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lDetermolnatoon o~ l8eta~18Hoc~errs Oln
l8oologocal Materoal

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.
Tmovec, Z. Kallay). 3. Sample Pretreatment
in the Determination of Beta-Blockers in Bio
logical Fluids (JI: Marko). 4. Determination
of Beta-Blockers by Optical Methods (W.-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. Bamhill, DJ. Green
blatt). TLC (M. Schiifer-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/ no. 290.00
ISBN 0-444-87305-8

ELSEVIER SCIENCE PUBLISHERS
P.o. Box 211, 1000 AE Amsterdam, The Netherlands
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THE STANDARD TEXT ON THE SUBJECT...

Chemomeftrics: a textbook
D.L. Massart, Vrije Universiteit Brussel, Belgium,
B.G.M. Vandeginste, Katholieke Universiteit Nijmegen, The Netherlands,
S.N. Deming, Dept. of Chemistry, University of Houston, TX, USA,
Y. Michotte and L. Kaufman, Vrije Universiteit Brussel, Belgium

(Data Handling in Science and Technology, 2)

Most chemists, whether they are biochemists, organic. analytical, pharmaceutical·or
clinical chemists and many pharmacists and biologists need to perform chemical
analyses. Consequently, they are not only confronted with carrying out the actual
analysis, but also with problems such as method selection, experimental design,
optimization, calibration, data acquisition and handling, and statistics in order to obtain
maximum relevant chemical information. In other words: they are confronted with
chemometrics.

This book, written by some of the leaders in the field. aims to provide a thorough,
up-to-date introduction to this subject. The reader is given the opportunity to acquaint
himself with the tools used in this discipline and the way in which they are applied..
Some practical examples are given and the reader is shown how to select the
appropriate tools in a given situation. The book thus provides the means to approach
and solve analytical problems strategically and systematically, without the need for the
reader to become a fully-fledged chemometrician.

Contents: Chapter 1. Chemometrics and the Analytical Process. 2. Precision and
Accuracy. 3. Evaluation of Precision and Accuracy. Comparison of Two Procedures. 4.
Evaluation of Sources of Variation in Data. Analysis of Variance. 5. Calibration. 6.
Reliability and Drift. 7. Sensitivity and Limit of Detection. 8. Selectivity and Specificity. 9.
Information. 10. Costs. 11. The Time Constant. 12. Signals and Data. 13. Regression
Methods. 14. Correlation Methods. 15. Signal Processing. 16. Response Surfaces and
Models. 17. Exploration of Response Surfaces. 18. Optimization of Analytical Chemical
Methods. 19. Optimization of Chromatographic Methods. 20. The Multivariate
Approach. 21. Principal Components and Factor Analysis. 22. Clustering Techniques.
23. Supervised Pattern Recognition. 24. Decisions in the Analytical Laboratory. 25.
Operations Research. 26. Decision Making. 27. Process Control. Appendix. Subject
Index.

"The many examples, the eye-pleasing presentation, and the references to other texts
and articles make the book useful as a teaching tool. Beginners and those more
familiar with the field will find the book a great benefit because of that breadth, and
especially because of the clarity and relative uniformity of presentation... this book will
be the standard text on the subject for some time." (Journal of Chemometrics)

1988 485 pages US$ 92.00 / Dfl. 175.00 ISBN 0-444-42660-4

ELSEVIER SCIENCE PUBLISHERS
P.o. Box 211,1000 AE Amsterdam, The Netherlands
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AQUEOUS SIZE-EXCLUSION
CHROMATOGRAPHY

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.

1988xviii + 454pages
US$144.75 / Dfl. 275.00
ISBN 0-444-42957-3

ELSEVIER SCIENCE PUBLISHERS
P.O. Box 211, 1000 AE Amsterdam, The Netherlands
P.O. Box 1663, Grand Central Station, New York, NY 10163, USA
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Southern Parts of Stockholm and the "Old Town" around 1790. The five churches
seen on the painting are from the left: "Sofia Kyrka, Maria kyrka, Tyska (German)
kyrkan, Riddarholmskyrkan and Slottskyrkan". Stockholm castle is situated to the

far right.
(From Aguila's Histoire de Regne de Gustave III.)
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The proceedings of the Thirteenth International Symposium on Column Liquid Chro
matography, Stockholm, June 25-30, 1989, are published in two consecutive volumes
of the Journal of Chromatography: Vols. 506 and 507. A foreword to the complete
proceedings only appears in Vol. 506.
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FOREWORD

The 13th International Symposium on Column Liquid Chromatography (CLC
'89) was held from June 25th to 30th, 1989, in Stockholm, Sweden. Over 1050 partici
pants from 30 countries (Sweden 35%, U.S.A. 13%, F.R.G. 8%, The Netherlands
6% and Eastern Europe 5%) enjoyed a warm and fortunately almost rain-free week
of both scientific and social activities. Close to 100 lectures, over 350 posters and II
discussion sessions embodied the programme. Hence, the scientific activities were at a
quantitative level similar to those in the two previous symposia in the series, Wash
ington (1988) and Amsterdam (1987). The most abundant subjects were separations
of macromolecules, preparative and chiral separations and biomedical applications.
The instrument exhibition, involving 58 companies, was also an essential part of the
programme. The high level of scientific activities at the symposium is certainly a very
strong indicator of the need for this kind of broad programme meeting within the
field of separation sciences.

The planning and accomplishment of an international symposium of this size
cannot be successful without the cooperation and teamwork of many individuals. I
would like especially to express my gratitude to my scientist colleagues on the orga
nizing committee: Professors Stellan Hjerten, Bjorn Josefsson and Jan-Christer Jan
son; Drs. Bengt-Arne Persson and Jorgen Sjodahl; to Dr. Anders Cronlund, of the
Swedish Academy of Pharmaceutical Sciences; and to the team from the Stockholm
Convention Bureau (SCB), Helena Stark, Mariana Hammarskiold and Mikaela Jo
hansson. I am also very grateful to my colleagues on the permanent scientific commit
tee of this symposium series for providing advice on the scientific programme after
studies of the more than 400 preliminary abstracts that were submitted to CLC '89. A
special acknowledgement also goes to the two Chairmen of the two preceding sympo
sia in the series, Professors Georges Guiochon and Hans Poppe, who assisted with
much useful advice in the planning of the present symposium. I am also grateful to
the Ph.D. students from the university departments, and the personnel from SCB,
who assisted in such a way that all practical details functioned smoothly during the
symposium. Finally, I would like to thank the staff from Elsevier, Drs. Erich Heft
mann and Marc Atkins, for a pleasant and efficient collaboration in the production of
these proceedings.

In January 1989, the chromatographic world untimely and most unfortunately
lost one of its best known and prominent scientists, Professor Roland W. Frei, who
was a good friend, colleague and mentor to numerous chromatographers around the
world, and also a member of the permanent scientific committee of this symposium
series. The participants of CLC '89, stood in silence to honour his memory during the
Introduction, and it was emphasized that it was the aim of the symposium to proceed
in his spirit, providing a suitable blend of scientific and social activities in order to
stimulate the participants to interact in a pleasant atmosphere. It is my impression
that we succeeded in fulfilling this goal in a way that Roland would have approved of,
if he had still been among us.

The banquet was held at the Grand Hotel in Stockholm, and for those of you
who enjoyed the female singing group ("Growing Girls") appearing there, I can tell
that they some months later became world champions in barbershop singing at a
contest held in Florida!
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It is time to look forward to coming exciting symposia and I hope to see all of
you in Boston in May, this year, when Professor Barry L. Karger as the Chairman
responsible will no doubt arrange an attractive programme for HPLC '90.

Uppsala (Sweden) DOUGLAS WESTERLUND
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SUMMARY

The high-performance liquid chromatographic capacity factors extrapolated to
pure water were determined on a polybutadiene-coated alumina (PBCA) stationary
phase for a selected set of non-congeneric solutes, The structures of the test solutes
were characterized by means of calculated hydrophobicity parameters and several
non-empirical molecular descriptors, including topological indices, information con
tent indices and quantum chemical indices. Unique properties of PBCA for the chro
matographic determination of the hydrophobicity of diverse compounds were dem
onstrated, Quantitative structure-retention relationship (QSRR) studies employing
non-empirical structural descriptors showed that the mechanism of retention on
PBCA was similar to that on ODS phases, For a quantitative description of retention,
structural parameters reflecting the bulkiness of solutes (positive input) and their
polarity (negative input) predominated. Principal component analysis of structural
descriptors most often used in QSRR studies allowed the extraction of two principal
factors that describe retention more adequately than the individual descriptors stud
ied. Informative values of non-empirical structural indices for the evaluation of reten
tion were compared.

INTRODUCTION

Quantitative structure-retention relationships (QSRR) can be exploited for the
prediction of retention, the determination of the structural properties of solutes and
obtaining some insight into the molecular mechanism of chromatographic separa
tions.

A reliable and precise prediction of retention in a given chromatographic sys
tem is possible for closely related, congeneric solutes only. More chemically meaning
ful seem to be the two remaining applications of QSRR. Bearing in mind the second
aim of QSRR, i.e., the determination of structural properties of solutes, we recently

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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turned our attention to the new generation of high-performance liquid chromato
graphic (HPLC) stationary phases, such as the polymer-coated reversed-phase mate
rials introduced by Schomburg and co-workers 1,2 . Using polybutadiene-coated alu
mina (PBCA) as an HPLC stationary phase, we previously proposed a method for the
quantitative characterization of the hydrophobicity of diverse sets of solutes includ
ing neutral, weakly basic and weakly acidic compounds 3

. The uniqueness of the
approach consists in its applicability to organic bases, which can be chromato
graphed in undissociated form. In contrast to silica-based hydrocarbonaceous sta
tionary phases, commonly used for hydrophobicity determinations by HPLC, PBCA
can be operated over a wide range of pH, including alkaline environments. The other
advantage of PBCA is the lack of free silanol sites, which are resonsible for undesir
able specific interactions of chemically bonded silicas with polar solutes.

It seemed of interest to undertake QSRR studies of the data derived on PBCA
aimed at the analysis of the mechanism of retention at the molecular level. The results
of QSRR studies could be compared with those obtained previously by standard
reversed-phase HPLC employing ODS materials4 ,5. Comparison with the QSRR
derived for the porous graphitic carbon-heptane normal-phase system also appeared
interesting6

.

In designing the experiment, we took the following into consideration: the sol
utes selected for studies should be non-congeneric and include basic, neutral and
acidic compounds, the number of solutes should be sufficient for meaningful statistics
but manageable for retention measurements and structural analysis and the test sol
utes should be stable conformationally, planar if possible and their geometry should
be well established. The last condition is important for obtaining unequivocal results
for structural and especially quantum chemical calculations.

Most QSRR reported in the chromatographic literature were derived by means
of multiple regression analysis. The dependent variable formed a set of retention data,
whereas various empirical, semi empirical and non-empirical structural parameters
were assumed as independent (explanatory) variables. Unfortunately, the explanato
ry variables applied were often mutually interrelated by simple or multiple correla
tions. Moreover, it happened regularly that too many explanatory variables (includ
ing their various transformations such as squares, reciprocals and exponentials) were
surveyed to describe too few retention data by multiple regression, which led to
chance correlations. All this means that a number of QSRR regression equations
reported in the analytical literature are without physical relevance.

Intercorrelated chemical data sets, which are unsuitable for multiple regression,
can be subjected to multivariate analysis with factorial methods. Factor analysis has
been applied to chromatographic data since the early 1970s, but only occasionally.
The analysis reported were carried out in order to predict changes in the retention ofa
given set of solutes accompanying the changes in mobile-stationary phase sys
tems7-10. Wold and co-workers11,12 applied multivariate statistics to extract struc
tural properties of amino acids from their various retention data.

There are numerous structural descriptors of solutes used in QSRR studies13
.

Unfortunately, significant intercorrelation among them limits the applicability of
multiple regression in QSRR. On the other hand, according to the present chemomet
ric theory, as many relevant data as possible should be considered in structure
property relationship studies because this increases the probability of good character-
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ization of solutes12 . The large data tables resulting from such an assumption can be
analysed by multivariate methods to extract the systematic information contained in
the data. A small set of abstract principal factors extracted from a large set of various
structural descriptors of the solutes should be sufficient for the description of their
HPLC data expressed as logarithms of capacity factors. Based on the above assump
tion, we have recently been able to describe the retention of a set of variously sub
stituted benzene derivatives on porous graphitic carbon with n-heptane eluent by
means of two principal components extracted from a set of 18 non-empirical structur
al descriptors of 20 solutes 14

.

The experiments described in this paper were designed to obtain some insight
into the molecular mechanism of retention on PBCA under reversed-phase condi
tions, to evaluate the informative value of non-empirical structural descriptors most
often used in QSRR studies and to compare the quality ofQSRR derived by means of
multiple regression and of multivariate analysis.

EXPERIMENTAL

Materials
The test solutes were selected to incl ude various structures (Fig. 1). The set of 21

solutes is diverse enough to avoid congenericity and includes aromatic hydrocarbons,
substituted benzene derivatives and heteroaromatic compounds. Bearing in mind the
limitations of quantum chemicals method of calculation of structural indices, the
solutes chosen for the study had conformations that can be unequivocally defined.
The selection of rigid structures eliminates the possibility that the conformation of a
solute interacting with the components of chromatographic phases differs from the
conformation for which structural descriptors are determined. By choosing planar
test solutes, we had in mind the feasibility of the numerical characterization ofmolec
ular shape.

The solutes chromatographed were of the highest available purity and originat
ed from various sources.

Determination of retention parameters
The chromatographic system consisted of a single-piston reciprocating pump

and a UV detector operating at 254 nm. A Rheodyne injection valve fitted with a
10-pl sample loop was used. The HPLC column used was kindly supplied by Prof. R.
A. Hartwick (Department of Chemistry, Rutgers University, Piscataway, NJ,
U.S.A.). A stainless-steel column (150 x 4.6 mm LD.), was slurry packed with poly
butadiene-coated Spherisorb A5Y using isopropanol as the slurry solvent and metha
nol as the packing solvent. The stationary phase was prepared according to the proce
dure of Schomburg and co-workers l.2. Polybutadiene was immobilized on the
alumina support with the help of a cross-linking reaction involving radical formation.

