of plant
species in the subtribe Melampodiinae of the Asteraceae 14

. The restricted distribution
of many of these compounds has been used to clarify evolutionary relationships in this
subtribe. There is evidence that melampodin A (21) and melampodinin A (22) deter
insect feeding and inhibit insect growth 15.

The development of rapid, quantitative analytical methods for plant natural
products is essential to studies of chemosystematics, chemical ecology and the
monitoring of their production in cell and hairy root cultures16

. Analytical high­
performance liquid chromatography (HPLC) has been applied successfully to the
separation of33 pseudoguaianolides and xanthanolides of the genus Parthenium 17 and
to the analysis of 21 pseudoguaianolides of Arnica chamissonis18

, as well as other
compounds 19

,20. Acetonitrile-water17 or methanol-water18 gradients have been
employed using reversed-phase columns, with detection at 210-225 nm to provide
sensitivity. Successful separation of sesquiterpene lactones from Helianthus has been
obtained with an isocratic methanol-water system 19. Capillary gas chromatography
(GC) has also been applied with success for certain underivatized sesquiterpene
lactones 18

,21. Micro-sampling techniques developed by Spring et al. 20 have demon­
strated that it is possible to directly sample the glandular trichomes of leaves and
flower heads, where sesquiterpene lactones are sequestered.

The application of reversed-phase HPLC and capillary GC to sesquiterpene
lactones of the Melampodiinae is reported in this paper. We have applied these
methods to the analysis of a crude terpenoid extract of Melampodium cinereum.

EXPERIMENTAL

HPLC apparatus
HPLC analyses were performed on a Hewlett-Packard 1090 liquid chromato­

graph equipped with a diode array detector and auto-injector (25-/L1 syringe).
Detection channels were set at 210, 220, 230 and 254 nm, with a bandwidth of 16 nm.
Chromatograms were recorded and analyzed on a Hewlett-Packard HPLC Chem­
station (Series 300 computer). The column was a 5-/Lm Hypersil ODS (150 x 4,6 mm
J.D., Hewlett-Packard, Mt. View, CA, U.S.A.). Analyses were performed at ambient
temperature with a flow-rate of 1.0 ml/min.

Elution
Two solvents were used: (A) HPLC-grade methanol and (B) distilled, deionized

water. Compounds were eluted isocratically with 50% A. The gradient elution profile
was 0-18 min, 20% A (isocratic); 18-36 min, 20-50% A (linear gradient); 36-46 min,
50-70% A (linear gradient); and 46-50 min, 70% A (isocratic).

GC equipment and experimental conditions
The GC system consisted of a Hewlett-Packard 5890 gas chromatograph

equipped with a split/splitless injector system and a flame ionization detector.
Nitrogen was the carrier gas and the carrier gas pressure was 20 p.s.i. Injections were
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made in the split mode with a splitting ratio of 4: 1. A 45 m x 0.25 mm 1.0. fused-silica
capillary column with a bonded polymethylsilicone stationary phase (RSL-150,
Alltech, Deerfield, IL, U.S.A.) of 0.2-llm film thickness was used for the separations.
Two temperature gradients were employed. For the first (G1), the initial temperature
of 95°C was held for 2 min, increased to 285°C at 15°C/min and held at 285°C for 10
min. For the second (G2), the initial temperature of 125°C was held for 1 min,
increased to 260°C at 15°C/min and held at 260°C for 15 min. The injection volume
was I III unless noted otherwise.

Samples
Compounds were obtained from the sample collection in our laboratory.

A crude terpenoid extract of Melampodium cinereum var. cinereum was prepared by
standard procedures22 (Fischer No. 3792). Dried plant material was extracted with
dichloromethane. After solvent removal by evaporation, the residue was taken up in
95% aqueous ethanol (100 ml/lOO g plant material). To this solution an equal volume
of 5% aqueous lead acetate was added and left overnight. The precipitated phenolics
and chlorophyll were removed by filtration through Celite and the filtrate evaporated
in vacuo to remove most of the ethanol. The residual material was extracted
exhaustively with dichloromethane and this solvent evaporated to obtain the crude
extract. Solutions of the sesquiterpene lactones and the extract were prepared in
methanol to contain 1 mg/m!. Partial chemical change of a few compounds occurred
over the several weeks they were kept in methanol solution. This was evidenced by the
appearance of additional peaks and altered HPLC and GC retention times. These
included melampodin B (1), melampodin C (5), longicorin B (12) and longipin (30).

RESULTS AND DISCUSSION

HPLC separations
HPLC (and GC) retention times of the 37 sesquiterpene lactones examined are

listed in Table LHPLC separations were performed both isocratically and using
a gradient. Most compounds separated from one another with the isocratic system.
The gradient developed increased the separation of the most polar compounds,
allowing confirmation of their identities in plant extracts. Because of the presence of
a restricted number of sesquiterpene lactones in anyone species, there is only a slight
likelihood of overlapping peaks in a given extract.

Of the various structural types of sesquiterpene lactones included in this study,
the leucantholides were the least strongly retained, probably due to the added polarity
given by the second lactone ring. The elution order of the eight individual
leucantholides correlates well with the lipophilicity of the compounds. For example,
elution of melampodin B (1, OR = acetate), cinerenin (3, OR = ethoxy), melampodin
C (5, OR = 2-methylpropanoate) and melampodin 0 (7, OR = 2-methylbutanoate)
was in the order 1 < 3 < 5 < 7. One notable exception was 11, 13-dihydrocinerenin (8),
which eluted prior to cinerenin. Interestingly, Leven and Willuhn 18 also found that
11,13-dihydro compounds eluted before the homologous sesquiterpene lactones with
an exocyclic methylene group.

The elution order of sesquiterpene lactones from the other structural classes
examined also correlates well with the lipophilicity of the compounds. The presence of
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hydroxyl substituents on a molecule decreased the HPLC retention times. Melcanthin
B (10), with hydroxyl groups at C-2 and C-15, eluted before melcanthin A (9), wich
lacks the C-2 hydroxyl. Compounds in which a hydroxyl group occurred in place of an
acetate or other ester eluted before the corresponding ester; for example, melampodin
B (1), cinerenin (3), melampodin C (5), leucanthinin (16), desacetylleucanthin B (20),
and desacetylenhydrin (28) all eluted before their corresponding acetates. In some
cases, the reasons for the magnitude of these differences in retention time are unclear.
Replacement of the C-9 hydroxyl by acetate increases the isocratic retention time by
0.39 min for desacetylenhydrin (28), but 3.55 min for desacetylleucanthin B (20).
A possible reason may be differences in the way these compounds are solvated in the
mobile phase.

One surprising reversal of relative elution based on polarity considerations is
leucanthin B (19), which elutes after leucanthin A (25). Leucanthin B contains an
epoxide rather than a double bond at the C-2,3 position and behaves as the slightly
more polar compound in normal-phase chromatography on silica gel. This anomaly
may be due to interactions with underivatized silanol groups on the stationary phase.

Presence of the 2-methylbutanoate substituent (-OR; R = C) generally increased
retention times markedly. Thus the isocratic retention times for melnerin B (35), which
has the 2-methylbutanoate substituent, were 6 min longer than for melnerin A (33),
which has an 2-methylpropanoate substituent in its place. The most strongly retained
compounds, melampodinin B (23), 11, 13-dihydromelampodin A 9,-rx-[2-methylbuta­
noate] (24) and tetrahelin C (31) all contain the 2-methylbutanoate ester side chain.

GC separations
With the non-polar methyl silicone chemically bonded column used for the GC

separations, retention times normally increase with boiling point. Within groups of
structurally similar compounds, it may be expected that this should be correlated with
molecular weight. Although no general trend of this type is apparent, this behavior is
observed when the compounds are grouped by structural types. The leucantholides
exhibit this behavior, with the exception of melampodin C (5) and melampodin B (1),
which both gave severely tailed peaks. The structurally similar melampolides longipilin
(26), enhydrin (27), desacetylenhydrin (28) and 11, 13-dihydroenhydrin (29), also
eluted according to molecular weight.

Several of the sesquiterpene lactones under study decomposed, either in the
injector port, which was at 270°C, or in the column itself. This was evidenced by
multiple, poorly shaped peaks. The presence of a hydroxyl group at C-3, as in
leucanthinin (16) and desacetoxyleucanthinin (17), or at C-2, as in melcanthin B (10)
and melrosin A (11), made these compounds thermally unstable. However, if the
acetate, rather than the alcohol, is present at C-3, such as in leucanthinin acetate (18),
the compound did not decompose. Leucanthin A (25), leucanthin B (19), melam­
podinin A (22), melampodinin B (23) and 11,13-dihydromelampodinin A 9-rx-[2­
methylbutanoate] (24), all of which contain an epoxide in the 2,3- or the 4,5-position
also decomposed. However, desacetylleucanthin B (20) and melampodin A (21) did
not decompose, obscuring this correlation between structure and stability. In addition,
within the leucantholides, the presence of a hydroxyl group at C-4 caused distorted
peak shapes, such as tailing. This tailing was reduced in cinerenin (3) and 11,13-di­
hydrocinerenin (8), which both have an ethoxy substituent at C-l rather than an ester
group at this carbon. This trend does not hold for compounds ofother structural types.
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Comparison of HPLC and GC separations
For specific pairs of compounds, markedly better separation was often obtained

by one of the two chromatographic methods. Cinerenin (3) and desacetylleucanthin
B (20) co-eluted by HPLC but were easily separated by GC, with retention times of
15.72 and 17.42 min, respectively, on GC gradient 1. Cinerenin acetate (4) and
melnerin B (35), on the other hand, did not separate by capillary GC under the
conditions employed. These two compounds were easily distinguished by HPLC, with
isocratic retention times of 3.09 and 13.63 min, respectively.