The mobile phase consisted of analytical-reagent grade methanol and a Brit
ton-Robinson universal buffer prepared at pH 2.62 and IUS. To provide a pH of
2.62, 150 ml of 0.2 M NaOH were added to 1000 ml of solution of 0.04 M
CH 3COOH, 0.04 M H 3P04 and 0.04 M H 3 B03 . Buffer of pH 11.15 was prepared
analogously by adding 825 ml of 0.2 M NaOH to 1000 ml of acid solution. The ionic
strength of the buffers was adjusted to 0.2 by adding NaN03 . The following metha-
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Fig. 1. Structural formulae of test solutes.

nol-buffer mixtures were used as mobile phases: 80:20, 50:50, 35:65, 20:80 and 0: 100
(v/v). Before use, the eluents were filtered through 0.45-/tm nylon-66 filters. Alkaline
buffer added to methanol in the proportion 20:80 (v/v) caused precipitation and this
phase was discarded. Analytical-reagent grade chemicals were used.

The flow-rate was I ml/min. To calculate the capacity factors, k', the solvent
disturbance peak was used as a reference, observing specific precautions15

.

For each solute the HPLC measurements were carried out in duplicate at both
acidic and alkaline pH. Next, the log k' data were plotted against the volume fraction
of methanol in the mobile phase for both pH values (see Fig. 2 for illustration). The
linear part of the graph was extrapolated to zero content of methanol, yielding the
value of capacity factor corresponding to pure water as the eluent, log k'w. Most of
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Fig. 2. Change in capacity factor with decreasing volume content of buffer in the eluent for quinoline.
Solid line, best fit for the non-ionized solute (basic pH); broken line, retention of quinoline observed in the
acidic eluent.

the compounds studied yielded measurable capacity factor data over a wide range of
eluent compositions. In some instances, however, it was only possible to extrapolate
linearly the retention observed for the two higher buffer contents studied. A similar
approach has been applied by other workers16

. Numerical values of log k' for non
ionized solutes extrapolated to pure aqueous eluent are given in Table 1.

Structural descriptors
The HPLC system studied yields retention data reflecting the hydrophobicity of

solutes. The reference scale for measurements of hydrophobicity, log P, is provided
by the n-octanol-water partitioning system. Experimentally determined log P data
for 14 of 21 solutes studied were taken from ref. 17. For the full set of 21 compounds,
the calculated log P data were obtained by applying the fragmental method of
Hansch and Leol? Calculated data were in good agreement with the data observed
experimentally. The log P values are collected in Table 1.

Log P reflects ability of a compound to participate in the so-called hydrophobic
interactions. Hydrophobic interactions are a complex net result of fundamental in
termolecular interactions such as dispersive, inductive and dipole-dipole interactions.
Thus, log P may be considered as a phenomenological structural parameter. The
interpretation of empirical retention parameters in terms of other empirical or semi
empirical parameters, such as log P data, is not very informative from the point of
view of fundamental intermolecular interactions. More informative seem to be the
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TABLE I

CAPACITY FACTORS EXTRAPOLATED TO PURE WATER, LOG k'w AND STRUCTURAL DESCRIP-
TORS OF THE SOLUTES NUMBERED AS IN FIG. I

For explanation of the symbols of structural descriptors see text.

¥ ~ s• 0...."- 0...."-'" ~ '" <:; ::: :::;:; ~ ~

~~
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"'"
g,o g,o <:; c 'i5 § ]'" ·s " " ""'"-.l -.l -.l -Cl '" '"

1 1.0750 0 2.14 2.13 78.1 I 26.184 -47.0940 -0.5100 0.1463
2 -0.3400 I 0.65 0.65 79.10 24.464 - 50.8780 - 0.4655 0.1278
3 1.8600 0 2.53 2.53 102.14 33.350 -61.0640 -0.4760 0.1258
4 0.4324 0 1.56 1.56 103.12 30.624 -64.8855 - 0.4899 0.1080
5 -0.3575 I -0.68 105.09 27.180 -72.4109 - 0.4653 0.0827
6 0.2197 I 1.38 1.36 113.55 29.296 - 64.5365 -0.4333 0.1093
7 - 0.1656 I 0.25 114.54 27.574 -70.0568 - 0.4651 0.0816
8 1.0800 I 2.13 2.14 117.15 36.460 -73.7969 -0.4118 0.1180
9 0.2043 0 1.08 128.13 35.064 - 82.6595 -0.4730 0.0958

10 2.5800 0 3.35 3.28 128.17 42.976 -74.5485 - 0.4097 0.1127
II 0.8170 I 2.04 2.02 129.16 41.254 -80.8656 - 0.4602 0.0688
12 -0.1504 I -0.71 130.11 31.620 -90.1945 -0.4640 0.0768
13 -0.0220 I 0.04 139.54 32.014 - 87.8378 -0.4726 0.0630
14 0.4608 0 1.10 146.13 39.346 -105.2470 -0.4168 0.0618
15 0.5210 0 1.39 1.40 146.15 39.266 - 105.2660 - 0.4204 0.0488
16 0.2410 0 1.15 0.97 147.13 36.964 - 104.8130 -0.4339 0.0687
17 0.1640 0 -0.62 -0.72 148.12 34.984 -114.9990 - 0.4909 0.0477
18 2.7550 I 3.59 3.52 ]67.21 53.252 - 100.1 160 -0.3572 0.0510
]9 3.8500 0 4.45 4.44 178.23 59.768 -107.0620 -0.3684 0.0383
20 1.8500 1 3.40 3.40 179.22 58.046 -107.0290 -0.3584 0.0483
21 1.5 I50 I 2.99 195.22 56.476 - ]29.2860 -0.3924 0.0761

non-empirical structural descriptors. Under the term non-empirical we understand
here the molecular parameters that can be calculated exclusively on the basis of the
structural formula of a solute. To calculate the following structural descriptors con
sidered in this paper and given in Table I, only the structural formula of a solute is
required.

Molecular weight is denoted here as molwt. Molecular refractivity (bondrefr) is
calculated as the sum of the bond refractivities for all pairs of connected atoms
according to Vogel et al. 1B

• Thus, the refractivity increment for a C-H fragment is
1.676, forC-C 1.296, for C=C 4.17, for C-Cl 6.51, etc. A list of individual bond
increments can be found in ref. 13 (p. 96). In fact, the bondrefr parameter is semi
empirical in nature but, in contrast to log P, its calculation and interpretation cause
no ambiguities.

The following molecular topological indices were considered here: Wiener in
dex, W (wiener) 1 9

, generalized molecular connectivity indices of first and second
order, lXv and 2Xv, (chilv and chi2v) according to Kier and Ha1l 2o

, and indices of
molecular shape of first and second order, /(1 and /(2 (kappal and kappa2), proposed
by Kier2l

. Certainly there are other empirically modified topological indices designed
for heteroatom-containing compounds, but strong intercorrelations among the exist-
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0.00 0.0115 27 2.0000 1.1547 1.0000 1.0000 1.0000 3.4116 1.6058 1.294
2.06 0.2467 27 1.8497 1.0246 1.3486 1.9717 2.8454 3.3442 1.5526 1.199
0.32 0.1752 64 2.4494 1.4880 0.9852 1.8703 2.4953 4.9275 2.1818 1.481
3.28 0.2490 64 2.3843 1.4778 1.2957 1.9143 2.2878 4.8590 2.1309 1.400
3.16 0.2545 64 2.0938 1.2025 [.5395 2.6635 2.8454 4.7222 2.0300 1.526
2.21 0.3485 42 1.9494 1.1712 1.6767 2.5503 3.0958 1.5953 1.9374 1.273
2.12 0.3011 42 1.8092 1.0281 1.8464 2.4464 2.8464 4.5270 1.8880 1.373
1.92 0.2485 79 2.8880 2.0649 1.2718 2.3050 3.1494 4.6211 1.6217 1.200
5.81 0.4025 117 2.7746 1.7692 1.3788 2.2359 2.5216 6.3120 2.6602 1.092
0.00 0.0605 109 3.4047 2.3472 0.9911 1.3921 1.8366 5.4822 2.1431 1.235
2.20 0.2713 109 3.2645 2.1961 1.2533 2.0192 2.7778 9.6300 4.4962 1.333
5.61 0.3306 117 2.4942 1.4772 1.4591 2.5850 2.5850 6.1840 2.5619 1.162
2.73 0.2902 88 2.2036 1.3388 1.7899 3.0581 3.2776 5.8102 2.3000 1.492
3.37 0.5837 140 3.3433 2.2810 1.3793 2.4922 3.2869 7.6943 2.3247 1.333
5.02 0.7228 145 3.3504 2.2923 1.3793 2.2628 3.0575 6.3098 2.3247 1.265
2.08 0.7716 139 3.2356 2.3288 1.6492 2.6250 2.2750 6.0949 1.9153 1.197
4.55 0.6440 139 3.1438 2.2226 1.4566 2.4402 2.7069 6.2443 2.0003 1.092
1.73 0.3839 220 4.4047 3.2162 1.2072 2.0958 2.6412 4.9873 1.6948 1.481
0.01 0.0447 280 4.8094 3.5465 0.9799 1.4834 2.1174 7.5714 2.8451 1.559
2.20 0.3752 280 4.6793 3.3738 1.1916 1.9558 2.5557 5.7595 2.8080 1.527
4.43 0.5495 335 4.4588 3.5453 1.3918 2.4183 3.1887 8.3842 3.0367 1.473

ing topological indices (~md also molecular weight) are observed and some indices just
duplicate others. The topological indices selected here are those most often applied
for QSRR.

A separate group of structural indices form information indices of neighbour-
hood symmetry of zeroth order, icO, first order, icl, and second order, ic2 22

. These
information content indices were calculated from probabilities of finding equivalent
atoms or patterns of atoms in a given structural formula.

The molecular shape of the planar solutes studied was described by the param-
eter of shape, defined as the ratio of the longer to the shorter side of the rectangle of
minimum area enveloping the structure drawn assuming standard van der Waals
atomic radii 23

.

A large group of non-empirical structural descriptors formed quantum chem-
ical indices. Molecular parameters of orbitals were calculated with complete neglect
of differential overlap, CNDO/2 method, using a standard program24

. The geometry
assumed for calculation was based on standard crystallographic data. The following
indices were calculated: total energy (etotal), energy of the highest occupied molec-
ular orbital (ehomo), energy of the lowest unoccupied molecular orbital (elumo),
dipole moment (dipolem) and electron excess charges on individual atoms. Energies
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are given in Table I in electronvolts, dipole moments in debyes and excess charges in
electrons. Based on charge distribution, the submolecular polarity parameter, Ll (del
ta), was determined as the maximal difference of electron excess charge for two atoms
in the molecule4

.

To differentiate between aromatic hydrocarbon derivatives and heterocyclic
compounds, an indicator variable, ind, was introduced for which a value I was as
signed in the case of benzene derivative and 0 for the remaining solutes.

Statistical analysis
Regression analysis was applied to relate retention data to calculated log P

data.
MUltiple regression was performed using non-empirical structural descriptors

as explanatory variables and log k'w as the dependent variable.
Principal component analysis (peA) was carried out on a set of 16 non-empir

ical structural descriptors of 21 solutes. The calculation scheme proposed by Schaper
and Kaliszan 25 was followed. The resulting principal component scores for individual
solutes were related to the retention parameters by means of multiple regression
analysis.

RESULTS AND DISCUSSION

The relationship between log k' w extrapolated to pure water as eluent and log P
calculated by the fragmental method is illustrated in Fig. 3. The relationship present
ed in Fig. 3 is described by the following regression equation:

log k' w = - 0.052 + 0.208 (log p)2

n = 21, s = 0.279, R = 0.9711, F = 314

4 log k'

3

•
2

..

(1)

a ••

. ..
•• •

log P

a 2 3 4 5

Fig. 3. Relationship between logarithms of capacity factors extrapolated to pure water as a mobile phase,
log k'w' and logarithms of n-octanol-water partition coefficients calculated by the fragmental method of
Hansch and Leo 'S , log P.
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where n is the number of compounds used for deriving the regression equation, s is the
standard error of the estimate, R is the correlation coefficient and Fis the value of the
F-test. The statistical evaluation of eqn. 1 is satisfactory, especially as it includes a
wide diversity of structures. The curvature of the log k'w vs. log P plot is especially
pronounced for highly hydrophilic solutes. The experimentally observed curvature of
the relationship may be artificial to some extent. The retention of hydrophilic solutes
on the relatively short column used is too low to obtain precise log k'w data. The
HPLC system applied was designed to prove the general validity of the approach and
the differences in hydrophobicities of individual test solutes exceeded five log P units.
When dealing with a set of less hydrophobic solutes, one can apply longer columns
and/or a PBCA material of higher polymer coating. Nevertheless, the HPLC proce
dure applied here employing a 15-cm column packed with PBCA may be recom
mended for the evaluation of the hydrophobicity of compounds with log P above 0.5.
The observation26 ,27 that in certain instances the calculated hydrophobicity param
eters are more trustworthy than those derived experimentally by HPLC is also valid
for PBCA when dealing with hydrophilic solutes.

Similar curvilinear relationships as expressed by eqn. 1 have been reported on
ODS phases for barbiturates28 and diols29

. The striking difference between PBCA
and ODS is that on the former a single correlation between log k'wand log P is
obtained for a variety of solutes whereas on ODS separate relationships are reported
for individual classes of compounds26 ,30,31. Two correlation lines (for hydroxylated
and non-hydroxylated solutes) were also reported on styrene-divinylbenzene copo
lymer stationary phase 16

.