Several pairs of compounds were not resolved by either HPLC or capillary Gc.
These include enhydrin (27) and 1l,13-dihydroenhydrin (29), longipilin (26) and
desacetylenhydrin (28), and the 9-a-acetoxymelnerins A (34) and B (37). Use of
ultraviolet spectra obtained with the diode array detector to confirm HPLC peak
purity and/or positively identify these compounds is of limited utility. This is because
of the high degree ofsimilarity of the spectra of the sesquiterpene lactones in this study,
most of which exhibit only end absorption. In cases where these compounds occur
together in a given plant extract, optimization of gradient parameters or the use of
longer HPLC columns should be possible. The initial separation of the 9-a-acetoxy­
melnerins A and B from a extract of Melampodium leucanthum was by preparative
reversed-phase HPLC23

. Marchand et al. 17 have also reported better resolution by
preparative HPLC.

A sample of melnerin B (35), previously characterized and thought to be pure23
,

was determined by both HPLC and GC to be a mixture of two isomers in
approximately a 2:1 ratio. High field (400 MHz) NMR spectra of this sample clearly
showed a mixture ofmelnerin B, which contains the 2-methylbutanoate substituent at
C-8, and the corresponding compound with the 3-methylbutanoate ester (melnerin B',
36) in a 2: 1 ratio, based on integration of the methyl signals. This information was used
to assign the HPLC and GC retention times of the major (melnerin B) and minor
(melnerin B') components of the mixture.

Application to a crude plant extract
The joint application ofliPLC and GC to analysis of an extract of M elampodium

cinereum is illustrated in Figs. 2 and 3. HPLC indicated the presence ofmajor amounts
ofcinerenin (3) or desacetylleucanthin B (20) (peak 1), along with 9-a-acetoxymelnerin
A (34) or 9-a-acetoxymelnerin B (37) (peak 3). GC confirms the presence of
9-a-acetoxymelnerin A or B as a major constituent of the extract, while the presence of
desacetylleucanthin B is ruled out. The absence of a major peak for cinerenin by GC is
not unexpected because this compound gives small, tailed peaks. The presence of
melcanthin A (9), melnerins A (33) and B (35), longicornin B (12) and leucanthinin
acetate (18) is indicated as minor components of the extract. The presence of longipin
(30) and enhydrin (27) or ll,13-dihydroenhydrin (29) in the extract, as indicated by
HPLC peaks 2 and 4, was not confirmed by GC. Cinerenin, melcanthin A and the
melnerins A and B have previously been reported from this species 14

.

In conclusion, use of the GC and HPLC systems described here in conjunction
with one another is a powerful technique for the rapid analysis of plant samples for
these sesquiterpene lactones.
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values determined with acetone concentrations ranging from 0 to 24% or from 36-40
to 50-60% depending on the lipophilicity of the test compounds. The most hydrophilic
compound, ouabain, shows a linear relationship between RM values and acetone
concentration in the range 0-24%. For the most lipophilic compound, penta­
acetylgitoxin, acetone concentrations ranging from 40 to 60% were used.

The ranges of acetone concentrations and the TLC equations are reported in
Table III, where a and b are the intercept and slope, with their standard errors,
respectively, and r is the correlation coefficient. The intercepts (a=RM ) are also
reported in Tables I and II. In Table III the compounds are listed in order of increasing
lipophilicity to show the good correlation between extrapolated RM values and ranges
of acetone concentrations. The slopes in Table III show that the equations describe
a series of almost parallel straight lines.

Cohnen et al. 10 measured the RM values of a series of cardioactive steroids by
means of a TLC technique which seems to be very similar to our own system. Their
extrapolated RM values at 0% acetone in the mobile phase are reported in Tables I and
II. A very good correlation is shown by eqn. I between the present RM values and those
obtained by Cohnen et al. 10 for a series of 23 compounds for which the experimental
RM values were available in both TLC systems.

RM = 0.361 (± 0.063) + 0.937 (± 0.033) RMCohnen

(n = 23; r = 0.987; s = 0.121; F = 784.7; P<0.005)
(I)

In eqn. I and all subsequent equations, n is number of data points, r is the correlation
coefficient, s is the standard error of the equation and F is the value of the F-test.

The experimental RM values provide some understanding of the influence of
substituent groups determining the lipophilicity of the whole molecule. The Digitah~

glycosides can be grouped into three families on the basis of the aglycones (Table I).
Cardiac glycosides and aglycones from different botanical sources are listed in Table
II. The presence of digitoxosyl, acetyl or methyl group(s) in the sugar residue at C-3
increases the lipophilic character. The LJRM values reported in Table IV were used in
the calculation of the RM values of the mono- and bisdigitoxosides and also acetyl
derivatives of trisdigitoxosides for which the experimental RM values were not
available. In the Cohnen et al. system the RM value of helveticoside was obtained by
adding the average LJRM value of the digitoxosyl group to the RM value of
strophanthidin.

The RM values of desacetylIanatoside C, strophanthidin-3-acetate, pentaacetyl­
gitoxin and heptaacetyl-k-strophanthoside in the Cohnen et al. system were calculated
from the experimental RM values for lanatoside C, strophanthidin, 16-acetylgitoxin
and k-strophanthoside by subtracting or adding an average LJRM of0.29 for each of the
acetyl groups.

RM (lanatoside B) = RM (gitoxin) + [R M (lanatoside A) - RM (digitoxin)]
= 2.83 + (3.09 - 2.92) = 3.00

RM (lanatoside B) = RM (gitoxin) + [RM (lanatoside C) - RM (digoxin)]
= 2.83 + (1.84 - 1.78) = 2.89

i = 2.94
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SUMMARY

The thin-layer chromatographic (TLC) behaviour of the metal complexes of
tetraphenylporphine with twelve rare earths, viz., Y(III), Nd(III), Sm(III), Eu(III) ,
Gd(III), Tb(III), Dy(III), Ho(III), Er(III) , Tm(III), Yb(III) and Lu(III), on TLC
plates coated with octadecylsilica gel (C1S) and aminopropylsilica gel (NH2)is de­
scribed. Most of these metal complexes can be successfully developed without unde­
sirable demetallation of the complexes in the migration process with a methanol­
water mixture (90:10, vjv) containing both acetylacetone and diethylamine, typically
at 5-10% and 0.5-1 % for the CIS and NH 2 plates, respectively. On a C 1S plate, the
mobility (RF ) of the complexes of lanthanide metals tends to decrease in the order of
the atomic numbers of the metals, whereas on an NH2 plate the reverse order occurs.
On both C 1S and NH2 plates the RF value of the Y(III) complex lies between those of
the Dy(III) and Ho(III) complexes.

INTRODUCTION

The convenience of thin-layer chromatography (TLC) has been applied to the
isolation or identification of porphyrins and porphyrin esters by many investiga­
tors1,2. TLC studies on metalloporphyrins, however, have covered only a small num­
ber of compounds so far, e.g., several metal complexes of protoporphyrin IX di­
methyl ester on a cellulose thin layer3 and those oftetraphenylporphine (TPP)4.5 and
octaethylporphyrin6 on a silica gel thin layer. .

High-performance TLC (HPTLC) gives a higher resolution and reprodicibility
than conventional TLC, but few HPTLC studies dealing with metalloporphyrins
have been published. In our laboratory, the HPTLC behaviour of the metal complex­
es of TPP7

, tetratolylporphines.g and etioporphyrin 10 have been investigated using
both normal and reversed-phase separation modes and those of porphine11 , hemato­
porphyrin IX 12

, chlorophyll-a and _b 13 and pheophorbide-a and _b 14 only in the
reversed-phase mode.

This paper deals with the HPTLC migration behaviour of the porphyrin com­
plexes of rare earth (RE) metals. At most about 100 papers have dealt with RE

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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complexes of porphyrin, mostly in the last 10 years. The chromatography of RE­
porphyrin complexes has not yet been reported, except for alumina column chroma­
tography briefly used in the preparation of RE-porphyrin complexes15 . The com­
plexes of porphyrin with trivalent REs are considerably less stable than those with
other metals, such as Fe(IJ), Fe(IlJ), Ni(JI) and Cu(Il), owing to the larger ionic radii
of the RE ions (larger than 100 pm at coordination number> 6) than the best fit (64
pm) for the hole in the N4 -moiety of porphyrin16. Accordingly, demetallation of an
RE-porphyrin complex is a' probable and undesirable phenomenon in chromato­
graphic processes. Suppression of the the demetallation is the prime need for success­
ful chromatography of these metal complexes.

This work was undertaken to find the mobile phase composition with which
RE-porphyrin complexes can be chromatographed with sufficient stability and to
examine how much the mobility of the complex varies with RE in spite of the chem­
ical similarities among the REs. The HPTLC behaviour of twelve RE(IlI)-TPP com­
plexes on octadecyl- and aminopropyl-bonded silica gel plates was investigated.

EXPERIMENTAL

Materials
The free acid form ofTPP (H2tpp; see Fig. I) was synthesized by the method of

Adler et al. 1
7 and purified by the procedure proposed by Barnett et al. 18

. Acetylace­
tonates ofRE(IlI), RE(acach' nH 20, were prepared as described 19. The complexes
of TPP with RE(IlJ) (RE = Y, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu)
were synthesized by the reaction ofH2tpp with the acetylacetonate of the correspond­
ing metal in refluxing 1,2,4-trichlorobenzene in a stream of nitrogen15. The reaction
mixture, after preliminary concentration, was poured into a neutral alumina column.
After complete elution of unreacted H 2tpp with toluene, the desired metal complex
was eluted with a mixture of dimethyl sulphoxide and water (80:20, v/v), followed by
extraction from the eluate with chloroform. After removal of the solvent, the final
product was obtained as crystalline needles or an amorphous solid.

The UV-visible and infrared spectra of the final products agreed with those for
mixed-ligand complexes, RE(tpp)(acac)15,20. Further, a significant peak appeared in
the mass spectrum at an m/z value conistent with molecular ion [RE(tpp)(acac)]+.
The complexes thus prepared were reasonably identified as being in the form RE(tpp)-

Fig. 1. Structural formula of H 2tpp.
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(acac). The term RE-TPP complex is hereafter taken to mean RE(tpp)(acac), unless
indicated otherwise.

Methanol was distilled. Benzene, dichloromethane (DCM), acetylacetone (Ha­
cac) and diethylamine (DEA) were of analytical-reagent grade (Wako, Osaka, Ja­
pan). Water was doubly distilled in glass.

HPTLC
HPTLC plates (10 x 10 cm) coated with octadecyl-bonded silica gel (CIS plate;

RP-18 F 254S, No. 13724) and aminopropy1-bonded silica gel (NH2 plate; NH 2 F 254S,

No. 15647) were obtained from Merck (Darmstadt, F.R.G.). The front portion of the
thin-layer coating was scraped off every TLC plate so that the development would
stop automatically when the solvent front had moved 75 mm from the origin.

A sample solution of each RE-TPP complex was prepared at a concentration
about 0.1 mM in DCM-DEA (50:1, vjv). A 0.25-,u1 volume of sample solution was
spotted at the sample origin, 5 mm from the rear edge of the TLC plate. The chroma­
togram was developed horizontally in a Camag (Muttenz, Switzerland) Model 28510
chamber in a room regulated at 25 ± 1°C. After the migration of the solvent front
had automatically stopped at the expected distance from the sample origin (75 mm),
the development procedure was allowed to continue for an additional 5 min so that
the irregularity of the amount of solvent at the solvent front was reduced. The chro­
matogram was recorded photometrically at 420 nm with a Simadzu CS-920 densitom­
eter (Kyoto, Japan).

RESULTS AND DISCUSSION

Sample solutions
Some RE-TPP complexes, particularly those of Nd(III), Sm(III) and Eu(III),

were relatively unstable in common solvents such as benzene, chloroform, DCM,
acetone, acetonitrile and methanol. The UV-visible spectra recorded for these com­
plexes in such solvents changed to those corresponding to metal-free TPP (that is,
H 2tpp) within I h after the preparation of the solutions (at about the 0.1 mM level).
Such undesirable phenomena took place in solutions kept in containers made of both
polyethylene and glass. It was found that the demetallation of these RE-TPP com­
plexes could be suppressed by the addition of a small amount of an amine, such as
DEA, to the solutions. In this work, the solution of an RE-TPP complex to be
applied to HPTLC was prepared in DCM-DEA (50:1, vjv).

Chromatography on a C18 plate
According to some preliminary experiments, no RE-TPP complex could be

moved from the origin on the plate with organic solvents such as methanol, ethanol,
propanol, acetonitrile and acetone. It was found that Hacac and DEA were effective
additives to the developing solvents. Unless indicated otherwise methanol-water
(90: 10, vjv) was used as the solvent, to which Hacac and DEA were added as mod­
ifiers.

The RF values of RE-TPP complexes observed on CIS plates with different
compositions of the developing solvents are given in Table I. None of the complexes
moved from the origin. When the developing solvent contained either Hacac or DEA
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TABLE I

R} VALUES OF RE-TPP COMPLEXES ON A C 18,BONDED THIN LAYER

RP-18 F 254s HPTLC plate (Merck, No. 13724),75 mm development at 2SOe.

Developing salven I" R} x 100

No. CH3 OH:H2 O:Hacac:D£A Y Sm £u Gd Tb Dy Ho £1' TI11 Yb Lu H 2 1pp

I 90: 10:0:5 0 0 0 0 0 0 0 0 0 0 0 0
11 90: 10:5:0 0 0 0 0 0 0 0 0 0 0 0 0
III 90: I0:2.5:5 19 24 23 23 22 19 16 12 12 II 10 I
IV 90: 10:5:5 23 30 28 29 28 24 20 17 16 14 14 2
V 90:10:10:10 40 42 42 42 42 40 38 33 30 28 25 4
VI 90: I0:20: 10 42 46 47 46 45 43 40 35 29 27 26 5
VII 90:10:0:5 5 12 12 12 8 7 8 7 7 7 7 3

(+ 0.05 M NaCI)
VIII 90: 10:0:5 7 7 8 8 9 8 8 8 7 7 7 6

(+ 0.05 M NaN03)

" Volume ratio of components; CH30H = methanol; Hacac = acetylacetone; DEA = diethylamine.

(system I or II), still no migration of the complex occurred. The addition of both
Hacac and DEA (systems III-VI) made it possible to move the complexes satis­
factorily without undesirable demetallation. Exceptionally, the complex of Nd (III)
showed continuous demetallation during the migration process. Accordingly, RF val­
ues for the Nd(III) complex are not given in Table I.

The RF value of each RE-TPP complex increased with increasing modifier
(Hacac and DEA) content of the developing solvent. (Note: as Hacac and DEA have
the same molar volume, 103 ml/mol at 25°C, both developing solvents IV and V
contain equimolar mixtures of Hacac and DEA).

It has been reported 21 that the TPP complexes of trivalent metals, such as
[Mn(tpp)CI] and [Co(tpp)CI], showed a large retention in reversed-phase HPLC using
ethanol as an mobile phase, whereas the retention was reduced considerably on addi­
tion of a salt to the mobile phase. This phenomenon was explained in terms of the
dissociation of Cl- from the initial form of the complex, [M(tpp)CI], followed by
adsorption of the positively charged form [M(tpp)]+ on an ion-exchangeable site
(presumably a silanol group) present on the surface of the CIs-bonded material used.

The RE-TPP complexes were synthesized in the form [RE(tpp)(acac)]. When
the dissociation of [acacr from the complex took place on the thin layer, a reduction
in the mobility of the complex was probable owing to adsorption of the dissociation
product, [RE(tpp)] +, on the thin layer. Enhancement of the concentration of the
[acacr anion in the developing solvent was a reasonable way to suppress the dis­
sociation of RE-TPP complexes and to improve their mobilities. In practice, a devel­
oping solvent containing Hacac but not DEA (system II) was not effective in improv­
ing the mobilities of the RE-TPP complexes. One of the effective functions of DEA in
the presence of Hacac (in solvent systems III-VI) is considered to be the base which
promotes the dissociation of weakly acidic Hacac.

When sodium chloride (system VII) or sodium nitrate (system VIII) was used as
the developing solvent additive in place of Hacac, every RE-TPP complex moved to
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small extent relative to that observed with Hacac. It is considered that the exchange of
the counter anion of[RE(tpp)] + from acac - to Cl- or N03 - occurred at the origin.

The RF values ofRE-TPP complexes tend to decrease in the order of the atomic
number (Z) within the lanthanide series. The RF value of the complex of Y(IlI) was
found to be between those of Dy(III) and Ho(nI), whose ionic radii were close to that
of Y(III). Two examples of the R F versus Z plots are shown in Fig. 2.

Eu Tb Ho Tm Lu
Y Sm Gd Dy Er Yb
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Fig. 2. R
F

values of RE-TPP complexes plotted against the atomic number (Z) of the REs. HPTLC plate:
Cis-bonded silica gel. Solvent systems: (0) IV and (e) VI in Table I.

Chromatography on an NH2 plate
The developing solvents were prepared by addition of certain amounts of Ha­

cac and DEA to methanol-water (90: 10, v/v) used as the solvent. The R}' values of the
RE-TPP complexes observed with different compositions of the developing solvents
are given in Table II. When DEA was not present in the developing solvent (system I),
demetallation of the TPP complexes of light lanthanides, such as Nd(III), Sm(IlI),
Eu(III) and Gd(IlI), occurred during the migration. These undesirable chemical
changes in the metal complexes were suppressed by adding DEA to the developing
solvent (systems II-IV). It is notable that the Nd(IlI)-TPP complex, which could not
be chromatographed successfully on the C1S plate owing to its low stability, moved
on the NH2 plate without demetallation when using a developing solvent containing
at least I% of DEA.

The RF values of RE-TPP complexes observed on the NH z plate tend to in­
crease in the order of the atomic number within the lanthanide series, as shown in Fig.
3, which is the reverse trend to that found on the C1S plate (see Fig. 2). The R}' value
of Y(III)-TPP was found to be between those of the Dy(III) and Ho(III) complexes,
which is similar to the result on the C1S plate.



184 N. SUZUKI, K. SAITOH, Y. SHIBATA

TABLE II

Rp VALUES OF RE-TPP COMPLEXES ON AN NH 2-BONDED TH1N LAYER

NH 2 F 254s HPTLC plate (Merck, No. 15647),75 mm development at 25'C.

Developing solvent" Rp x 100

No. CH3 OH:H2 O:Hacac:DEA Y Nd 8m Eu Gd Tb Dy Ho Er Tm Yb Lu

1 90:10:5:0 48 27 42 56 79 95 95 95
II 90: I0:0.5:0.5 77 53 57 57 66 73 79 84 88 89 89
III 90:10:1:1 81 64 64 66 69 73 78 84 90 91 92 95
lV 90:10:1:5 92 91 92 92 93 93 93 94 95 97 97 97

" See Table I.
b Demetallation occurred.