The single log k'wvs. log P relationship may be due to insignificant interactions
of solutes with the alumina support in the case of PHCA as opposed to relatively
stronger interactions with silanol sites in the case of ODS. The present results support
our previous observations of the unique properties of PBCA as a reversed-phase
material for hydrophobicity determinations.

We also attempted to relate the determined capacity factors to non-empirical
molecular structural descriptors of solutes. There are several reports on the impor
tance of molecular size for the retention of congeneric solutes on ODS 28 ,32-34. Previ
ously, we succeeded in obtaining retention data of benzene derivatives from reversed
phase HPLC on ODS by means of size-related and a polarity-related structural de
scriptors4

,5. Tn a two-parameter regression equation, the size-related descriptor was
the quantum chemically calculated total energy (etotal), whereas polarity was quanti
fied by the maximum difference of electron excess charges (delta).

Here we performed the multiple regression analysis of log k'w data using the
non-empirical structural descriptors given in Table L The most meaningful regression
equation found was

log k'w = -1.618 + 0.089 bondrefr - 2.505 delta

n = 21, S = 0.500, R = 0.9090, F = 42.8

(2)

The term bondrefr is significant at the level of at least 0.001 and delta at the level of
0.002. An equation of similar statistical value was obtained when using the molecular
connectivity indices chil v or chi2v instead of bondrefr. No statistically valid improve-
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ment of eqn. 2 was obtained by introducing of additional structural descriptors con
sidered. Only when an indicator variable, ind, was introduced did the quality of
correlation increase (eqn. 3). The indicator variable was assigned a value of 1 for
benzene derivatives and 0 for heterocyclic solutes.

log k' w = - 1.272 + 0.089 bondrefr - 2.648 delta - 0.598 ind

n = 21, s = 0.394, R = 0.9476, F = 49.8

(3)

Intercorrelations found among structural parameters limit the applicability of
multiple regression analysis in QSRR studies. Such intercorrelated data, however,
can be analysed by multivariate statistical methods. The set of structural data consid
ered here consisted of the last 16 columns in Table I, i.e., excluding log P and indo

Two principal factors extracted from the structural data set appeared meaning
ful for the description of the retention of the solutes. The first factor accounted for
48.6% of the variance in structural data considered and the second factor for 25.2%.

Subsequently, the loadings (eigenvectors) of the two principal components ex
tracted were calculated. The loadings were subjected to VARIMAX rotation to maxi
mize the variance of squared loadings and thus facilitate interpretation of meaning of
individual principal components. In Fig. 4 the loadings of the two principal compo-

PCvr1

dipolem PCvr2
0.8 OS 1.0

ic1

icD

-0.4

-0.5

-0.6

-0.7

-Q.8

Fig. 4. VARIMAX-rotated loadings of two first principal components by individual structural descriptors
denoted as in Table I.
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Fig. 5. Principal component scores after VARIMAX rotation for the solutes numbered as in Fig. I.
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nents by individual structural descriptors are depicted. The principal component
scores for the set of 21 solutes studied, scaled to a variance of I, obtained after
VARIMAX rotation are presented in Fig. 5.

As shown in Fig. 4 the first principal component, PCvrl, is loaded mostly by
such structural descriptors as chi! v, bondrefr, chi2v, wiener, molwt and etotal. All
these structural descriptors reflect basically the size (bulkiness) of solutes. In such a
situation PCvr I condenses information on molecular size.

The second principal component, PCvr2, is loaded predominantly by the struc
tural descriptors icO, icl, ic2, delta and dipolem. Hence it cap be concluded that
PCvr2 concentrates structural information related to the so-called molecular polarity.
The polar properties of chemical compounds are a function of the electron distribu
tion within a molecule. Such properties determine the ability of a solute to participate
in intermolecular interactions with the stationary and/or mobile phase of the dipole
dipole, dipole-induced dipole and electron pair donor-acceptor type. .

A separate discussion should be devoted to the high loadings of PCvr2 by the
information content indices icO, icl and ic2. These indices reflect the diversity in the
atom composition of molecules. This is connected with specific, polar properties of
solutes. In studies on structural descriptors of benzene derivatives we also observed a
high loading by information content indices of the principal component reflecting the
molecular polarity of solutes.

It seemed of interest to apply the structural information condensed in two
principal components to correlation studies with liquid chromatographic data de
rived on PCBA. Eqn. 4 describes log k' w in terms of non-rotated principal component
scores scaled to a variance of I, i.e., PCI and PC2:

log k'w = 0.8852 + 0.5942 PCI - 0.9016 PC2

n = 21, S = 0.380, R = 0.9485, F = 80.6

(4)
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Fig. 6. Relationship between log k' (extrapolated to pure water) determined experimentally and calculated
by eqn. 4.

Both the PCI and PC2 terms are significant at at least the 0.001 significance level. The
relationship between experimental log k' data and those calculated by eqn. 4 is il
lustrated in Fig. 6.

The statistical characteristics of eqn. 4 are better than those of eqn. 2, as in
dicated by the standard error, correlation coefficient and F-test. Qualitatively both
equations are similar in that increasing solute bulkiness enhances retention whereas
increasing polarity has the opposite effect. Eqn. 4 demonstrates that the correlation
represented by eqn. 2 is not fortuitous.

Structural information extracted by principal component analysis of molecular
descriptors appeared to be more precise and reliable than the respective information
provided by individual structural parameters. Comparison of eqns. 4 and 3 suggests
that the principal components extracted from the set of sixteen molecular descriptors
contain information that allows the differentiation of benzene and heterocyclic deriv
atives. In other words, these factors contain information expressed explicitly by the
indicator variable, ind, which was not included in multivariate analysis.

Analysing eqns. 2 and 4 from the point of view of the mechanism of reversed
phase HPLC on PBCA, one can conclude that non-specific, dispersive interactions of
solutes with the stationary phase prevail over the analogous interactions with the
mobile phase. This is indicated by the positive increment to eqns. 2 and 4 by structural
parameters reflecting the ability of solutes to participate in dispersive (London-type)
intermolecular interactions. On the other hand, the negative increment to eqns. 2 and
4 of the molecular parameters reflecting the ability of solutes to participate in specific,
polar intermolecular interactions demonstrates that polar solute-mobile phase inter
actions are stronger than analogous solute-stationary phase interactions. Hence the
mechanism of retention on PBCA is closely similar to that on ODS4

,5 but basically
different from that postulated for normal-phase HPLC on porous graphitic car
bon 6 ,14.

The structural descriptors considered in this work can be conveniently deter
mined by simple calculation procedures for any given structural formula. The ques-
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tion is how much information about the properties of chemical compounds they
contain. Principal component analysis of sixteen quantum chemical, information
content and topological indices, together with molecular weight, molecular refractiv
ity and molecular shape descriptors, allows the extraction of information useful for
the determination of physico-chemical properties. Analysing loadings of principal
components by individual structural descriptors (Fig. 4), one can conclude that total
energy (etotal) and topological indices (wiener, chil v and chi2v) provide information
on the bulkiness of the solutes and have no advantages over established bulk mea
sures such as molecular weight and refractivity.

Electron charge distribution calculated by standard CNDOj2 calculations pro
vides information on the polar properties of solutes. Again, the submolecular polarity
measure delta appeared to be a more appropriate descriptor of polar properties of
solutes than the total dipole moment.

The CNDOj2 method is reliable as far as charge distribution is concerned but
less reliable for orbital energy calculations. In such a situation, it is difficult to deter
mine whether the ehomo and elumo descriptors fail to account for the ability of the
solutes to participate in electron pair donor-acceptor interactions, or whether these
interactions are of little importance for retention.

Further studies are required to explain the physical meaning of information
content indices.

Neither the Kier indices of shape, kappal and kappa2, nor the shape parameter
previously proposed in this laboratory, shape, appeared meaningful for the descrip
tion of retention. Probably retention differences caused by differences in molecular
shape are too subtle to be detectable for such a diverse set of solutes. Hence the
question remains open of whether the shape parameters considered differentiate mo
lecular properties or just structural formulae.
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• The influence of the gradient elution mode and

displacer salt type on the retention properties of closely
related protein variants separated by high-performance
anion-exchange chromatography
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Department of Biochemistry, Monash University. Clayton, Victoria 3168 (Australia)

SUMMARY

The influence of different elution modes, gradient times and flow-rates on the
relative retention of closely related variants ofcarbonic anhydrase and ovalbumin has
been investigated using high-performance ion-exchange chromatography. Three iso
form species of carbonic anhydrase and four isoforms related to ovalbumin eluted by
anion-exchange chromatography were characterised by isoelectric focusing and sodi
um dodecylsulphate-polyacrylamide electrophoresis. Gradient retention data were
collected using several different alkali metal halides as the displacer salt, in order to
systematically evaluate the effect on selectivity of different anions and cations in the
series F-, Cl- and Br-, and Li+, Na + and K +. While the selectivity between the
different ovalbumin isoform species remained essentially constant with each displacer
salt, solute Zc-values [J. Chromatogr., 458 (1988) 27] varied with the type of salt. In
contrast, non-parallel retention plots were obtained for the carbonic anhydrase iso
forms with the Zc values different for each isoform. Furthermore, significant differ
ences in chromatographic behaviour for these proteins were observed between experi
ments carried out under gradient elution conditions with either varied gradient time
and constant flow-rates or fixed gradient time and varied flow-rates. These results are
discussed in terms of the influence of column residence time and protein-salt interac
tions of the solute's interactive ionotope and the concomitant effects these structural
perturbations may have on chromatographic behaviour.

INTRODUCTION

During the past decade, high-performance liquid chromatography (HPLC) has
developed into a powerful technique for the analysis ofcomplex mixtures of biological

a For Part XCVI, see ref. 17.

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

3
. The advent of protein engineering, cell culture technologies and

new methods for rapid peptide synthesis has necessitated the development of very
sensitive and reliable separation strategies for the purification of target peptides and
proteins from crude feedstock solutions contaminated with other structural or charged
variant species. Production of polypeptides and proteins by recombinant DNA or
chemical synthesis methods often result in a higher incidence rate of variant species
than normally found in natural systems3

, arising from expression errors, post
translational processing or incomplete peptide syntheses. In the fields of medicine and
veterinary science, the removal of these variants is paramount if the target protein or
peptide is intended for therapeutic use.

Removal of contaminating protein variants using the various modes of
adsorption chromatography available today will only be successful if subtle differences
exist between the stationary phase binding site on the contaminants and on the target
protein. The further development ofstrategies for the separation of very closely related
protein solutes requires an understanding of the relationship between chromato
graphic behaviour and solute structure. At the present time, the extent to which
various chromatographic systems can probe and detect changes in the microstructure
of protein binding sites has not been fully elucidated. In this study the influence of
experimental conditions on the chromatographic behaviour of the closely related
structural variants of bovine carbonic anhydrase and ovalbumin has been investi
gated. Retention data were used to obtain protein Zc values1,2, as a measure of the
average number of electrostatic interactions occurring between the solute and
stationary phase surfaces. Perturbations in the microstructure of the protein binding
site were monitored by changes in Zc with systematic changes in the displacer salt type
and the buffer concentration.

MATERIALS AND METHODS

Chromatographic procedures
All chromatographic procedures were performed with a Pharmacia (Uppsala,

Sweden) fast protein liquid chromatography (FPLC) system. The source of chemicals
and reagents, the purity of the proteins and methods used for the numerical analysis of
chromatographic retention and bandwidth data have been described in detail
elsewhere1

,4.

Isoelectric focusing and sodium dodecylsulphate electrophoresis
Acrylamide and sodium dodecylsulphate (SDS) were of electrophoresis grade

from BDH (Clayton, Australia). Ampholines (pH ranges: 3.5-10, 5-7,4-6 and 9-11)
and standard proteins of known isoelectric points (pI) were obtained in kit form from
Pharmacia. All other chemicals were of analytical grade or better. Isoelectric focusing
(IEF) was carried out using a Bio-Rad (Richmond, CA, U.S.A.) Bio-phoresis
horizontal electrophoresis cell powered by a LKB (Bromma, Sweden) 2297 Macro
drive 5 constant-power supply. The horizontal bed was cooled to 4°C. Gel dimensions
were 230 mm x 115 mm x 1 mm. SDS-polyacrylamide gel electrophoresis (PAGE)
was performed using slab gels (200 mm x 170 mm x 1 mm) and an "in house" built
vertical gel apparatus. Protein samples collected from Mono-Q column experiments
were desalted in the following manner. A 200-fll aliquot of sample was diluted up to
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2 ml total volume by addition of the desalting buffer (20 mM Tris . HCI, 0.02%
Brij-35, pH 7.4). Protein samples were then concentrated and desalted in Centricon-IO
microconcentrators (Amicon, Danvers, MA, U.S.A.) by centrifuging at 2800 g for 60
min using a Sorvall RC-5B centrifuge fitted with a SS-34 head (Dupont, Wilmington,
DE, U.S.A.) or until approximately 200 J.LI of sample remained. The remaining sample
was then dialysed for 15 h in a solution of 0.02% Brij-35 using Spectrapore (Spectrum
Medical Industries, Los Angeles, CA, U.S.A.; 600-8000 molecular weight cut oft)
dialysis tubing.

RESULTS AND DISCUSSION

The separation and characterisation of isoforms for carbonic anhydrase and ovalbumin
Chromatographic elution profiles for many commercially available proteins, as

well as proteins isolated in the research laboratory, often show multiple peaks
corresponding to the existence of several structurally related species. If these proteins
are isoforms of the mature, expressed form of the protein, e.g. if they are functionally
related proteins of very similar sequence and composition arising from minor genomic
or post-translational modifications in overall charge and/or hydrophobicity, then such
isoform mixtures can conveniently be used to examine the chromatographic behaviour
of related protein variants in terms of structure-retention dependencies. Typical of
such chromatographic behaviour are the high-performance ion-exchange chromato
graphy (HPIEC) elution profiles for bovine carbonic anhydrase and ovalbumin shown
in Fig. I, which reveal the presence of multiple peaks for each protein. The bovine
carbonic anhydrase sample used in this study is known from other studies to contain at
least two charged variant species which gave rise to peaks I to 3. These species can be
readily distinguished on the basis of their pI values and are referred to as carbonic
anhydrase II, pI 5.4 (CA-II s.4) and carbonic anhydrase II, pI 5.9 (CA-II s.9 ).