It was observed on both the CiS and NH2 plates that the RF value of an
RE-TPP complex increased with increase in the DEA content of the developing
solvent. This suggests that certain kind(s) of interaction between DEA and the RE­
TPP complex should be taken into consideration. The stronger the interaction be­
tween DEA and the RE complex, the more enhanced is the mobility (RF value) on the
CiS plate because of a preferential distribution. of the complex into the developing
solvent phase. According to the results in Fig. 2, the interaction between DEA and an
RE-TPP complex apparently decreases in the order of the atomic number in the
lanthanide series. The effect of DEA is complicated on NH 2 plates owing to an
additional interaction between the complex and the amino group located on the

Eu Tb Ho Tm Lu
Y Nd Sm Gd Dy Er Yb
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Fig. 3. Rp values of RE-TPP complexes plotted against the atomic number (Z) of the REs. HPTLC plate:
NH2-bonded silica gel. Solvent systems: (0) IJ and (e) III in Table lI.
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surface of the silica gel. The RF values of the RE-TPP complexes tend to increase in
the order of the atomic number on the NHz plates, as shown in Fig. 3, which is the
reverse of the results on the CI8 plate. It is considered that this reversed trend in
mobility order resulted from the additional interaction between the complex and the
amino group, and suggested that this interaction tends to decrease with increasing
atomic number of the RE.

The effects of amines on the mobility of RE-TPP complexes cannot be clearly
explained at this stage. More detailed mobility studies on these complexes will be
carried out by a column method using various amines.
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Poole and Poole l have recently reviewed the characterization of solvent
properties of gas chromatography (GC) liquid stationary phases. Referring to the use
of Snyder's solvent selectivity triangle2 which they note "has strong visual impact"
they comment that this "original choice of (solvents for triangular) axes for
proton-donor-acceptor and orientation interactions ... is quite reasonable". Snyder's
probe solutes used for studies ofGC stationary phases were ethanol, nitromethane (Y
and U respectively as designated by Rohrschneider3

) and dioxane (I' by McReyn­
01ds4

) and Kersten and Pooles in 1988 found that "the retention of ethanol and
nitromethane on the non-polar GC phases is inadequate" even at their low
temperature of SO.8°C. They also found that "dioxane is a rather insensitive probe for
proton-donor interactions ... New probes should be selected". Poole thus ignores his
own observations in the review l allowing him to reuse his previous triangular figures.
The earlier papers comments that "n-butanol, nitropropane, 2-pentanone and
pyridine (McReynolds' y', u', Z' and s', respectively) ... are better retained on most
phases. These additional probes can be used to determine whether the choice of the test
solute influences the position of a particular phase in the solvent selectivity triangle".
As only three probes must be used to construct such a triangle, it seems self-evident
that their choice must do so and I have examined this here. Kersten and Pooles noted
that (Snyder's) nitromethane does not behave characteristically of the other nitro­
alkanes on most selective (GC) phases. "The use of higher molecular weight
nitroalkanes in place of nitromethane will significantly change the relative position of
a phase in the selectivity triangle". They further comment "that both pyridine and
2-pentanone have reasonably large dipole moments compared to dioxane and
consequently their retention will be more influenced by orientation interactions"s. It
seems desirable to use these two solutes in solvent triangles.

Poole and Poole note my work6 using n-butanol, pyridine and 2-octyne
(McReynolds' k') for a selectivity triangle with the comment "it is not clear what
advantage was gained by the change. 2-0ctyne measures mainly dispersive inter­
actions so that ... the triangle is changed"l. It was chosen because, of the McReynolds
solute probes, it gave the best spread of results in the triangle -surely a good reason?
This allowed me to perceive three groups of stationary phases: (I) fully methyl
polysiloxanes such as OV-l, SE-30, SP-2100; and phenyl-methyl (nominally 50:50)

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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polysiloxanes like OV-17 or SP-2250, with the sequence of probes being butanol­
pyridine-octyne. (2) More polar polysiloxanes such as cyanopropyl-phenyl-methyl
(25:25:50) like OV-225; and the trifluoropropyl-methyl (50:50) ones like OV-21O, with
the sequence ofprobes being butanol-octyne-pyridine. (3) Highly polar phases such as
cyanopropyl-methyl (90: 10) polysiloxanes like SP-2330; polyethylene glycols (PEG)
(20M and 1500) and diethylene glycol succinate, with the sequence of probes being
octyne-butanol-pyridine.

If such results can indicate that only three phases may be enough for most
purposes -possibly three different polysiloxanes- surely this justifies the choice of
solute probes?

Kersten and Pooles detected but did not enclose four selectivity groups in their
Snyder triangle (using the undesirable ethanol, nitromethane and dioxane), given
below in my sequence and labelling: (A) phenyl-methyl (50:50) such as OV-17; and
trifluoropropyl-methyl (50:50) polysiloxanes (QF-l). (B) Cyanopropyl-methyl
(25:75?) polysiloxanes like the unusual OV-I05. (C) Cyanopropyl-phenyl-methyl
(25:25:50) polysiloxanes like OV-225; and polyethylene glycols (20 M). (D) Thio­
cyanates -synthesised by them; not widely used.

Apart from the thiocyanates, the other groups all show the same probe sequence
of ethanol-nitromethane-dioxane, suggesting these solutes are a poor combination.

Although for some reason they did not study fully methyl polysiloxanes, nor
Apiezons, nor diethylene glycol succinate they still failed to note what I previously
pointed out6

, that the most polar (thiocyanate) phases were nearest to the centre of the
selectivity triangle, and the lower polarity groups A and B furthest from the centre. "A
phase exhibiting minimum selectivity would be located at the centre of the triangle.
The most selective phases are found towards the corners of the triangle"s. This can be
achieved by applying bias to the triangle axes -Kersten and Poole use 0.2-0.7 for
ethanol and nitromethane, but 0.1-0.6 for dioxane, these being not quite the same axis
values as those of Snyder2

.

PROCEDURE

To check this possibility that strongly polar phases might be indicated
triangularly to be less selective than those of low polarity, I plotted selectivity triangles
using published McReynolds values4 for different combinations of three of his first
five solutes. The combination of benzene-butanol-nitropropane gave poor discrimi­
nation as every GC phase yielded the probes in this sequence. Other combinations gave
different degrees of discrimination and butanol-nitropropane-pyridine was selected.
It is interesting that two of these solutes were probes I selected previously in 19866

.

Values for each of these probes were calculated by

x = (McRsolute)/E(McRthree solutes)

where MeR are the McReynolds values published4 and these are given in Table I and
plotted in a biased triangle in Fig. 1.

DISCUSSION

It is clear in Fig. 1 that strongly polar phases are clustered together near to the
centre of the selectivity triangle, which can be included with them in a circle of radius
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glycols, and Apiezon L is grouped with a polyester. What are the implications? It
cannot be suggested sensibly that highly polar phases such as free fatty acid phase and
PEG 1500 should be discarded as lacking solute discrimination because they plot near
the 0.333 centre of the triangle. Nor is it reasonable to suggest that only phases near the
apices of the triangle (Apiezon Land OV-210) should be used for their high
discrimination. Perhaps phases should be selected for particular separations if they are
virtually "neutral" to one of the solute probes (with a value close to 0.333) and hence
preferentially retain one of the other two, so discriminating well, substances of this
type retained? For example, Apiezon L (1 in Fig. 1) is neutral to nitroalkanes and
selective for aromatics like pyridine, which it retains relatively strongly. It should not
be chosen to resolve aliphatic alcohols. Free fatty acid phase (9) shows this to much
lesser extent. Fully methyl polysiloxanes (2) are neutral to these alcohols, selective for
nitroalkanes, and should not be chosen for aromatics; and this applies to PEG 1500
(10) to a lower degree. The commonly used phenyl-methyl (50:50) polysiloxanes (3)
are surprisingly neutral to aromatics, selective for nitroalkanes, but not the phase of
choice for aliphatic alcohols. Without exhibiting any fully "neutral" character
tris-(cyano-ethoxy)propane (12) shows a reduced response of this type. Of course, this
reduced discrimination response is due partly to the larger figures of McReynolds
values given by the polar phases. Differences between the smaller values of the
non-polar phases produce a relatively more severe displacement from the centre of the
triangle.

Perhaps the best use for this plot is to indicate, for example, that Apiezon Lis
a low polarity alternative to diethylene glycol succinate. Similarly tris-(cyano­
ethoxy)propane, OV-225, OV-17, OV-210 represent a decreasing polarity sequence of
similar discriminatory potential. Corresponding results are obtained (with a somewhat
different plot) using pentanone values with butanol and pyridine. Even using Kersten
and Poole's results 5 for ethanol-nitromethane-dioxane and plotting them on my
butanol-nitropropane-pyridine triangle gives points for the phases which remain in
the same groupings (Fig. I).

The British Pharmacopoeia 1988 (Vol. 1)7 includes over 60 examples'ofthe use of
GC on liquid phases and hence should provide a useful review of the selection of
stationary phases for drug analysis. From my pyridine-retaining group, Apiezon Lis
only recommended twice, free fatty acid phase three times and polyester phases eight
times. These phases thus form only about 22% of the GC uses. From my
butanol-not-Ieast-retained group, polyethylene glycols are recommended for twelve
uses and fully methyl polysiloxanes for thirteen, giving 42% of the British Pharma­
copoeia analyses and forming the main group. Most of the 36% remaining are from
the butanol-pyridine-nitropropane group, although trifluoropropyl-methyl poly­
siloxanes such as OV-210 are not used at all. Perhaps these phases and Apiezon L,
should be uitilised?
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Hydroperoxides are common products or intermediates of oxidative process­
est. Thymidine hydroperoxides result from the action of hydroxyl radicals on DNA
in oxygenated solutionsz

,3. In fact, initially formed hydroperoxides are estimated to
make up about 70% of the total DNA base damage induced by the action of ionizing
radiation on DNA in aqueous solution4

. Since exposure of 2'-deoxycytidine, 2'-de­
oxyguanosine or 2'-deoxyadenosine to ionizing radiation in aqueous oxygenated so­
lutions does not yield detectable amounts of hydroperoxides, the majority of DNA
hydroperoxides is expected to be made up of thymidine hydroperoxides. Similar
pathways involving hydroxyl radicals and the formation of thymidine hydroperox­
ides can also be implicated in the action of therapeutic drugs5 and in the process of
aging6

.