Furthermore, comparative studiess on the CA-IIs.4 and CA-II s.9 isoforms have shown
that they are genetic variants where, in the latter case, an Arg residue is replaced in the
primary sequence structure by a GIn residue at position 56.

Chromatographic analysis of high-quality commercial preparations of oval
bumin by other workers6 has indicated that the preparations are homogeneous in
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Fig. 1. Chromatogram demonstrating the presence of three bovine carbonic anhydrase isoforms (peaks
1-3) and four ovalbumin isoforms (peaks a-<l), eluted with lithium chloride as the displacer salt and gradient
time of 85.7 min at a flow-rate of I ml/min.
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terms of molecular weight as determined by gel filtration. However, several
chromatographic zones are also observed by ion-exchange techniques which suggests
that proteins associated with these peaks could be charge or structural isoforms of
ovalbumin. In order to further confirm the molecular characteristics of isoforms for
carbonic anhydrase and ovalbumin with the preparations used in the present studies,
samples recovered from the chromatographic studies (Fig. I) were characterised using
rEF and SDS-PAGE.

A comparison of the SDS-PAGE and IEF behaviour for the bovine carbonic
anhydrase sample in peaks I to 3 to that for highly purified samples ofCA-lI sA and

30K

·(b)

6.55

5.85

4.55

1 2 3 4 5 6

1 2 3 4 5 6
Fig. 2. Electrophoretic analysis ofbovine carbonic anhydrase by (a) SDS-PAGE and (b) IEF. Samples: I
commercial sample; 2 = CA-I; 3 = CA-2; 4 = CA-3; 5 = CA-II s.4 ; 6 = CA-II s.9 . See Materials and
Methods for other details.
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CA-II s.9 is shown in Fig. 2a and b. SDS-PAGE shows three bands of identical
molecular weight. However, IEF indicates the existence of the various charged
isoforms. Peak I (CA-I), the major species corresponds to CA-II s.9 , while peak
3 (CA-3) can be attributed to CA-JI S .4 . Two additional protein species with isoelectric
points at pI 5.60 and 5.70 were found in fractions taken from peak 2 and were
identified as CA-2s.6 and CA-2s.7 . The structural origin of these latter two protein
isoforms is currently under investigation.

Fig. 3a and b shows the SDS-PAGE and IEF gels for all the ovalbumin fractions
collected after ion-exchange chromatography and an unchromatographed ovalbumin

(a)
43K
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4 5

5.20 ~. '-

5.85

1 2 3 4 5
Fig. 3. Electrophoretic analysis of ovalbumin by (a) SDS-PAGE and (b) IEF. Samples: I = Commercial
sample; 2 = Ov-c; 3 = Ov-d; 4 = Ov-a; 5 = Ov-b. K = Kilodaltons.
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sample. The ovalbumin preparation was resolved into the four chromatographic peaks
shown in Fig. I, with the isoforms termed Ov-c, Ov-d, Ov-a and Ov-b, respectively,
where Ov-a represents the major species of ovalbumin. The SDS-PAGE and analytical
IEF results (Fig. 3) indicate that the ovalbumin species corresponding to each of the
four chromatographic peaks have similar molecular weights and charge distributions.
The protein species contributing to the HPIEC profile of ovalbumin therefore do not
represent nett charge variants of the dominant form. Structural heterogeneity with
ovalbumin is known to arise from the type or number of neutral sugars attached to the
peptide chain7.8. In addition, the formation of different conformational species, with
different interactive properties under the chromatographic conditions used, would
also give rise to a complex, multi-peak elution profile. These structural variations are
not detected by methods such as IEF or chromatofocusing which separate according
to nett charge or SDS-PAGE unless substantial differences in molecular mass existed
between the isoforms. The existence of similar structural variants as revealed by
HPIEC has been documented with other glycoproteins and is believed to be
responsible for the complex elution profiles observed for electrophoretically pure
samples of, for example, thyroid stimulating hormone9 .

The effect ofdisplacer salt type and varied gradient (VG) times on isoform Zc,VG values
Protein isoforms will only be separated by a particular mode of adsorption

chromatography if the binding surfaces of each protein species involved in the
retention process differ from each other. Furthermore, the number of functional
groups at the surface of the protein which interact with the sorbent will be de
pendent upon the mode of elution. For example, resolution of variant proteins by
immunoaffinity chromatography will only be achieved when there are differences in
highly specific areas on the protein surface associated with the epitope (antigenic
determinant) and these differences directly contribute to the binding process with the
immobilised antibody. For other modes of adsorption chromatography such as
reversed-phase, hydrophobic-interaction or ion-exchange systems, the binding site on
the protein may not be as structurally specific and could occur over a much larger
region of the surface area of the solute molecule or alternatively involve multisite
regions of interaction. Therefore, structural changes over a far greater portion of the
protein that may be invisible to immunoaffinity methods, can be detected by these
chemical ligands in adsorptive chromatographic methods.

The ability of the chromatographic systems with immobilised chemical ligands
to detect and anticipate small compositional or structural changes in the binding
regions of proteins has not been comprehensively investigated in a systematic manner
in terms of structure-retention dependencies, although the application literature on
protein purification abounds with anecdotal examples of the resolution of charge and
structural variations of the same protein. However, recent studies lo

-
14 on the HPIEC

and hydrophobic-interaction chromatographic properties of lysozyme indicate that
the correlation of the three-dimensional protein structure and chromatographic
properties can be used to provide significant insight into the structural factors
including subtle changes in the topographic features of proteins which control or
influence the selectivity of chromatographic systems. To further investigate the
potential of HPIEC as a functional molecular probe for determining subtle charge
variations in protein structure, the binding behaviour of the variants of bovine
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carbonic anhydrase and ovalbumin was investigated as a function of the mobile phase
composition, the gradient time, t G and eluent flow-rate. The chromatographic data
were analysed in terms of the Chained Pek-n-ese programme2

, which integrates
relative retention and peak width in the gradient mode (K., O'v) with the chromato
graphic variables, tG , flow-rate (F), L1c, etc. The HPIEC data were then displayed as
plots of log K. versus log 1/15 where K. and 15 are the median capacity factor and the
concentration of the displacing salt respectively.

Fig. 4a-h shows the retention plots of log Kversus log 1/15 for the isoforms of
bovine carbonic anhydrase and ovalbumin eluted with a variety of alkali metal halide
salts. Retention data were obta.ined by varying the gradient time between 8.6 and 171.1
min at a constant flow-rate of I ml/min with the buffer pH 9.6. The retention maps
illustrate that mobile phase composition can be used to optimise the selectivity of the
HPIEC separation of these isoform species. For example, Fig. 4d and g shows that the
selectivity between the various bovine carbonic anhydrase variants was maintained
while their elution volumes were reduced with a change in salt type from lithium
chloride to potassium bromide. Other salts such as sodium chloride or sodium bromide
(Fig. 4b and c) were found to decrease the selectivity between the isoforms as the
gradient time was reduced. Evidently, these latter sodium salts increase the resolution
of the separate isoforms of carbonic anhydrase when longer gradient times are used.

Tables I and II show the Zc,VG values for varied gradient time (± 1 S.D.) and
coefficients of determination (r 2

) in parentheses obtained from the retention data in
Fig. 4a-h for bovine carbonic anhydrase and ovalbumin respectively. The Zc,VG values
were obtained by regression analysis of linear regions of plots for log K. versus log 1/15.
According to the stoichiometric displacement model 15, Zc values are a quantitative
measure of the number of electrostatic interactions occurring between the solute and
stationary phase medium. If the salt species in the eluent has no influence on the
distribution or orientation of interactive charges on the protein surface, experimental
Zc,VG values will be independent of the displacer ions used. However, Tables I and II
show that protein Zc,VG values are not constant over the range ofthe elution conditions
employed and vary significantly with the type of displacer salt used. Furthermore, the
effect of individual chaotropic (water structure breaking) and kosmotropic (water
structure making) displacer anions and cations on the Zc,VG values of both the bovine
carbonic anhydrase and ovalbumin isoforms follow similar trends in the magnitude of
Zc,VG as previously observed for other proteins 12

, These results thus provide
additional support for the following generalisations pertinent to the selection of
displacer salts in HPIEC, namely: (1) Zc.VG values increase as both the anion and
cation of the displacer salt becomes more chaotropic in nature. (2) Zc,VG values
increase as both the anion and cation became more kosmotropic in nature, (3) Zc,VG

values decrease when the displacer salt contains a combination of a chaotropicand
kosmotropic ion,

The results in Tables I and II can be further used to evaluate the effect of the salt
type on the ionotopic microstructure (coulombic binding site) of related variant
species. Significant variations in the Zc,VG value indicate a change in the number of
electrostatic interactions occurring between the protein and stationary phase. Under
these circumstances, the most likely cause of changes in Zc,VG values are through
salt-induced perturbations in the ionotopic structure, For example, the Zc,VG values
for Ov-a, Ov-c and Ov-d varied with changes in the displacer salt which suggests that
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TABLE [

Zc VALUES FOR CARBONIC ANHYDRASE VARIANTS OBTAINED BY LINEAR REGRESSION
OF VARIED GRADIENT TIME EXPERIMENTS .

Coefficients of determination are given in parentheses.

Salt Protein

CA-I CA-2 CA-3

LiF Not done Not done Not done
LiCI 5.60 ± 2.12 (0.78) 7.44 ± 1.24 (0.95) 7.62 ± 1.98 (0.83)
LiBr 3.14 ± 0.71 (0.80) 3.67 ± 0.87 (0.78) 3.81 ± 0.86 (0.80)

NaF 3.55 ± 0.45 (0.91) 3.55 ± 0.45 (0.92) 3.52 ± 069 (0.81)
NaCI 3.07 ± 0.21 (0.99) 5.40 ± U8 (0.91) 4.46 ± 0.28 (0.99)
NaBr 2.92 ± 0.17 (0.99) 4.31 ± 0.22 (1.00) 3.55 ± 0.13 (1.00)

KF 2.37 ± 0.25 (0.95) 2.64 ± 0.36 (0.92) 3.15 ± 0.36 (0.94)
KCI 3.84 ± 0.05 (1.00) 5.10 ± 0.28 (0.99) 5.09 ± 0.92 (0.9 I)
KBr 5.60 ± 0.75 (0.92) 7. I I ± 2.43 (0.68) 7.33 ± 1.02 (0.92)

LiF Not done Not done Not done
NaF 3.55 ± 0.45 (0.80) 3.55 ± 0.45 (0.92) 3.52 ± 0.69 (0.81)
KF 2.37 ± 0.25 (0.95) 2.64 ± 0.36 (0.92) 3.15 ± 0.36 (0.94)

LiCI 5.60 ± 2.12 (0.78) 7.44 ± 1.24 (0.95) 7.62 ± 1.98 (0.80)
NaCl 3.07 ± 0.21 (0.99) 5.40 ± 1. 18 (0.91) 4.46 ± 0.28 (0.99)
KCI 3.84 ± 0.05 (1.09) 5.10 ± 0.28 (0.99) 5.09 ± 0.92 (0.91)

LiBr 3.14 ± 0.71 (0.80) 3.67 ± 0.87 (0.78) 3.81 ± 0.86 (0.80)
NaBr 2.92 ± 0.17 (0.99) 4.31 ± 0.22 (1.00) 3.55 ± 0.13 (1.00)
KBr 5.60 ± 0.75 (0.92) 7.1 I ± 2.43 (0.68) 7.33 ± 1.02 (0.92)

the size of the ionotopic region is strongly influenced by the nature of the eluting salt.
The Zc,VG values for the three variants, however, did not differ significantly within
a particular salt system. For example, elution with potassium chloride and potassium
fluoride gave the following results: i.e., for KCI: Zc.VG (Ov-a) = 8.40 ± 0.76, Zc.VG

(Ov-c) = 8.50 ± 0.71, Zc,VG (Ov-d) = 8.70 ± 0.55 and with KF, Zc,VG (Ov-a) =
6.37 ± 0.57, Zc,VG (Ov-c) = 7.05 ± 0.48, Zc,VG (Ov-d) = 6.70 ± 0.57. This
observation further indicates that the interactive behaviour of the ionotopes of the
ovalbumin variants is influenced in a similar manner on exposure to various salts. The
essentially constant Zc,VG values for Ov-a, Ov-c and Ov-d indicate the existence of
ionotopes with equivalent charge densities, and for proteins with closely related
structures these ionotopes are likely to be located in identical areas of the
three-dimensional structure of the protein. Parallel, yet non-superimposable, plots of
log Ii versus log I/e for these protein variants further clearly indicate that these
ionotopes differ, however, in their affinity for the support surface. The variation in
affinities for the stationary phase can be attributed to unique structural differences
within each glycoprotein isoform which may be a result of variations in conformation
and/or compositional heterogeneity of the carbohydrate moiety. As such, the
chromatographic data derived from the interaction ofan immobilised chemical ligand,
e.g. a quaternary ammonium group, with a protein as evidenced in HPTEC (or other



26 A. N. HODDER, M. I. AGUILAR, M. T. W. HEARN

TABLE II

Z, VALUES FOR OVALBUMIN VARIANTS OBTAINED BY UNEAR REGRESSION OFVARIED
GRADIENT TIME EXPERIMENTS .

Coefficients of determination are given in parentheses.