We report the complete separation of the eight possible 5(6)-hydroxy-6(5)-hy­
droperoxides of thymidine by reversed-phase high-performance liquid chromatogra­
phy (HPLC). The hydroperoxides are selectively detected by mixing the HPLC eluent
with Fez +-xylenol orange reagent. This system is easy to assemble, uses conventional
HPLC equipment and reaches pmollevels of detection. Previously, this method was
reported in a qualitative study of several hydroperoxides formed from OH -' induced
oxidation and one-electron oxidation.of thymidine7

• In this article, emphasis has been
placed on the methodology and quantitative aspects of the post-column reaction for
the detection of hydroperoxides.

EXPERIMENTAL

Chemicals
Thymidine and the reagents for post-column reaction were purchased from

Sigma and used as received. Solvents were of the highest purity available from

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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Anachimia (Montreal, Canada). Water in all experiments was distilled twice in
quartz. [14C(2)]Thymidine was obtained from Amersham and was purified immedia­
tely before use by HPLC. Thymidine hydroperoxides were obtained by two methods.
The four diastereomers of 5-hydroxy-6-hydroperoxy-5,6-dihydrothymidine were ob­
tained from peroxidation of thymidine using trifluoroperacetic acid8. The four 6­
hydroxy-5-hydroperoxy-5,6-dihydrothymidine diastereomers and 5-hydroperoxy­
methyl-2'-deoxyuridine were prepared by near-ultraviolet photolysis of thymidine
sol utions in the presence of 2-methyl-l ,4-naphthoquinone9 . The stereochemistry of
each hydroperoxide was determined by comparing the corresponding 5,6-diol of thy­
midine, obtained after treatment of the hydroperoxide with zinc powder in 3%
aqueous acetic acid, to authentic reference samples and assigned structures were
confirmed by IH NMR and 13C NMR IO.

Chromatography
Thin-layer chromatography (TLC) was carried out on SIL-G UV 0.25 mm

thick silica plates (Machery-Nagel, Duren, FRG) by two-dimensional analysis, first
the plates were developed in solvent I [chloroform-methanol-water (4:2:1, v/v/v);
methanol was added (5%, v/v) to the organic phase] and then after drying, at right
angles in solvent II [methyl propionate-2-propanol-water (75:16:9, v/v/v)]ll. Hy­
droperoxides were detected directly on the TLC plates by spraying with N,N-dimeth­
yl-l,4-phenylenediamine in 50% aqueous methanol 12 . RF values are reported relative
to those of thymidine which migrates with an absolute RF of 0.67 in both solvent
systems. HPLC equipment consisted of a dual piston pump (Waters No. M6000;
Mississauga, Canada), a fixed-volume injector (Rheodyne; Berkeley, CA, U.S.A.), a
fixed-wavelength detector (Waters No. 441) and an analog-digital integrator (Varian
No. 4270; Georgetown, Canada). Two CI8 reversed-phase columns were used: a
semi-preparative column, 25 cm x 7.5 mm J.D., packed with 5-,um Spherisorb
(Chrom. Specialities, Brockville, Canada) and an analytical column, 25 cm x 4.6 mm
J.D., packed with 5-,um Ultrasphere (Beckman; Berkeley, CA, U.S.A.). Water (pH ~

6) was used as the mobile phase for both columns.

Post-column reaction
The basic flow system described above was also used in the post-column reac­

tion HPLC system to detect thymidine hydroperoxides, except that a second pump
was used to mix a peroxide reagent into the first HPLC line (Fig. 1). In order to assure
a stable baseline, it was essential that the pumps were equiped with pulse dampeners.
All compounds, including hydroperoxides, were detected prior to the post-column
reaction by an UV absorption detector set at 229 nm. The eluent and reagent were
mixed in a right angle tee before entering the reactor coil. The reactor coil consisted of
6 m x 0.52 mm J.D. stainless-steel tubing, shaped in 80 coils of 2 cm diameter
submerged in a water bath thermostated at 60°C. An additional 2 m of tubing shaped
in 20 coils was submerged in a water bath kept at room temperature. Absorbance of
the eluent-reagent mixture was measured at 546 nm. The peroxide reagent consisted
of 5.8 . 10-4 M xylenol orange (tetrasodium salt) and 2.3 . 10- 4 M ammonium
ferrous sulfate in 0.035 M H2S04. The final concentration of the reactants after
mixing with the HPLC eluent is identical to that used in the conventional colorimetric
test for hydroperoxides 13 . The post-columns reactions are presented by eqns. 1 and 2.
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Fig. 1. Flow diagram of post-column reaction HPLC for the detection of thymidine hydroperoxides.

Fe2 + + ROOR -+ Fe3+ + ROR (1)

Fe3 + + xylenol orange -+ Fe3 +-xylenol orange
(8S40nm = 26 800 M -lcm -1)

(2)

(where ROOR is hydroperoxide). Under our experimental conditions, the back­
ground absorption measured at 546 mm was 0.08 absorbance units with water as a
reference. The flow-rates provided by the primary and reagent pumps were adjusted
to 0.7 and 1.5 ml(min respectively which gave reasonable head pressures of 28 and 86
atm. This flow-rate combination gave the best response. Lowering the flow-rate of the
reagent pump, while keeping the final concentration of reagent the same, resulted in
greater baseline fluctuations likely due to poor mixing. At these flow-rates, the re­
agent and eluent are in contact for less than 1 min. The reaction was considered to be
complete at this time since neither increasing the temperature of the bath nor
diminishing the flow-rate gave higher signals for the hydroperoxides. The reaction
time is considerable faster than the 10 min required in the standard colorimetric test
at room temperature 14

. The response of the detector was found to be linear with the
amount of hydroperoxide injected from 100 nmol, at which point the detector is
saturated, down to 10 pmo!. A signal representing 10 pmol is about 20 times greater
than the background absorption. Comparison of the bandwidths of eluting com­
pounds using the 229 nm UV detector versus the 546 nm post-column reaction detec­
tor indicates that the reaction coil introduces about 20% diffusion of the elution
peaks. This diffusion was independent of the injection volume over the range of
20-100 J.d.

ANALYSIS OF THYMIDINE HYDROPEROXIDES

There are eight possible isomers of 5(6)-hydroxy-6(5)-hydroperoxides of thymi­
dine (Fig. 2). They are not completely resolved by two-dimensional TLC on silica gel
(Table I) and the diastereomers 3 and 4 are indistinguishable under the conditions
used. Furthermore, the quantitation of thymidine hydroperoxides by TLC is difficult
because they tail and partly decompose under these conditions. The RF values were
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(1) trans(5S.6S)
(2) trans(5R.6R)
(7) cis(5R.6S)
(8) cis(5S, 6R)

o

~CH200H

~ __ ) (9)

o N
I
dR

(3) trans(SR,6R)
(4) trans(5S, 6S)
(5) cis(5S,6R)
(6) cis(5R,6S)

NOTES

Fig. 2. Structures of thymidine hydroperoxides. dR = 2-{1-D-erythro-Pentofuranosyl moiety.

obtained from analysis of pure hydroperoxides and agree with previous analysis of
these compounds from complex mixtures of the hydroxyl radical-induced thymidine
oxidation products2 •1o• All eight isomeric 5(6)-hydroxy-6(5)-hydroperoxides of thy­
midine are resolved by reversed-phase HPLC (Table I and Fig. 3). Unlike TLC

TABLE I

CHROMATOGRAPHIC PROPERTIES OF THE NINE HYDROPEROXIDES OF THYMIDINE

Thymidine R" TLC" HPLCb Ratio' oj Ratiod f!lpmol
Hydroperoxide retention absorbance of hydroperoxide to

solvent volume 546 nm(229 nm absorbance
1 II (ml) at 546nm

1 0.46 1.15 6.7 3.4 4.5
2 0.50 1.30 8.0 3.1 3.9
3 0.48 1.12 8.8 4.3
4 0.48 1.12 9.0 4.3
5 0.43 0.77 9.9 7.1 3.7
6 0.43 0.90 13.1 7.7 2.9
7 0.41 0.73 16.1 6.3 3.6
8 0.48 0.78 16.9 5.6 3.8
9 0.56 0.99 10.7' 2.9

" Two dimensional TLC in system I (organic phase of chloroform-methanol-water (4:2: I, v(v(v), to
which was added 5% methanol (v(v) and system II methyl propionate-2-propanol-water (75: 16:9,
v(v(v). R p values are relative to thymidine.

b Analytical reversed-phase column (void volume, 2.2 ml) with water as the mobile phase.
, UV detection of hydroperoxides was made before the post-column reaction.
d Factor used to convert the integrated 546 nm signal to the quantity of hydroperoxide injected on

the HPLC column; 1 corresponds to an absorbance of 0.0002 at the peak maximum at 546 nm.
e Mobile phase: 5% aqueous methanol.
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Fig. 3. Analysis of a mixture consisting of 500 pmol each of the eight 5(6)-hydroxy-6(5)-hydroperoxides of
thymidine by reversed-phase post-column reaction HPLC. The hydroperoxides were separated on a 5-ILm

CIS column operated with water as the mobile phase. The post-column reaction consisted of mixing the
eluent with 5.8 . 10- 4 M xylenol orange and 2.3 . 10- 4 M NH4 FeS04 in 0.035 M H2S04 and monitoring
the absorption of the Fe3 +-xylenol orange complex at 546 nm.

analysis, there is very little tailing of the peaks or decomposition during HPLC an­
alysis and baseline resolution is observed for all hydroperoxides except for 3 and 4.
The isomeric cis-hydroperoxides are longer retained on reversed-phase chromatogra­
phic columns than the corresponding trans-hydroperoxides. This likely reflects intra­
molecular H-bonding between the vicinal polar hydroxy and hydroperoxy groups of
the cis isomers. A similar effect has been observed between cis- and trans-thymidine
5,6-diols 15. Also, the 6R elute faster than the 68 diastereomers of 5-hydroxy-6-hy­
droperoxides whereas the reverse is true for 6-hydroxy-5-hydroperoxides. These
differences are likewise attributed to the different orientation of the hydroxy and
hydroperoxy groups and to their ability to form intramolecular bonds. In contrast to
the 5,6-saturated thymidine hydroperoxides (1-8), hydroperoxymethyl-2'-deoxyuri­
dine (9) is retained much longer during reversed-phase chromatography.

The ratio of absorption at 546 nm (peroxide reagent) to that at 229 nm (direct
absorption) varies from 3-8 for the different hydroperoxides (Table I). These varia­
tions do not reflect differences in the absorbance at 546 nm induced per mole of
hydroperoxide, which appears to be constant for all the hydroperoxides. Instead, this
results from variations in absorption by the hydroperoxides at 229 nm, which is an
inherent property of these compounds. Thus, trans-isomers absorb about twice as
much light at 229 nm as cis-isomers.

Post-column reaction HPLC using xylenol orange-Fe2+ as a colorimetric re­
agent for hydroperoxides provides a simple and reliable method to selectively detect
and quantitate thymidine hydroperoxides in the rang of 1-10 pmo!. The sensitivity of
this method is comparable to that involving an enzyme-mediated chemiluminescence
assay used for the detection of lipid hydroperoxides l6

.
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Kling et al. 1 recently reported on a high-performance liquid chromatographic
(HPLC) system for analysis of indoleacetic acid (IAA) in plant tissue. One of the
benefits of the reported system is that the initial preparative HPLC procedure yields
three partially purified fractions; one containing IAA, another containing abscisic acid
(ABA) and the third fraction containing the cytokinins zeatin and zeatin riboside.
Final quantitative HPLC procedures for analysis of IAA 1 and ABA2 have been
reported. This paper describes a rapid and reproducible system for quantitative
analysis of zeatin and zeatin riboside in the above mentioned fraction.

Many systems have been reported for final separation and quantitation of
cytokinins. These systems include bioassay3-8, radioimmunoassay9,lO, ion-exchange
chromatography 11 , reversed-phase chromatography12-16, reversed-phase ion-pair
chromatography13 and chromatography on polyvinylpolypyrrolidone (PVPP) col­
umns. Bioassay was not used as a quantitative procedure due to the inherent problems
with reproducibility and interfering compounds present in plant extracts17

. None of
the above chromatography systems were effective at separating the cytokinins from
interfering compounds present in the partially purified fraction. Insoluble PVPP has
been used in open columns for sample purification and final separation in several
hormone analysis systems13,18,19, PVPP exhibits strong retention of cytokinins at
neutral pH, and rapid elution is possible using methanol 18. The present study reports
on the use of PVPP solid phase extraction followed by analytical cation-exchange
HPLC to accomplish rapid analysis of zeatin and zeatin riboside, previously purified
on our preparative system.

There are many reports of systems for purification and quantitation of the
cytokinins however few of these contain information on recovery and variabil­
ity3,4,6,lO,20,21. The coefficient of variation (C.V,)22 indicates the variability of
a system and is useful for evaluation of analytical procedures; however, it is seldom
included in descriptions of analysis systems, The C.V, can be calculated or estimated
from the data presented in sonf~ reports. The system reported here has been evaluated
for recovery and reproducibility using a radiolabelled internal standard.

a Present address: Department of Plant and Soil Sciences, University of Maine, Orono, ME 04469,
U.S.A.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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MATERIALS AND METHODS

NOTES

The entire system for analysis ofzeatin and zeatin riboside in plant tissue consists
of four steps; extraction, preparative HPLC, solid-phase extraction using PVPP
cartridges and ion-exchange chromatography. The extraction and preparative HPLC
procedures have been described previousli. The following is a description of the
PVPP and ion-exchange procedures.

Solid-phase extraction
Dry, methanol-washed PVPP (GAF, New York, NY, U.S.A.) was loaded into

4-ml plastic syringe barrels (PGC Scientifics, Gaithersburg, MD, U.S.A.) (0.25 g
PVPP/syringe) with two glass microfibre filters (1.0 em GF/D, Whatman, Maidstone,
U.K.) to hold the packing material in place. The PVPP was packed loosely in the
syringe barrel and settled with a 4-ml methanol wash. Before use, the cartridge was
washed with an additional 4-ml volume of methanol followed by 4 ml of water. The
cytokinin fraction resulting from preparative HPLC 1 was concentrated to approxi­
mately 1ml and was loaded onto the cartridge and drawn through under vacuum. The
cartridge was washed with 4 ml of water and the cytokinins were then eluted with
a 4-ml methanol wash. The resultant methanol fraction was reduced to dryness in
vacuo at 35°C and the remaining sample was dissolved in 1.0 ml of water.

Ion-exchange HPLC
A 400-/l1 aliquot of the above sample was analyzed for zeatin on a Vydac 40lTP

SCX column (5-/lm particle diameter, 150 x 4.6 mm J.D., Alltech, Deerfield, IL,
U.S.A.) with an isocratic delivery of 0.05 M NH4 C2H30 2 (pH 4.1) at a flow-rate of
2.0 ml/min at 40°C. A second 400-/l1 aliquot was used for zeatin riboside analysis. The
same buffer was used at a concentration of 0.01 M and a pH of 3.6 with all other
parameters the same as for zeatin analysis. The solvent delivery system was composed
of a Hewlett-Packard 1082b HPLC system (Avondale, PA, U.S.A.) equipped with
a Hewlett-Packard (Model 79870A) 254 nm UV absorbance detector.

Determination of recovery and reproducibility
An internal standard of[8-3H]adenine (27 Ci/mmol) was used for determination

of recovery of cytokinins from each sample. In the preparative HPLC system the
cytokinins coelute, approximately 1.5 min following the adenine. Rather than collect
a wider fraction to include the cytokinins and the adenine (and additional interfering
substances) the radiolabelled adenine was added separately to samples before
extraction-preparative HPLC, and before the solid-phase extraction-analytical
HPLC, to determine recovery from both procedures.

Recovery of adenine from the extraction and preparative HPLC system was
determined in three sets of eight plant samples. Samples (2 g) of Pseudotsuga menziesii
root tissue were enriched with [3H]adenine (approximately 3000 dpm/g tissue) and
processed through the extraction and preparative HPLC procedures as described 1.

Aquasol-2 (15 ml) (NEN Research Products, Boston, MA, U.S.A.) was added to each
adenine fraction and 3H determined in a Beckman LS 3800 liquid scintillation counter.
Recovery was calculated by comparison with [3H]adenine standards not processed
through the extraction and preparative HPLC procedures.
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Performance of the entire system for analysis of zeatin and zeatin riboside,
extraction through final quantitation, was tested with extracts made from roots and
shoot apices of dormant and actively growing Cornus sericea plants. Samples (I g,
fresh weight) from roots (2-4 mm diameter) and 2-cm shoot tips of eight dormant
Cornus sericea plants were harvested and processed according to the method described
by Kling et al. I

. Additional plants were placed in hydroponic culture (one half strength
Hoagland's solution No. I, pH 6.5, with aeration) in a growth chamber (Conviron
E-15, Pembina, ND, U.S.A.) at 24°C with a 15-h photoperiod. When plants were in an
active vegetative state of growth, roots and the terminal I-g portion of the newly
expanding shoots were harvested and processed as above. The experiment was
a completely randomized design with eight replications.

Identity of the zeatin and zeatin riboside peaks was verified with coupled gas
chromatography-mass spectrometry (GC-MS). The two fractions containing the
cytokinins from the ion-exchange HPLC procedure were collected, derivatized with
tetramethylsilane (TMS) (Pierce, Rockford, IL, U.S.A.) and separated on a Hewlett­
Packard 5985 GC-MS system.

RESULTS

The mean recoveries and C.V. values22 for the three sets of[3H]adenine-enriched
plant extracts processed through the extraction and preparative systems combined
were 89.7 (C.V. 1.9%), 88.2 (C.V. 1.8%) and 90.6 (C.V. 2.1 %). The C.V. of
[3H]adenine recovery for the 24 samples grouped together was 2.1 %.
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Fig. l. Chromatograms of zeatin (A) and zeatin riboside (B) separated from Comus sericea plant extracts
using cation-exchange HPLC. See text for chromatographic conditions.
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Adenine was separated sufficiently from zeatin and zeatin riboside in the
cation-exchange analytical system and did l)6t interfere with quantitation (Fig. I). The
retention times for adenine in the zeatin and zeatin riboside systems were 13.8 and 12.0
min, respectively.

The procedures for final separation and quantitation of the cytokinins proved to
be reproducible enough to allow for routine analysis ofzeatin and zeatin riboside. This
system was able to detect differences in the levels of these hormones in both root and
shoot tissue of dormant and actively growing Cornus sericea (Table I). Mean recovery
of[3H]adenine from the PVPP and ion-exchange procedures was 86.3% with a C.V. of
7.0%. The individual C.V.s for each set of samples are presented in Table I.