Salt

LiF
LiCI
LiBr

NaF
NaCI
NaBr

KF
KCl
KBr

LiF
NaF
KF

LiCI
NaCI
KCI

LiBr
NaBr
KBr

Protein

Ov-a Ov-b Ov-c Ov-d

Not done Not done Not done Not done
9.92 ± 2.90 (0.80) 15.34 ± 1.01 (0.99) 12.41 ± 1.08 (0.98) 12.26 ± 0.87 (0.99)
7.30 ± 0.46 (0.98) 7.30 ± 0.46 (0.98) 6.91 ± 0.54 (0.97) 7.17 ± 0.57 (0.97)

6.56 ± 0.71 (0.95) 11.21 ± 1.78 (0.91) 7.72 ± 0.45 (0.98) 7.55 ± 0.41 (0.99)
9.40 ± 0.50 (0.99) 11.71 ± 0.93 (0.98) 10.31 ± 1.05 (0.97) 9.74 ± 0.55 (0.99)
7.83 ± 0.48 (0.99) 10.01 ± 0.23 (1.00) 8.23 ± 1.02 (0.96) 7.95 ± 0.52 (0.99)

6.37 ± 0.57 (0.97) 7.69 ± 0.64 (0.97) 7.05 ± 0.48 (0.98) 6.70 ± 0.40 (0.99)
8.40 ± 0.76 (0.98) 9.48 ± 0.74 (0.98) 8.50 ± 0.71 (0.98) 8.69 ± 0.55 (0.99)
9.48 ± 0.69 (0.97) 11.94 ± 1.05 (0.96) 9.81 ± 1.06 (0.95) 9.94 ± 1.00 (0.95)

Not done Not done Not done Not done
6.56 ± 0.71 (0.95) 11.21 ± 1.78 (0.91) 7.72 ± 0.45 (0.98) 7.55 ± 0.41 (0.99)
6.37 ± 0.57 (0.97) 7.69 ± 0.64 (0.97) 7.05 ± 0.48 (0.98) 6.70 ± 0.40 (0.99)

9.92 ± 2.90 (0.80) 15.34 ± 1.0 I (0.99) 12.41 ± 1.08 (0.98) 12.26 ± 0.87 (0.99)
9.40 ± 0.50 (0.99) 11.71 ± 0.93 (0.98) 10.31 ± 1.05 (0.97) 9.74 ± 0.55 (0.99)
8.40 ± 0.76 (0.98) 9.48 ± 0.74 (0.98) 8.50 ± 0.71 (0.98) 8.69 ± 0.55 (0.99)

7.30 ± 0.46 (0.98) 7.30 ± 0.46 (0.98) 6.91 ± 0.54 (0.97) 7.17 ± 0.57 (0.97)
7.82 ± 0.48 (0.99) 10.01 ± 0.23 (1.00) 8.23 ± 1.02 (0.96) 7.95 ± 0.52 (0.99)
9.48 ± 069 (0.97) 11.94 ± 1.05 (0.96) 9.81 ± 1.06 (0.95) 9.94 ± 1.00 (0.95)

adsorptive modes) have formal similarities to the competitive binding observed with
biological affinate-ligand interactions in solution or as solid phase assays.

The electrophoretic data shown in Fig. 3 suggest that Ov-b has similar molecular
size and charge distribution to Ov-a, Ov-c and Ov-d. However, the Zc,VG values (Table
II) indicate that the HPIEC binding site for Ov-b differs significantly from those of the
other isoforms under the studied elution conditions, This variant generally exhibited
larger Zc,VG values than those observed for the other ovalbumin isoforms. The larger
Zc,VG values suggest that an increased number of electrostatic interactions were
involved in the sorption of Ov-b to the stationary phase surface. Again, variations in
conformation or in the composition of the carbohydrate moiety of Ov-b, undetectable
by IEF methods, are likely causes for the increase in Zc,VG'

For the bovine carbonic anhydrase isoforms denoted CA-l, CA-2 and CA-3,
electrophoretic data indicate that they are charged variants. Inspection of the data in
Table I shows their Zc,VG values varied with the type ofdisplacer salt. Furthermore, the
Zc,VG values for both CA-2 and CA-3 were found to be similar in most salt systems,
These results indicate that the interactive ionotopes on CA-2 and CA-3 were
responding in a similar manner to changes in the type of displacer salt and that these
two isoforms interact with the sorbent through areas of similar charge density and
topography. However, the parallel, but non-superimposable, retention plots of log
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K. versus log lie shown for CA-2 and CA-3 in Fig. 4a-h, indicate that the ionotopes of
these isoforms differ in their relative affinity for the stationary phase. The Zc.VG values
for major isoform species CA-I were found to be similar to those for CA-2 and CA-3 in
four of the displacer salts investigated, i.e., LiCI, LiBr, NaF and KBr. This observation
reveals that the interactive ionotope for CA-I has similar charge features to those
present on CA-2 and CA-3. The Zc, VG values for CA-I, however, were typically smaller
than those for CA-2 and CA-3 when NaCI, NaBr, KF, or KCI were used as displacer
salts. The relative changes in Zc,VG between these charge variants appears to result
from specific salt effects on the protein hierarchical structure influencing the
electrostatic potential of the ionotopes,

The effect ofsalt type and variedflow (VF) gradient elution conditions on isoform Zc, VF

values
The plots of log K. versus log lie, (Fig, 5a-h) show the effect of salt type and

flow-rate on the gradient retention behaviour for the various isoforms of carbonic
anhydrase and ovalbumin. Flow-rates were varied between 0.1 and 2.0 ml/min, while
the gradient time, tG , was held constant at 17.1 min, At lower flow-rates many of the
retention plots for the related isoforms were found to converge as selectivity, a,
between the different species approached unity. Hence, the purification of protein
isoforms is best accomplished at high flow-rates e.g, > I ml/min if a small gradient
time, tG is used in conjunction with the other chromatographic conditions of this study.

Tables lIt and IV shows the Zc.VF values (± I S.D.) and the coefficients of
determination (1'2) obtained from the regression analyses of the varied flow retention
data shown in Fig. 5a-h for carbonic anhydrase and ovalbumin respectively. As is
evident from Table III, the Zc,VF values for the carbonic anhydrase isoforms, CA-2 and
CA-3 differed from the Zc.VF value for the major isoform CA-l. Furthermore, Zc.VF

for CA-2 and CA-3 were similar only for the NaBr, KF or KBr salt systems. This result
differs to that found under conditions of fixed flow-rate and varied gradient time
where equivalent Zc,VG values for all three isoforms were obtained for the majority of
displacer salts investigated. These data reveal that under conditions of varied flow, the
ionotopes of CA-2 and CA-3 exhibit similar charge densities and topographic
locations when eluted with either NaBr, KF or KBr. The remaining five salts in the
series have therefore changed relative charge densities of the binding domains of these
isoforms through specific ion-binding effects or have altered the displacement
mechanism of these charged variants.

The trends in the relative magnitudes of the Zc.VF values (Table IV) for the
ovalbumin variants were found to differ from the patterns observed with the Zc.VG

values (Table II). For example, the isoforms Ov-a, Ov-c and Ov-d were observed under
varied gradient time conditions (Table II) to have similar Zc,VG values when eluted
with each type of displacer salt. Inspection of the data for varied flow-rate conditions
(Table IV) shows that equivalent Zc.VF values were only obtained for the Ov-a, Ov-c
and Ov-d proteins when eluted with LiCl, NaF, KCl or KBr. These results suggest that
the isoforms Ov-a, Ov-c and Ov-d appear to interact through ionotopes of similar
charge density with differing affinities for the sorbent. However, their Zc,VF values for
Ov-a, Ov-c and Ov-d became significantly different in the presence of LiBr, NaCl,
NaBr or KF, presumably as a result of specific salt effects which perturb the interactive
ionotopes of these three protein variants. Alternatively, these three ovalbumin
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TABLE III

Z, VALUES FOR CARBONIC ANHYDRASE VARIANTS OBTAINED BY LINEAR REGRESSION
OF VARIED FLOW-RATE EXPERIMENTS

Coefficients of determination are given in parentheses.

Salt Protein

CA-l CA-2 CA-3

LiF Not done Not done Not done
LiCl 6.76 ± 0.80 (0.95) 4.74 ± 0.49 (0.98) 8. [0 ± 0.73 (0.97)
LiBr 4.16 ± 0.40 (0.96) 5.56 ± 0.57 (0.95) 6.77 ± 0.75 (0.94)

NaF 1.57 ± 0.07 (0.99) 2. [2 ± 0.10 (0.99) 2.93 ± 0.29 (0.95)
NaCI 3.31 ± 0.16 (0.99) 4.76 ± 0.22 (0.99) 3.83 ± 0.18 (0.99)
NaBr 4.53 ± 0.53 (0.95) 6.87 ± 0.99 (0.91) 6.90 ± 0.97 (0.91)

KF 2.0 [ ± 0.22 (0.95) .2.81 ± 0.30 (0.95) 2.90 ± 0.35 (0.93)
KCI 2.17 ± 0.24 (0.97) 2.0 I ± 0.07 (1.00) 2.60 ± 0.13 (0.99)
KBr 5.95 ± 1.19 (0.83) 7.82 ± 2.23 (0.71) 9.53 ± 3.22 (0.64)

LiF Not done Not done Not done
NaF 1.57 ± 0.07 (0.07) 2.12 ± 0.10 (0.99) 2.93 ± 0.29 (0.95)
KF 2.0 [ ± 0.22 (0.95) 2.81 ± 0.30 (0.95) 2.90 ± 0.35 (0.99)

LiCl 6.76 ± 0.80 (0.95) 4.74 ± 0.49 (0.98) 8.10 ± 0.73 (0.97)
NaCl 2.94 ± 0.13 (0.99) 4.76 ± 0.22 (0.99) 3.83 ± 0.18 (0.99)
KCI 2. [7 ± 0.24 (0.97) 2.01 ± 0.07 (1.00) 2.60 ± O. [3 (0.99)

LiBr 4.16 ± 0.40 (0.96) 5.56 ± 0.57 (0.95) 6.77 ± 0.75 (0.94)
NaBr 3.59 ± 0.18 (0.99) 6.87 ± 0.99 (0.91) 6.90 ± 0.97 (0.91)
KBr 5.95 ± 1.19 (0.83) 7.82 ± 2.23 (0.7[) 9.53 ± 3.22 (0.64)

isoforms may interact through identical ionotopes but are eluted via different
displacement mechanisms.

The relationship between Zc values for Ov-a and Ov-b eluted under varied
flow-rate experiments was also different to that found under conditions of varied
gradient time. Similar Zc.VF values were obtained for both variants in the different salt
systems. Furthermore, the use of LiBr, NaF, KF or KBr as displacer salts resulted in
both isoforms eluting as a single peak under conditions of varied flow-rate. The
ramifications of these observations are that if a matrix of displacing salts is used, then
selectivity optimisation of the IEC of proteins can be rationally achieved under
conditions of varied gradient time or flow-rate.

These results also indicate that subtly different modes of gradient elution can be
employed to influence the electrostatic interactive surface of proteins, presumably as
a consequence of the contact or residency requirements once the protein has been
adsorbed. Previous studies 12

•
13 have shown that both the type of salt and the column

residence time can influence the Zc value of proteins in HPIEC. This observation
suggests that changes in the physicochemical basis of the sorption and desorption
process can be induced by experimental factors which are commonly used to
manipulate the elution time. Column residence time is one factor which differentiates
the sorption conditions in varied gradient time and varied flow-rate experiments. As
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TABLE IV

Z, VALUES FOR OVALBUMIN VARIANTS OBTAINED BY LINEAR REGRESSION OFVARIED
FLOW-RATE EXPERIMENTS

Coefficients of determination are given in parentheses.

Salt

LiF
LiCl
LiBr

NaF
NaCI
NaBr

KF
KC1
KBr

LiF
NaF
KF

LiCl
NaCI
KCI

LiBr
NaBr
KBr

Protein

Ov-a Ov-b Ov-c Ol'-d

Not done Not done Not done Not done
20.40 ± 357 (0.92) 24.73 ± 6.59 (0.88) 21.56 ± 6.75 (0.84) 24.28 ± 6.61 (0.87)

7.45 ± 0.68 (0.96) 7.45 ± 0.68 (0.96) 5.95 ± 0.32 (0.99) 6.49 ± 0.42 (0.98)

4.09 ± 0.36 (0.99) 4.09 ± 0.36 (0.99) 4.81 ± 0.27 (0.99) 3.98 ± 0.41 (0.97)
7.42 ± 0.79 (0.95) 8.09 ± 1.40 (0.89) 12.42 ± 0.56 (0.99) 10.97 ± 056 (0.99)
8.05 ± 0.36 (0.99) 8.22 ± 0.47 (0.98) 5.48 ± 0.32 (0.98) 6.29 ± 0.34 (0.99)

4.43 ± 0.21 (1.00) 4.43 ± 0.21 (1.00) 6.70 ± 0.69 (0.98) 9.09 ± 0.91 (0.99)
5.65 ± 0.63 (0.95) 5.97 ± 0.88 (0.92) 5.98 ± 0.44 (0.98) 6.04 ± 0.51 (0.97)

10.92 ± 0.88 (0.97) 10.92 ± 0.88 (0.97) 12.49 ± 1.17 (0.96) 11.56 ± 1.08 (0.96)

Not done Not done Not done Not done
4.09 ± 0.36 (0.99) 4.09 ± 0.36 (0.99) 4.81 ± 0.27 (0.99) 3.98 ± 0.41 (0.97)
4.43 ± 0.21 (1.00) 4.43 ± 0.21 (1.00) 6.70 ± 0.69 (098) 9.09 ± 0.91 (0.99)

20.40 ± 3.57 (0.92) 24.73 ± 6.59 (0.88) 21.56 ± 6.75 (0.84) 24.28 ± 6.61 (0.87)
7.42 ± 079 (0.95) 8.09 ± 1.40 (0.89) 12.42 ± 0.56 (0.99) 10.97 ± 0.56 (0.99)
5.65 ± 0.63 (0.95) 5.97 ± 0.88 (0.92) 5.98 ± 0.44 (0.98) 6.04 ± 0.51 (0.97)