TABLE I

LEVELS OF ZEATIN AND ZEATIN RIBOSIDE IN ROOTS AND SHOOT TIPS OF DORMANT
AND ACTIVELY GROWING CORNUS SERfCEA PLANTS

Dormant Growing"

Root Shoot Root Shoot

Zeatin (ng/g fresh weight) 45.98 c' 36.45 d 127.38 b 163.49 a
C.V. (%) 6.9 7.1 5.8 6.6

Z. riboside (ng/g fresh weight) 40.91 d 65.94 c 153.73 b 171.82 a
C.V. (%) 5.8 7.0 7.4 6.9

a See text for growth chamber conditions.
• Values followed by different letters are significant at the 5% level (least significant difference).

DISCUSSION

A system described by Dixon et al. 12 consisted of solvent partitioning, Dowex 50
cation-exchange chromatography and reversed-phase HPLC. They did not report
percent recovery; however, a C.V. of 25% can be estimated from the data presented.
Doumas and Zaerr9 employed DEAE-cellulose chromatography and immunoaffinity
chromatography followed by reversed-phase HPLC. They reported 65% recovery and
C.V.s ranging from approximately 6% to 60% can be estimated from their data.
A system described by Smith and Schwabe5 consisted of solvent partitioning and
thin-layer chromatography, followed by bioassay. The C.V. calculated from their data
is approximately 25%. Mousdale and KneelS reported 97% recovery from a PVPP
column, however they did not publish recovery or variation information for the entire
system. Purse et al. 7 reported 100% recovery of radiolabelled cytokinins from
a column of Sephadex, and recovery from TLC of 65% and 25% for zeatin and zeatin
riboside, respectively. Stevens and Berry 16 indicate a C.V. of approximately 9.0% for
cytokinins in culture filtrate using reversed-phase HPLC followed by GC-MS. They
were able toby-pass much of the usual sample purification because they were working
with culture medium filtrate, a relatively clean sample compared with crude plant
tissue extracts.

The results from our experiments show lower coefficients of variation than
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previous systems with comparable recovery rates. Total recovery of [3H]adenine.
extraction through analytical determination, was calculated to be 77.2%. The low
variability of the system allowed for significant differences to be found in the levels of
cytokinins in several plant tissues in different stages of development (Table I).

The identity of the presumed zeatin and zeatin riboside peaks from plant extracts
were confirmed by GC-MS. Comparison efthe mass spectra of the TMS-derivative of
the plant zeatin, with that of authentic TMS-zeatin, showed both with characteristic
ions at 261 (molecular ion, M+), 230, 216, 188, 162,135, 133 and a base peak at 73
(TMS). Mass spectra of TMS-derivatized plant sample and authentic zeatin riboside
both contained ions ofm/z 639 (M +),624,550,536,319,230,202 and a base peak of73
(TMS). Similar results were reported by Dixon et aIY ..

With the addition of the described cytokinin analysis procedures, we are now
able to quantitate four major plant hormones from a single 1-g tissue sample. These
methods will greatly facilitate studies of the interactive nature of plant hormones.
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Argentation chromatography, either on thin layers (TLC) I or on conventional
columns 2

, has proved to be of great value for the separation of unsaturated fatty acid
methyl esters (FAMEs) according to the degree of unsaturation and geometry of the
double bond(s)3. Recently, these established methods were adapted to high-per­
formance liquid chromatographic (HPLC) techniques4

. For this type of fractionation,
custom-prepared silica gel impregnated with silver ions is used as the stationary phase
by most workerss

,6. One disadvantage ofHPLC with silver-loaded silica phases is the
relative short column life, due to the leaching of silver ions from the column by polar
solvents6

. In order to circumvent this problem, ion-exchange resins7 and later
benzenesulphonic acid, chemically bonded to silica geI 8

-
IO

, were successfully in­
troduced as alternatives. With ion-exchange materials, the feasability of in situ
impregnation of prepacked columns with silver ions by simply injecting an aequous
silver solution into the column offers an additional benefit to the analyst9

-
11

.

As HPLC is expensive for sample pretreatment, it would be advantageous to
separate FAMEs according to the number of double bonds by means ofcommercially
available solid-phase extraction (SPE) tubes packed with cation-exchange material.
This paper deals with the development of such a technique for the fractionation ofmilk
fat FAMEs for subsequent gas-liquid chromatographic (GLC) analysis.

EXPERIMENTAL

Materials
Reagents and solvents were of analytical-reagent grade and used as received (E.

Merck, Darmstadt, F.R.G.). The solid-phase extraction (SPE) columns, CHROMA­
BOND SA (64 mm x 9 mm J.D., packed with 500 mg of benzenesulphonic acid,
solvent volume 3 m)), were obtained from Macherey, Nagel & Co. (Diiren, F.R.G.),
Cat. No. 730 077. Reference FAMEs were purchased from E. Merck and Sigma (St.
Louis, MO, U.S.A.).

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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Argentation chromatography (Ag+ /SPEj
SPE columns were converted to the NH4 + form by flushing with 1% (w/v)

ammonium acetate solution (10 ml), followed by distilled water (10 ml). A 2-ml volume
of 1% (w/v) silver nitrate solution was allowed to drain by gravity flow through the
column to impregnate the solid phase with silver ions. Excess silver ions were removed
with methanol (10 ml), followed by 10 ml of dichloromethane (DCM) and n-hexane
(10 ml) in order to re-equilibrate the column for apolar solvents. Typically, I ml of
standard or sample solution was applied to the prepared column. After washing the
column with 2 ml of n-hexane, FAMEs were eluted stepwise with various solvent
mixtures at ambient temperature (20-25°C). The separated FAMEs were determined
by drying the relevant fractions at 40°C in a stream of nitrogen and adding I ml of
n-hexane containing methyl heptadecanoate as an internal standard for subsequent
GLC analysis. Further details of the Ag+ /SPE procedure are outlined under Results
and Discussion.

A standard FAME mixture (FAME standard) consisting of methyl esters of
stearic acid (18:0), elaidic acid (18: It), oleic acid (18:0c), linoleic acid (18:2), linolenic
acid (18:3) and arachidonic acid (20:4) was prepared by dissolving approximately
equal amounts (I mg/ml) of each in n-hexane.

Milk fat was transesterified with methanolic potassium hydroxide as described
by Christopherson and Glass 12

, and finally diluted with n-hexane to give a FAME
content of 2 mg/m\. Identification of major FAMEs in milk fat was performed by
comparing the retention times obtained with those for a FAME standard resembling
the approximate composition of milk fat (MF-FAME standard).

Gas-liquid chromatography
A Carlo Erba Mega 5300 high-resolution gas chromatograph, fitted with a dual

injection system (on-column and split/splitless) and a flame ionization detector
connected to a Spectra-Physics 4270 integrator, was used. The column installed was
a 25 m x 0.32 mm LD. fused-silica capillary column, coated with CP-Sil-88, dr = 0.2
11m (Chrompack, Midde1burg, The Netherlands). The carrier gas was hydrogen and
the make-up gas was nitrogen. For split injection the column was operated
isothermally at 150°C, whereas for on-column injection the temperature was
programmed from 50°C (1 min isothermal) at 7°C/min to 220°C. Usually the FAME
standard was split injected and the MF-FAME standard or milk fat FAMEs
(MF-FAMEs) injected on-column.

RESULTS AND DISCUSSION

Method development
In principle, the procedure for preconditioning the CHROMABOND SA

column with silver ions resembles the method described by Christie9 for the
preparation ofa silver-loaded HPLC column. However, the solvent volumes used were
adapted according to the reduced column size (500 mg of sorbent in the SPE column).
For proper column impregnation, the silver solution must be allowed to pass through
the SPE column by gravity flow, whereas the other solvents could be forced through
the sorbent bed at a flow-rate of ca. I ml/min.

In a first attempt to separate the FAME standard, various solvent mixtures with
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Fig. 1. Separation of FAMEs according to the geometry and number of double bonds. The Ag+ /SPE
column was eluted batchwise (2-ml portions) with the eluents listed below. The amount (peak area) and
identity of FAMEs (0 = 18:0; • = 18: I-trans; /':, = 18: I-cis; • = 18:2; D = 18:3; '" = 20:4) present in each
fraction was determined by GLC. Eluent composition (v/v): (A) 1% DCM in n-hexane; (B) 5% DCM in
n-hexane; (C) 10% DCM in n-hexane; (D) 50% DCM in n-hexane; (E) 100% DCM; (F) 3% methanol in
n-hexane; (G) 10% methanol in n-hexane; (H) 50% methanol in n-hexane; (1) 100% methanol; (1) 1%
acetonitrile in methanol; (K) 10% acetonitrile in methanol.

increasing polarity were applied batchwise in 2-ml portions and the column effluents
were analysed by GLC. In Fig. I the detector response (peak area) of the separated
FAMEs is plotted against the elution volume and the eluent composition. The major
proportion of 18:0 was eluted with 10 ml of 1% DCM in n-hexane. Unsaturated
FAMEs were retained on the column unless the DCM concentration reached 50%.
With this DCM-n-hexane mixture, 18: It eluted as a relative sharp peak, but was not
completely separated from 18: Ic, which was recovered from the column with pure
DCM. In order to elute the more unsaturated FAMEs, the polarity of the eluent had to
be further increased by adding methanol to DCM. As is evident from Fig. 1, the
dienoic and trienoic FAMEs were well resolved with DCM containing 3% and 10%
methanol, respectively. Even with pure methanol, 20:4 did not elute. Thus acetonitrile,
which is able to displace polyolefins from silver-loaded resin columns13, was
incorporated in the solvent. A concentration of 10% acetonitrile in methanol was
necessary to speed up the elution 0[20:4 and to recover this polyunsaturated FAME
entirely. With a silver-loaded Nuc1eosil 5SA HPLC column and a linear gradient from
methanol to methanol-acetonitrile (9: 1), an excellent separation of bovine testis
FAMEs according to the number of double bonds was obtained by Christie9 .