7.45 ± 0.45 (0.96) 7.45 ± 0.68 (0.96) 5.95 ± 0.32 (0.99) 6.49 ± 0.42 (0.98)
8.05 ± 0.36 (0.99) 8.22 ± 0.47 (0.98) 5.48 ± 0.32 (0.98) 6.29 ± 0.34 (0.99)

10.92 ± 0.88 (0.97) 10.92 ± 0.88 (0.97) 12.49 ± 1.17 (0.96) 11.56 ± 1.08 (0.96)

the gradient time is increased protein solutes will progressively experience longer
column residence times under chromatographic conditions of fixed flow-rate as well as
being exposed, with long gradients, to very low rates of change in the displacer salt
concentration. Under conditions of relatively long gradient time and very shallow
gradients approaching isocratic conditions, there is sufficient time for the solute
molecules to orientate themselves at the solute-stationary phase surface. This
continuous "docking/re-docking" process will thus be very responsive to secondary
equilibrium reactions that occur during or following sorption. Such dynamic
interactive processes will have several consequences. Firstly, the equilibrium associa
tion constant may increase with time. Secondly, the Zc value is anticipated to be
influenced by the choice of to much more than by the choice of flow-rate condition.
Thirdly, the increase in Zc values or equilibrium binding constants observed as
a protein unfolds with coulombic sorbents would also be consistent with these
processes. Similar mechanisms may also contribute to the changes in the adsorption
capacity observed with bath (batch) adsorption/desorption of proteins with prepara
tive IEe and biomimetic affinity sorbents 16

. Under adsorption/desorption conditions
where the three-dimensional shape of the protein, and more importantly the shape of
the ionotope, is constant the magnitude of the Zc values obtained for solutes eluted in
this manner will reflect the maximum number of charged amino acid residue side
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chains that contribute to the binding site on the molecule. Conversely, when the
three-dimensional geometry of the protein's ionotope changes due to conformational
transitions or salt-bridge perturbations then the magnitude of the Zc values will vary
depending on the salt type or column residence time. On this basis, related isoforms
which are dynamically equivalent at the sorbent surface are unlikely to exhibit Zc
values which vary with a particular salt system. Similarly, when the protein isoforms
are not dynamically equivalent, as may be revealed, for example, through differences
in Zc values obtained under constant and varied flow-rate conditions but with different
salt systems, then the chromatographic ligand is effectively probing an ionotope of
different molecular dimensions and/or charge density.

The effect of piperazine buffer concentration and varied gradient time on isoform Zc
values

Recent studies! have shown that changes in the eluent buffer concentration can
also significantly influence solute retention in gradient HPIEC systems. Because of its
buffer capacity over a wide pH range, piperazine has found numerous applications in
IEC separation of proteins, particularly with eluents of basic pH value. In associated
studies l

, piperazine concentrations of 40 mM or greater were found to significantly
change the interactive properties of the CA-TIs.9 isoform in anion HPIEC under
gradient elution conditions. To further investigate which factors influence protein
binding sites in HPIEC, the effect of piperazine concentration on the retention of
structural variants of the other bovine carbonic anhydrase isoforms and ovalbumin
was investigated. The Zc,VG values corresponding to different piperazine conditions
were obtained from regression analysis of plots for log k versus log l/e for these
proteins eluted under gradient conditions. Solute species were eluted from a Mono-Q
strong-anion-exchange column using a sodium chloride gradient increasing linearly
between °and 300 mM. Piperazine concentrations of 0, 5, 10, 20, 30, 40 and 80 mM
were selected for use in this study. At each buffer concentration, solute retention data
were obtained for four different gradient times, i.e., tG = 17.1,34.3,60 and 100 min.
The Zc values obtained for each isoform are shown in Tables V and VI and are plotted
against the piperazine concentration in Fig. 6a and b.

TABLE V

Z, VALUES FOR CARBONIC ANHYDRASE VARIANTS OBTAINED BY LINEAR REGRESSION
OF VARIED BUFFER EXPERIMENTS

Coefficients of determination are given in parentheses.

Piper
azine
(mM)

80
40
30
20
10
5
o

Protein

CA-I

1.00 ± O. 11 (0.98)
1.96 ± 0.51 (0.88)
4.20 ± 0.53 (0.97)
4.09 ± 0.28 (0.99)
4.09 ± 0.40 (0.98)
4.36 ± 0.81 (0.94)
4.04 ± 1.5 I (0.78)

CA-2

1.28 ± 0.07 (0.99)
2.49 ± 1.02 (0.75)
5.36 ± 0.07 (1.00)
4.56 ± 0.65 (0.96)
5.71 ± 0.34 (0.99)
6.66 ± 0.61 (0.99)
6.00 ± 2.07 (0.89)

CA-3

1.54 ± 0.06 (1.00)
2.56 ± 0.61 (0.90)
3.77 ± 0.96 (0.89)
5.21 ± 0.30 (0.99)
5.58 ± 0.16 (1.00)
6.24 ± 0.66 (0.98)
6.47 ± 1.57 (0.94)
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TABLE VI

Zc VALUES FOR OVALBUMIN VARIANTS OBTAINED BY LINEAR REGRESSION OF VARIED
BUFFER EXPERIMENTS

Coefficients of determination are given in parentheses.

Piper- Pro/ein
azine
(111M) 01'-0 Ov-b

80 6.63 ± 0.57 (0.99) 8.40 ± 0.19 (1.00)
40 6.31 ± 0.80 (0.97) 7.12 ± 0.99 (0.96)
30 9.42 ± 0.57 (0.99) 12.08 ± 0.64 (0.99)
20 9.00 ± 0.42 (1.00) 10.56 ± 0.50 (1.00)
10 9.29 ± 0.32 (1.00) 10.52 ± 0.29 (1.00)
5 9.73 ± 0.06 (1.00) 11.70 ± 0.77 (0.99)
0 12.20 ± 4.64 (0.87) 13.97 ± 2.66 (0.97)

Ov-c

6.77 ± 0.27 (1.00)
6.14 ± 0.71 (0.97)
9.71 ± 0.48 (1.00)
9.04 ± 0.29 (1.00)
9.42 ± 0.33 (1.00)
9.76 ± 0.43 (1.00)

40.33 ± 18.42 (0.83)

Ov-d

658 ± 0.21 (1.00)
6.27 ± 0.76 (0.97)
9.53 ± 0.19 (1.00)
9.20 ± 0.53 (0.99)
9.51 ± 0.29 (1.00)

10.14 ± 0.27 (1.00)
23.27 ± 4.38 (0.97)

Examination of the data shown in Table V and Fig. 6a reveals that the effects of
the piperazine concentration on the Zc values for CA-l differed to those for CA-2 and
CA-3. Between 0 and 30 mM piperazine, the Zc values for CA-l remained constant and
independent of the buffer concentration. At piperazine concentrations > 30 mM the
amount of positively charged piperazine buffer complexing onto the surface of the
protein and sorbent was sufficient to induce a change in the protein-sorbent interactive
properties, causing significant decreases in Zc,VG. In contrast CA-2 and CA-3 had
similar Zc,VG values at each buffer concentration which progressively decreased over

10,--------------,

a • CA-1

... CA-2

U

N

20 40 60 eo 100

[Piperazine] mM

40 b ,
• Ov-a
... Ov-b

30 • Ov-c

U • Ov-d

N 20

10
:l

20 40 60 eo 100

[Piperazine] mM

Fig. 6. Plots of Z, versus the concentration of piperazine buffer under conditions of gradient elution with
gradient times between 17.1 and 100 min and flow-rate of I ml/min for (a) carbonic anhydrase isoforms I,
2 and 3 and (b) ovalbumin isoforms a, b, c and d.
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the range 0 to 80 mM piperazine. Overall, these results indicate that the ionotopes of
CA-2 and CA-3, although similar in charge density, were susceptible to changes in
piperazine concentration. In the absence of buffer, the Zc,VG values for each of the
carbonic anhydrase variants represent the maximum number of electrostatic inter
actions that can occur between each charge variant and the stationary phase in an
aqueous environment at high pH.

Inspection of the data in Table VI and Fig. 6b reveals that the Zc,VG values for
Ov-a, Ov-c and Ov-d did not vary significantly between concentrations of 10 to 80 mM
piperazine. The complexation of both uni- and bivalent positively charged piperazine
ions onto the surface of these proteins, above a critical buffer concentration of ca. 10
mM, appears to generate a coulombic binding surface on these isoforms of similar size.
As the buffer concentration approaches zero, i.e., below 10 mM, the Zc,VG values for
the two isoforms Ov-c and Ov-d increase significantly. In the absence of buffer, more
negatively charged sites on Ov-a, Ov-c and Ov-d become accessible for interaction with
the stationary phase surface. The Zc.VG values obtained at 0 mM piperazine thus
represent an estimate of the maximum number of electrostatic interactions that can
occur between the solute and stationary phase in an aqueous environment at pH 9.6.
The decrease in Zc.VG values observed with increasing buffer concentration over the
range 0-10 mM is consistent with the stoichiometric displacement model 14

,l s. These
dramatic changes in the magnitude of Zc,VG provide further support for the conclusion
that over the range 0-10 mM piperazine Ov-a and Ov-b have similar, if not identical,
ionotopic areas whilst in comparison, significantly different ionotopic areas are
manifested by Ov-c and Ov-d at 0 mM piperazine. Such large differences seen in the Zc

values of protein isoforms as the buffer concentration is decreased may be a result of
conformational changes, The protein isoform that is least conformationally stable
under conditions of very low ionic strength will unfold to the greatest extent, and
additionally accessible amino acid residues will contribute to further electrostatic
interactions. This behaviour will be manifested as a large increase in Zc at a particular
buffer concentration. Such behaviour has already been proposed for subtilisin
variants 13, lysozymes 11,14.18 and myoglobins l8 . If a similar phenomenon is occurring
with the ovalbumin isoforms then on the basis of the changes in Zc values observed for
the above elution conditions, the relative conformational stability of the three isoforms
in the absence of piperazine buffer follows the order Ov-a > Ov-d > Ov-c.

CONCLUSION

In this study the ability ofHPIEC sys,Syms to probe subtle changes in the tertiary
structure of several protein variants has been investigated. The use of structural
variants of proteins permits the existence of different ionotopes on protein surfaces to
be clearly delineated. These results further contribute towards an understanding of the
factors which influence the electrostatic interactions occurring between the charged
surfaces of the protein and the sorbent. This information can also be used to selectively
manipulate the interactive properties of proteins for the purpose of improving
resolution in chromatographic separations. For example, changes in the piperazine
buffer concentration were found to influence the interactive behaviour of protein
variants. Manipulation of the buffer concentration provides one additional avenue to
regulate protein binding behaviour during the optimisation of chromatographic
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separations where very high resolution is required e.g. with protein variants. These
studies also clearly demonstrate that specific manipulation of displacing salt
conditions in terms ofsalt type or rate ofchange of salt concentration can significantly
enhance the selectivity of closely-related protein molecules.

The results presented here have important implications in studies on protein
microheterogeneity and demonstrate the utility of HPIEC to complement other
techniques such as IEF and chromatofocusing for the characterisation ofmicrohetero
geneous proteins derived from natural or recombinant DNA sources. Associated
investigations underway in this laboratory will further characterise the influence of
changes in the ionotopic structure ofproteins and peptides as the biosolute approaches
the stationary phase surface, through correlation of the chromatographic behaviour of
several proteins with their three-dimensional structures determined by X-ray crystallo
graphic and nuclear overhauser NMR spectroscopic procedures.

ACKNOWLEDGEMENTS

Research grants to M.T.W.H. from the National Health and Medical Research
Council of Australia, the Australian Research Council and the Monash University
Research Fund Committee are gratefully acknowledged. M.I.A. is a Monash
University Postdoctoral Fellow and A.N.H. is a Monash University Postgraduate
Scholar.

REFERENCES

I A. N. Hodder, M. T W. Hearn and M. I. Aguilar, J. Chromatogr., 458 (1988) 27.
2 M. T. W. Hearn, A. N. Hodder and M. I. Aguilar, J. Chromatogr., 458 (1988) 45.
3 F. E. Regnier, Science (Washington, D.C.), 238 (1987) 319.
4 M. T W. Hearn, A. N. Hodder and M. 1. Aguilar, J. Chromatogr., 443 (1988) 97.
5 J.-M. GuJian, N. Limozin, B. Mallet, J. DiCostanzo and M. Charrel, Biochimie, 59 (1977) 293.
6 Y. Kato, K. Komiya and T. Hoshimoto, J. Chromatogr., 246 (1982) Il
7 W. F. Blum and D. Gupta, in B. A. Keel and H. E. Grotjan, Jr. (Editors), Microheterogeneily of

Glycoprotein Hormones, CRC Press, Boca Raton, FL, 1989, p. 127.
8 F. W. Putnam and N. Takahashi, 1. Chromatogr., 443 (1988) 267.
9 R. C. Johnston, P. G. Stanton, D. M. Robertson and M. TW. Hearn, J. Chromatogr., 397 (1987) 389.

10 J. Fausnaugh-Pollitt, G. Thevenon, L. Janis and F. E. Regnier, J. Chromatogr., 443 (1988) 221.
II A. N. Hodder, K. Machin, M. 1. Aguilar and M. T. W. Hearn, 1. Chromatogr., submitted for

publication.
12 A. N. Hodder, M. 1. Aguilar and M. T W. Hearn, J. Chromatogr., 476 (1989) 391.
13 R. M. Chicz and F. E. Regnier, J. Chromatogr., 443 (1988) 193.
14 R. R. Drager and F. E. Regnier, J. Chromatogr., 359 (1986) 147.
15 W. Kopaciewicz, M. A. Rounds and F. E. Regnier, J. Chromalogr., 266 (1983) 3.
16 F. B. Anspach, A. Johnston, H. J. Wirth, K. K. Unger and M. T W. Hearn, J. Chromatogr., 476 (1989)

205.
17 K. D. Lark, K. K. Unger, H. Bruckner and M. T W. Hearn, J. Chromatogr., 476 (1989) 135.
18 M. T W. Hearn, A. N. Hodder and M. I. Aguilar, J. Chromatogr., 507 (1990) 33.