Although the SPE sorbent bed consisted of the same type of packing material, eluents
with a lower polarity had to be used for the fractionation of the FAMEs in this study.
Starting the procedure with methanol resulted in almost complete elution of the
FAMEs without separation taking place.

Another series of experiments was carried out to optimize the elution strength
and the amount of solvents needed to separate the FAME standard into pure
components. Fractions of high purity and also excellent recoveries of the standard
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compounds (usually ~ 95%) were obtained with the selected solvent mixtures. Stearic
acid was eluted with 5 ml of 10% DCM in n-hexane, 18: It with 5 ml of 40% DCM in
n-hexane, 18:lc with 5 ml of0.5% methanol in DCM, 18:2 with 5 ml of3% methanol in
DCM, 18:3with 5 ml of I% acetonitrile in methanol and 20:4 with 10% acetonitrile in
methanol. Only the geometric 18: I isomers were not as well resolved as the remaining
FAMEs; 2.3% of the applied 18:1t coeluted with the 18:lc fraction and 8.5% of the
18: Ic with the 18: It fraction. Complete resolution of a standard mixture containing
geometric and positional 18: I isomers was achieved by the aforementioned HPLC
system, employing dichloromethane-l,2-dichloroethane (1:1) instead of the meth­
anol-acetonitrile gradient as the elution solvent1o . However, the separation efficiency
of an analytical HPLC column is obviously not comparable to that of an SPE column
commonly intended for sample pretreatment.

Application of the Ag+ jSPE method to milk fat FAMEs
When the optimized Ag+ jSPE method was applied to the separation of an

MF-FA ME standard, results in agreement with the standard mixture used during
method development were obtained, except for the impaired resolution of 18: It and
18:lc. With this test mixture, about one third of the 18:It coeluted with the
cis-monoenoic fraction. Saturated FAMEs eluted with 5 ml of 10% DCM in n-hexane
as one fraction, independent of the chain length. Short-chain FAMEs were not
recovered completely, because of their partial evaporation during the nitrogen drying
step involved in sample preparation. Modifications of the solvent systems applied did
not lead to any significant improvement in the cisjtrans-monoene separation. Thus

TABLE I

APPLICATION OF THE Ag+/SPE PROCEDURE TO THE FRACTIONATION OF MILK FAT
FAMEs

Eluent FAME Recovery (%)"

Milkfat Ib Milk fat II'

10% OCM in n-hexane (5 ml) 8:0 51.0 ± 4.0 35.9 ± 4.8
10:0 82.3 ± 0.6 72.8 ± 1.9
12:0 93.8 ± 1.2 92.9 ± 2.6
14:0 97.0 ± 1.3 98.1 ± OJ
15:0 97.4 ± 1.1 98.0 ± 0.9
16:0 99.1 ± 0.8 94.6 ± 3.7
18:0 99.5 ± 0.9 97.9 ± 5.2

0.5% methanol in DCM (5 m!) 10:1 90.7 ± 1.8 96.3 ± 1.4
14:1 94.9 ± 1.3 101.5 ± 0.8
16:1 97.9 ± l.l 98.0 ± 1.7
18:1 101.5 ± 0.4 102.7 ± 0.7
18:2con/ 100.5 ± 0.7 99.6 ± 0.9

3% methanol in OCM (5 ml) 18:2 95.1 ± 0.6 103.3 ± 0.6
I% acetonitrile in methanol 18:3 93.3 ± 0.7 99.1 ± 3.9

a Mean ± standard deviation of four determinations.
b Iodine value 31.4.
, Iodine value 40.0.
d 18:2 conj = 9-cis, I I-trans-octadecadienoic FAME.
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MF-FAMEs, serving as a real sample, were separated into saturated and mono-, di­
and triunsaturated FAME fractions, according to the elution scheme given in Table I.
As in conventional argentation chromatography, the conjugated 18:2 (cis-9,trans­
II-octadecadienoic FAME) eluted with the monoenoic fraction. The recoveries of the
separated FAMEs from two different milk fat samples (iodine values 31.4 and 40.0,
respectively) were in accordance with the values obtained in the preliminary
experiments.

CONCLUSION

A silver-loaded solid-phase extraction column (Ag +/SPE) provides a simple and
rapid means for the fractionation of FAMEs according to the degree of unsaturation
for subsequent GLC analysis. Relevant fractions of high purity and good recoveries
are obtained with the procedure described. Compared with the commonly used
argentation TLC, the Ag+ /SPE method offers the opportunity to separate and recover
FAMEs in a single step, requiring only small solvent volumes.
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Letter to the Editor

Analysis of anthocyanins in red wines by high-performance
liquid chromatography using butylamines in the mobile phase

Sir,
We are studying the optimization of the separation of anthocyanins in red wine

by high-performance liquid chromatography (HPLC) by using alkylamines in the
mobile phase with gradient elution. In the present experiments we used a Varian 8500
chromatograph;,a Varisca!! 634 D UV-VIS spectrophotometric detector, an A-25
recorder an~l£ high-pressure stop-flow injection system. The column (15 cm x 0.32
cm J.D.) was packed with CGX C 18 silica gel chemically modified with octadecyl
groups (particle 5 }lm) (Tessek, Prague, Czechoslovakia). The wavelength of detection
was 520 nm; the pressure was 14 MPa 1.2.

The wine sample selected was Alibernet (Komplexny Vyskumny Ustav
Vinohradnicky a Vinarsky, Bratislava, Czechoslavakia) as it was found to exhibit the
most uniform content of anthocyanins among th<;lse investigated, the other wines
being Svatovavrinecke, Frankovka Modra, Cabernet Sauvignon and Andre).

Butylamine, diethylamine, triethylamine, hexylamine and octylamine were
examined as mobile phase additives and the best results were obtained with
butylamine. We then optimized the gradient elution by means of solution A containing
10% (v/v) of methanol, perchloric acid (0.16 mol dm- 3

) and butylamine (0.122 mol
dm - 3) and solution B containing 90% (viv) of methanol, perchloric acid (0.16 mol
dm- 3) and butylamine (0.122 mol dm- 3

). The pH of the solutions was 1.45. Similar
pH conditions have been used by other workers3

-
5

.

The gradient was optimized in two steps involving the initial composition of the
mobile phase and the form and slope of the gradient As the optimization of gradient
elution has not yet been mathematically processed, we tried to find out the most
convenient gradient by experiment The following gradient proved to be the best: start
25% B, finish 51 % B, 0-8 min 25% B isocratic, 8-12 min from 25 to 41 % Bat 4%
B min-I, 12-22 min from 41 to 51 % B at 1% B min- 1 and 22-34 min 51 % Bisocratic.

The chromatographic separation of the anthocyanin pigments from Alibernet
wine using the above gradient is shown in Fig. 1. The following peaks of anthocyanins
were identified: (1) delfidin-3-g1ucoside, (2) cyanidin-3-glucoside, (3) petunidin-3­
glucoside, (4) peonidin-3-g1ucoside, (5) malvidin-3-g1ucoside, (6) unidentified, (7)
delfidin-3-g1ucoside acetate, (8) cyanidin-3-g1ucoside acetate, (9) petunidin-3­
glucoside acetate, (10) peonidin-3-g1ucoside acetate, (II) malvidin-3-glucoside acetate,
(12) delfidin-3-g1ucoside p-coumarate, (13) peonidin-3-g1ucoside p-coumarate and
(14) malvidin-3-g1ucoside p-coumarate.

For comparison of gradient programmes with and without butylamine in the
mobile phase, the time of analysis, separation efficiency and gradient reproducibility

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers RV.
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Fig. I. Chromatogram for an Alibernet wine sample. Injection volume, 8 Ill; sensitivity, 20 mV. For
chromatographic conditions and peak identification, see text.

were considered. The gradient with butylamine requires 6 min less than that without
butylamine. Also, the peaks are much more regularly located when butylamine is
present. The gradients were compared with respect to selectivity (IX), resolving power
(Rs) and capacity factors (k'). In calculating the capacity factors given in Table I, the
elution dead time to = 120 s was taken into account. Table I demonstrates that better
results and better resolution of peaks 4,5 and 10,11 in particular were obtained by
using the gradient with butylamine. To evaluate the reproducibility of measurements

TABLE I

COMPARISON OF GRADIENTS FROM THE VIEWPOINT OF SELECTIVITY

Peak Gradient without butylamine Gradient with butylamine
No.

k' IX Rs k' IX Rs

1 3.37 1.33 16.33 1.71 1.43 17.29
2 4.48 1.20 11.26 2.45 1.39 17.41
3 5.37 1.22 12.78 3.40 1.35 17.05
4 6.57 1.10 6.37 4.58 1.24 13.18
5 7.22 1.41 21.35 5.67 1.19 11.06
6 6.73 1.10 6.61
7 10.18 1.14 9.14 7.42 1.11 6.83
8 11.61 1.08 5.26 8.20 1.08 5.55
9 12.49 1.10 6.79 8.88 1.09 5.97

10 13.73 1.02 1.82 9.67 1.05 3.68
II 14.07 1.05 3.58 10.18 1.14 9.26
12 14.77 1.05 3.57 11.63 1.06 4.35
13 15.50 1.04 2.60 12.35 1.07 5.09
14 16.05 1.05 3.57 13.25 1.05 3.52

a See text for identification of peaks.
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we performed repeated analyses on nine different samples of Frankovka wine and
calculated the mean capacity factor, standard deviation and scatter. The results
showed that the reproducibility of the measurements made with the gradient in the
presence of butylamine is much better and the system fulfils the high criteria demanded
for the separation of anthocyanins by HPLC.
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