Journal 0/ Chromatography, 506 (1990) 35-44
Elsevier Science Publishers B.V., Amsterdam - Printed in The Netherlands

CHROMSYMP. 1742

Application of chromatographic retention data in an
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incorporation rate relationship
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(Hungary)

SUMMARY

A series of 5-alkyl-, 5-alkenyl- and 5-alkynyl-substituted deoxyuridines and
their triphosphate derivatives were synthesized and studied in DNA polymerase reac
tions. The initial rate of incorporation of the derivatives catalysed by Klenow frag
ment DNA polymerase enzyme (E, coli) was measured, Calf thymus DNA and syn
thetic poly (dA-dT) served as templates, The rate values were expressed as a
percentage relative to the incorporation rate of natural substrate dTTP.

The high-performance liquid chromatographic (HPLC) retention behaviours of
the nucleoside derivatives were investigated on silica and reversed-phase stationary
phases using various mixtures of ethyl acetate-methanol and methanol-water, as
respectively, mobile phases. According to the results of principal component analysis,
the HPLC retention data describe the hydrophobic properties of the compounds. The
inclusion complex stability constants of the derivatives with cyclodextrins determined
by reversed-phase thin-layer chromatography served as a measure of the steric prop
erties of the substituents. The electronic properties of the 5-substituents were charac
terized by the Swain-Lupton inductive and resonance parameters.

The results of the stepwise linear regression analysis of the nucleotide incorpo
ration rate data and the above-mentioned physico-chemical data revealed the impor
tance of the electronic, steric and hydrophobic properties of the substituents in the
DNA polymerase reactions. The importance of the steric parameter was more signif
icant when the poly (dA~dT) template was used instead of the random base sequence
template (calf thymus DNA).

INTRODUCTION

Nucleotides as the building blocks of the DNA chain play an essential role in
life-functions. The possible incorporation of nucleotide analogues into DNA can
have crucial effects on its capacity to transmit genetic information. A great number of
nucleoside derivatives have already been synthesized and tested as potential antiviral

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B, V,
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Fig. 1. Model of the nucleotide incorporation reaction.
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and antitumour agents, as reviewed by De Clercq1. Their activity can be related to
their ability to incorporate into DNA or to influence the biosynthesis of DNA.

A series of 5-substituted 2'-deoxyridine-5'-triphosphates have synthesized and
their initial incorporation rates into DNA have been measured. A non-linear relation
ship between the chain length of the 5-substituents and the incorporation rate was
observed 2

-
4

. The effect of chain branching was more significant when the synthetic
poly(dA-dT) template was used4

.

To reveal the molecular parameters involved in DNA replication reactions
catalysed by DNA polymerase enzyme (Fig. 1) the physico-chemical properties (hy
drophobic, steric and electronic parameters according to Hansch 5

) of the correspond
ing nucleosides were characterized by their chromatographic retention data.

Reversed-phase high-performance liquid chromatographic (HPLC) retention
data were used as a measure of hydrophobicity6; retention data on silica stationary
phase have already been used as a measure of the adsorption properties7 of triazine
derivatives. The importance of the steric parameters in the nucleotide incorporation
reactions was established in a previous study8. The molar refractivities (MR) are not
sensitive to the chain branching of the substituents, although they may influence
significantly the incorporation rate. We assumed that cyclodextrin inclusion complex
stability data can give information not only about the volume but also the shape of
the substituents, and therefore the possible use ofcomplex stability constants was also
investigated in this study.

Principal component analysis and stepwise regression analysis were applied for
selecting the most important physico-chemical properties of the derivatives that play
an important role in DNA replication reactions.
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The structures of the investigated compounds are shown in Fig. 2. The syn
theses of the compounds have been described elsewhere 2

-
4

•
9

. The compounds were
chromatographically pure. Conditions for the measurement of the relative initial
incorporation rates of the derivatives into calf thymus DNA (RATE%) and poly
(dA-dT) (dAdT%) have already been published2

-
4

. The structures of the derivatives
investigated in this study, their incorporation rate data (RATE and dAdT%) and
their psysico-chemical parameters obtained from the Hansch-Leo compiiation10 are
listed in Table I. The hydrophobic substituent constant (n) defined by Hansch and

TABLE I

INVESTIGATED NUCLEOTIDE DERIVATIVES, THEIR INITIAL INCORPORATION RATES
INTO CALF THYMUS DNA (RATE%) AND INTO POLY(dA-dT) (dAdT%) AND THEIR PHYS-
ICO-CHEMICAL PARAMETERS OBTAINED FROM THE LITERATURE2-

4
. 1o

No. R RATE% dAdT% n MR Ji'" iJ£"

I H 41 97 0.00 1.03 0.00 0.00
2 Ethyl 18 59 1.02 10.30 0.00 -0.10
3 Isopropyl 6 1 1.53 14.96 -0.05 -0.10
4 sec.-Butyl 8 21 2.07 19.61 -0.06 -0.12
5 tert.-Butyl 6 3 1.98 19.63 -0.07 -0.13
6 Pentyl 6 19 2.67 24.26 -0.06b -0.08h

7 Hexyl 4 2 3.21 28.91 - 0.06b -0.08b

8 Vinyl 89 96 0.82 10.99 0.07 -0.08
9 (E)-Butynyl 68 80 1.90 20.29 0.03 -0.08

10 (E)-Pentenyl 37 50 2.44 24.94 0.03b - 0.08b

II (E)-Hexenyl 26 43 2.99 29.59 0.03b -0.08b

12 (E)-Heptenyl 19 2 3.53 34.24 O.03h -0.08b

13 (E)-Octenyl 12 0.2 4.07 38.89 O.03h -0.08b

14 Propynyl 99 69 0.94 14.20 0.15 -0.08
15 Butynyl 74 65 1.48 18.85 0.15b - 0.08b

16 Hexynyl 26 53 2.56 28.15 0.15b -0.08b

17 Heptynyl 21 52 3.10 32.80 0.15b -0.08b

18 Octynyl 13 8 3.64 37.45 0.15b -0.08b

"Ji' and iJ£ are the Swain-Lupton type lO inductive and resonance effects, respectively.
bEstimated data from values of propyl, propenyl, propynyl.
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Leola and the molar refractivities of the 5-substituents with longer chain lengths were
calculated on the basis of the additivity rule lO

.

The HPLC measurements were carried out with a Liquopump M312 pump, a
variable-wavelength UV detector (Labor-MIM, Budapest, Hungary) and a Rheo
dyne (Cotati, CA, U.S.A.) in'jector (20-,ulloop). Retention time measurements were
made with a Waters 740 Data Module (Millipore-Waters, Milford, MA, U.S.A.).
Compounds were dissolved in methanol at a 0.1 mg/ml concentration.

Reversed-phase chromatographic conditions
An RP-8 (5-,um) column (150 x 4.6 mm 1.0.) (Perkin-Elmer, Norwalk, CT,

U.S.A.) was used with methanol-water mixtures as the mobile phase. The methanol
concentration ranged from 40 to 60% (v/v) in 5% steps. A flow-rate of 1.00 ml/min
was applied. Peaks were detected at 260 nm. The dead time was determined by in
jection of I % sodium nitrate solution.

Normal-phase chromatographic conditions
LiChrosorb Si 60 (5,um) (Merck, Darmstadt, F.R.G.) material was packed into

a 250 x 4.6 mm 1.0 stainless-steel column by Bioseparation Techniques (Budapest,
Hungary). The mobile phase composition ranged from 10 to 25% (v/v) methanol in
ethyl acetate in 5% steps. Detection was effected at 260 nm.

The logarithmic values of the capacity factors (log k') of the compounds mea-

TABLE II

INTERCEPT AND SLOPE VALUES OBTAINED BY HPLC SILICA (Sll, SIS) AND REVERSED-
PHASE (RPl, RPS) METHODS, THE CORRESPONDING CORRELAnON COEFFICIENTS, Y,

THE INCLUSION COMPLEX STABILITY CONSTANTS DETERMINED BY RP-TLC (K) AND
THE FIRST PRINCIPAL COMPONENTS OBTAINED FROM THE CHROMATOGRAPHIC RE-
TENTION DATA (PCI) FOR THE INVESTIGATED NUCLEOSIDE DERIVATIVES.

R SII SIS RPl RPS K PCI
X 10- 2 x 10- 2

H 0.329 -2.37 0.99 0.424 -2.65 0.99 0 2.36
Ethyl 0.246 - 3.35 0.99 0.590 -2.39 0.96 0 2.85
Isopropyl 0.015 -2.32 0.99 0.724 -2.39 0.98 0 1.70
sec.-Butyl -0.416 -0.89 0.99 1.299 -2.8.2 0.98 0 -0.51
tat.-Butyl -0.372 -1.12 0.99 1.301 -2.80 0.99 1.03 ±0.31 -0.27
Pentyl - 0.459 -0.88 0.99 2.041 -3.53 0.99 2.74±0.25 -0.52
Hexyl - 0.439 -1.20 0.99 3.001 -4.90 0.99 3.12±0.24 -2.24
Vinyl -0.013 -2.52 0.99 0.613 - 2.44 0.99 1.40±0.27 1.81
(E)-Butenyl -0.394 -1.23 0.99 0.755 -1.56 0.99 1.87±0.28 0.64
(E)-Pentenyl - 0.405 -1.47 0.99 1.676 -2.87 0.99 0.67±0.IJ -0.35
(E)-Hexenyl -0.417 -1.46 0.99 2.224 -3.30 0.99 1.83 ± 0.31 -0.87
(E)-Heptenyl -0.414 - 1.45 0.99 2.953 -4.09 0.99 3.40±0.26 -1.62
(E)-Octenyl -0.349 -1.85 0.99 3.434 -4.45 0.99 4.60±0.24 -1.67
Propynyl -0.042 -2.31 0.99 0.699 -2.69 0.98 0.27±0.07 1.61
Butynyl 0.063 - 3.15 0.99 0.704 -2.15 0.99 0.66±0.18 2.43
Hexynyl -0.453 . - 1.09 0.99 2.287 -4.02 0.99 0.70±0.14 -1.55
Heptynyl -0.399 -1.54 0.99 2.297 -4.70 0.99 1.60± 0.29 -1.84
Octynyl -0.393 -1.57 0.99 3.268 -4.72 0.99 2.77±0.19 -1.98
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sured in reversed-phase chromatographic systems were plotted against the methanol
concentrations in the mobile phase. Similar plots were constructed for the log k'
values obtained in the normal chromatographic mode against methanol concentra
tion. For each compound a straight line could be fitted to at least four data points.
The correlation coefficients were always higher than 0.97. The slope and the intercept
values for the straight lines obtained in both the reversed-phase (RPS, RPf) and
normal-phase modes (SIS, SI!) were calculated and are given in Table II.

Inclusion complex stability measurements
Reversed-phase thin-layer chromatography (TLC) was used to study the in

clusion complexes formed by the nucleoside derivatives with f3-cyclodextrins. The
determinations of the stability constants are based on the difference in lipophilicity
between the complexed and free forms of the compounds 11 .

Silufol UV254 plates (Kavalier, Sklarny, Czechoslovakia) were impregnated
with paraffin oil as described elsewhere l2

. The nucleoside derivatives were dissolved
in methanol at a concentration of 3 mg/ml; 2 ,ul of each solution were spotted on the
plates separately. The mobile phase contained ethanol in the concentration range
0-15% (v/v) in steps of 5%, as it is miscible with water and forms only a weak
inclusion complex with f3-cyclodextrin 13,14. f3-Cyclodextrin was obtained from Chi
noin (Budapest, Hungary) and was added to the eluent at the concentration of 15
mM. Cyclodextrin-free eluents served as controls. After chromatographic develop
ment, the plates were dried at 10SOC and the nucleoside spots were detected under UV
light. For each experiment four replicate determinations were carried out. The in
clusion complex stability constants (K) were calculated as described elsewhere 15 and
are given in Table II.

Principal component analysis 16 was applied in order to find similarities and
dissimilarities between the biological, physico-chemical and chromatographic param
eters, taking into consideration all compounds simultaneously. For a better under
standing of the results of the principal component analysis, the non-linear map of the
principal component loadings and variables was also calculated17. The calculation
was run to 99.9% variance explained (i.e., as many principal components were calcu
lated as needed to explain more than 99.9% of the inherent variance of the original
data matrix). Stepwise linear regression analyses of the data obtained were carried
out on a IBM AT compatible personal computer using Labsware program package
(Compudrug, Budapest, Hungary).

RESULTS AND DISCUSSION

The inclusion complex stability constants of the derivatives show an interesting
dependence on the 5-substituents, i.e., the longer the chain length, the higher is the
complex stability. Double and triple bonds in the side-chain decrease the inclusion
complex stability constants. As the inner side of the cyclodextrin ring is non-polar, it
can be assumed that the side-chain of the derivatives (they are also non-polar) pro
trudes into the ring as shown schematically in Fig. 3.

Principal component analysis was carried out using the variables listed in Table
I and Table II. The eighteen deoxyuridine derivatives were used as the observations.
The non-linear map of the variables obtained is shown in Fig. 4. The variables decrib-
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Fig. 3. Possible inclusion complex formation of the deoxynucleosides with p-cyclodextrin.

Fig. 4. Non-linear map of the principal component loadings of the incorporation rate, physico-chemical,
chromatographic retention and inclusion complex stability parameters. Number of iterations, 74; maxi
mum error, 0.031.

ing similar properties of the compounds are near to each other and the variables
describing dissimilar properties are widely separated on the non-linear map of princi
pal component loadings. As it can be seen in Fig. 4, the incorporation rate data are
close to each other, and the molar refractivity (MR), nand RPI are close to each
other as a measure of the hydrophobicity of the compounds8

. The electronic param
eters ($", ~), silica retention parameters and reversed-phase slope (RPS) parameter
form distinct variables. The inclusion complex stability constant (K) is relatively close
to the hydrophobic parameters. The non-linear map of the compounds is shown in
Fig. 5. The compounds having alkyl, alkenyl and alkynyl substituents are situated in
one direction, and compounds with longer chain lengths are situated in a diagonal
direction.

Another principal component analysis was carried out using only the four
HPLC retention parameters (RPI, RPS, SII and SIS). Fig. 6 shows the non-linear
map so obtained of the principal component loadings. When there is a double or
triple bond in the 5-substituent, the nucleosides form a group with the compound
having an alkyl substituent with one more CHz group, as can be observed in Fig. 6.
The first principal component (PCl) of the chromatographic parameters describes the
74% variance of the four variables, and together with the second one more than 93%

14 15
16

17 18
-Ynyl 9

9 11 12 13 - enyl

~ ft8 10 16 11 10

7 15
6 7 12

alkyl 17 6 2
4

5
18

2 3 13

Fig. 5. Non-linear map of the principal components of the compounds of all the variables. The numbers
represent the compounds listed in Table I. Number of iterations, 80; maximum error, 0.020.

Fig. 6. Non-linear map of the principal components taking into consideration only the HPLC retention
parameters (SIl, SiS, RPl, RPS). The numbers represent the compounds listed in Table I. Number of
iterations, 98; maximum error, 0.0057.
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Fig. 7. Plot of the measured and estimated dAdT% values according to eqn. 1.

of the variance is explained. The PCl variable was also used as a possible independent
variable in the stepwise linear regression analysis.

In order to reveal the most important properties of the compounds which are
involved in the nucleotide incorporation rate, stepwise regression analysis was carried
out using the RATE% and dAdT% parameters as dependent variables. The possible
independent variables were the Jr, MR, iF, ~, SII, SIS, RPI, RPS, K, log K, PCl
variables. As was found previously~, the electronic(iF),steric (MR) and hydrophobic
(RPS and RPl) parameters are all important.

The best correlation regarding dAdT% as the dependent variable is described
by

dAdT% = l54( ± 41) iF - 28.8( ± 3.6)log K + 25.7 (1)

n = 18; r= 0.92; s= 14.4; F= 39.2

where n = number of compounds, r= multiple correlation coefficient, s= standard
error of the the estimate and F= the Fischer-test value. Eqn. 1 means that the higher
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Fig. 8. Plot of the measured and estimated RATE% values according to eqn. 2.



42

120

0 0
90

0

~ 00

.... 0
"l:l 60 0
<:( 0 ~"l:l

0

30

0 0

100 120

K. VALKO et al.

Fig. 9. Plot of the measured and estimated dAdT% values according to the equation dAdT%=2189
(±589) RPS + 203(±70):F + 104 (r=0.75; s=24; F=9.3).

is the inductive effect of the 5-substituent and the smaller is the stability of the in
clusion complex with cyclodextrin, the higher is the percentage incorporation rate
measured with poly(dA-dT) as template. A plot of the measured and estimated
dAdT% values by eqn. 1 is shown in Fig. 7.

When the random sequence template (calf thymus DNA) (RATE%) is consid
ered, the best correlation using only two independent variables is described by

RATE%=2006(±417)RPS + 241(±50) ff +88.7

n= 18; 1'=0.85; s= 17.0; F= 19.5

(2)

A plot of the measured and estimated RATE% values according to eqn. 2 is shown in
Fig. 8. The RPS variable reveals the sensitivity of the retention change caused by
increasing methanol concentration and it can be regarded as a measure of the contact
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Fig. 10. Plot of the measured and estimated RATE% values according to the equation RATE% = 196
(±56):F - 18(±5) log K + 19 (r=0.79; s=20; F= 13).
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hydrophobic surface area 18 of the compounds. The slight difference between the two
equations reveals the greater significance of the steric parameter when the template
has a strictly alternating base sequence.

When the independent variables are exchanged in the two equations they are
also significant in the correlations, but the mathematical statistical characteristics of
the equations obtained are worse. The multiple correlation coefficient of eqn. I when
RPS and ff are the independent variables is 0.75, and the standard error of the
estimate is increased to 24. A plot of the measured and estimated dAdT% values is
shown in Fig. 9.

Using log K and ff as independent variables in eqn. 2 resulted in a multiple
correlation coefficient of O. 79 and a standard error of the estimate of 20. A plot of the
measured and estimated RATE% values shown in Fig. 10 and indicates that five
compounds (deoxyuridine and ethyl-, hexynyl-, heptynyl- and octynyldeoxyuridine)
form another straight line. For these compounds the estimated RATE% values are
higher than the measured values.

The correlation coefficients between each of the variables used in the linear
regression analysis are summarized in Table III. It is noticable that n, MR, RPI and
PCI parameters show a high intercorrelation as all of them are proportional to the
hydrophobicity of the molecules.

We conclude from our calculations that the physico-chemical properties of
nucleoside derivatives measured by various chromatographic methods serve as a val
uable aid in revealing the most important parameters which are involved in the nucle
otide incorporation reactions in the Klenow DNA polymerase system. To obtain a
high rate of incorporation of a nucleotide analogue into a DNA, the 5-substituent of
the deoxynucleosides should have a high electron-withdrawing character and small
hydrophobic surface area and should be sterically small.
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SUMMARY

The existence of "eigenpeaks" and the possibility of indirect detection in high
performance liquid chromatography and capillary zone electrophoresis can be under
stood with the same mathematical treatment. The coupled transport equations, when
suitably linearized for small disturbances, can be treated as a linear eigenvalue prob
lem. The solution predicts, in accordance with earlier results obtained by other work
ers, the existence of N eigenpeaks in a chromatographic or electrophoretic system,
where N is the number of degrees of freedom in the description of the composition of
the solution involved. Each eigenpeak corresponds to a capacity factor or mobility
and is associated with an eigenvector that describes the relative intensities of the
disturbances in all compounds that occur in the solution. An important experimental
facility offered by these phenomena is indirect detection. A few general conclusions
pertaining to this technique, invented before these phenomena were fully understood,
are drawn.

INTRODUCTION

Usually in high-performance liquid chromatography (HPLC) and capillary zone
electrophoresis (CZE), the distribution and transport of the various components in the
column are considered separately; it is assumed that a solute can be transported
without affecting the transport of another. This assumption is in sharp contrast with
the basic facts about chromatographic and electrophoretic mechanisms. For instance,
in adsorption chromatography (including reversed-phase chromatography), it is
known that the adsorption of one component is associated with the desorption of
another (displacement), the complete opposite of the above assumption! More
incidental examples of mutual interactions are those brought about by so-called
secondary equilibria, e.g., acid-base reactions, ion-pair formation and van de Waals or
covalent complexation.

Similarly, in free solution zone electrophoresis, the migration rate of an ion
depends in general on the presence of other ions, because these determine the
conductivity and with that the local electric field. In more particular cases, the effective

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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mobility of the ion considered depends on the various reactions (see above) that may
alter its charge, size, etc. Therefore, here also causes for mutual interactions are
abundant.

How could the theories based on such unrealistic assumptions be so successful in
describing and predicting the multitude of phenomena, with respect to peak positions
and peak widths, that occur in columns? The main reason is not that the sample
constituents are eventually separated: first, one would still expect malfunctioning of
the theory due to the interaction in the first part of the column; second, we know that
independent behaviour is still a good description even if compounds coelute, i.e., have
been in each other's presence during their whole column history, the observed signal
being simply the sum of that of the two components.

The success of the linear theory is rather due to the effective experimental
techniques we use to make the behaviour of solutes adhere to idealized laws. Mostly,
this can be described as buffering of conditions. Thus (a historically important
example)!, the activity of an adsorbent may be buffered by the addition of
a moderator; when protolytic equilibria of the solutes occur, we intuitively choose
a pH-buffered mobile phase; in CZE2

,3, the same is done, but the added salts also serve
the purpose of buffering the electrical conductivity of the column.

Under such buffered conditions, the equations describing the transport of the
solute species are linear in species concentration. This linearization can be described
for chromatography as follows.

A general formulation of the transport equation is

where

all I ~ k ~ N (I)

z = the coordinate in the length direction;
= time;

v = cross-section-averaged velocity of the mobile phase;
Ck = total concentration, averaged over the cross-section and both phases +

possibly present support;
Ck = mobile phase concentration on the same volume basis;
D k = a dispersion coefficient, describing, e.g., lateral diffusion, non-equilibrium

and flow irregularities (see below);
Rk = retardation factor, the fraction of solute in the mobile phase = cklck'

Some further comments should be made on eqn. 1. First, Riedo and Kovats4

demonstrated that one cannot generally consider v as a constant, and that in' an
N-component mixture in LC there are only N - I degrees of freedom, and only N - I
equations of the type of eqn. I should be considered. We work ourselves around this
complication by assuming that v is constant, either becausethe N - I other volume
fractions are small, or because all partial molar volumes are constants. Also, one
component is considered as an inert diluent and left out from the calculations. Second,
the D k values are not equal to the commonly used dispersion coefficients, as a result of
using Crather than c. However, they may include diffusion in the stationary phases.
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Third, it is assumed that diffusion, convective mixing and resistance to mass transfer
can be lumped into one parameter D k . This is asymptotically true for linear cases6

, and
there is strong evidence7 that it is also a good approximation for non-linear cases.

In the g~neral case, Rk (and D k and possibly v) depend on all the concentrations
of} = I up to N. The resulting set of coupled, non-linear equations presents a virtually
unsurmountable mathematical problem; even with the Dk terms cancelled and only
one or two components, considerable effort is needed to obtain an insight into the
systemS- 10 .

However, with a low Ck and other CiS (i =1= k) buffered to almost constant values,
Rb v and Dk become virtually constant. The result is

(2)

an equation that can easily be solved. The well known result (see, e.g., ref. II) leads to
the familiar Gaussian curve, when the input function is a sharp spike, of the shape

(3)

where
Qk = amount injected;
A = column cross-section;
Uk = Rkv;
(Jz.k = J2Dk t.

while the response to a composite input can be obtained by convoluting eqn. 3 with
that input 12.

In capillary electrophoresis, a similar situation exists. A general equation in that
case IS

(4)

where
I
K

current density, which is a constant w~~~",.tube diameter is uniform;
= conductivit)L-Q-f the solution, equal to F~aday'sconstant times the sum

LCkf.1kZk for all ionic species k;
k

f.1eff,k = effective mobility of species k, a signed quantity;
Zk = charge of species k.

A few comments should be made on eqn. 4. First, spaces charges, which would
invalidate the relationship for the local field, E = 11K, are neglected. ThIs is common in
electrophoretic theories. Second, in that case, it is best to take N as one less than the
number of independent ionic species, and the last concentration follows from the
eIectroneutrality condition.
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The values of J.1eff,k may be variable, e.g., owing to changes in ionic strength and
reactions such as protolysis undergone by k. The value of K is also variable in principle,
because it is (to a good approximation) an additive function in all conductivities. As in
chromatography, the usual experimental practice is to add such large concentrations
of "indifferent" ions and reagents (such as H+) that K, J.1eff.k and D k are constants.
Again, then, the equation is solved by a Gaussian function (or its convolution with any
input function) and that is the usual peak shape we observe under such conditions.

It is interesting, and the main purpose of this paper, to investigate the
disturbances in the mobile phase or carrier constituents (being at non-infinite dilution)
brought about by the phase migration of solutes which are at high dilution. Thus, e.g.,
in normal-phase adsorption chromatography with dichloromethane (DCM) as
moderator in hexane as the mobile phase and ethyl acetate (EA) as the solute, with
adsorption taking place at the front edge of the peak, EA adsorbs on the surface,
inevitably displacing DCM. This means that the conditions at the very position of the
peak are likely to be different from our set values. Similarly, when benzylamine (BA) is
a solute in an electrophoretic experiment in an electrolyte buffered near to the pKa

value of BA, its transport is bound to disturb the buffer solution; only the protonated
species migrate through the solution, but on entering an "empty" part of the liquid,
however, it has to be partly deprotonated in order to re-establish the protolytic
equilibrium. Thereby the pH value will be disturbed, again at the very position where
we want it to be constant.

LINEARIZAnON

The fully linear model is insufficiently detailed to investigate these effects. On the
other hand, considering the general transport equations, which in principle is
preferable, leads

l
as indicated, to a kind of mathematical complexity that precludes

finding a solutior in all but the simplest of cases, and puts very high demands on the
mathematical aqility of the investigator. However, one can go part way along this
path: the dependence of the migration rate parameters on the concentrations can be
simplified in such a way that the resulting set of equations is still linear, while
preserving the mutual influence of the constituents.

We first demonstrate this for liquid chromatography. First, the diffusion terms
in the set of eqn. 1 are dropped; they play no essential role in the problem and can be
re-inserted afterwards. The Rk factors (equal to the RF value in thin-layer chroma
tography) depend on all concentrations. However, close to the mobile phase
composition for all reasonably behaving systems one can describe Rk as a linear
function of the concentrations Cj (j from I to N), as for all analytical experiments the
deviation from the starting values will be small. Hence,

(5)

where
R: is the R value for k at exactly the mobile phase composition;
ACl ... ACN are the deviations in the concentrations from that composition;
A~,l are constants, to be found from an explicit expression Rk = Rk(Cl ... CN) as
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Insertion into eqn. 5 leads to

49

oi\ (~" OC;)- = - V L.Ak" -ot ;=1'! OZ
(6)

where Ak.i = OCk/OCi'
Two comments should be made. First, the use of the total concentration cas ihe

basic variables is unconventional, and leads to arithmic difficulties, e.g., when
applying a Langmuir isotherm. For chromatography it can be avoided by star,bng
from the equation

OCk OCk
-=-V'-ot OZ

and expanding 1\ in terms of Ci rather than Ck (or Rk) in terms of c;. However, the
unconventional scheme was adopted here in order to demonstrate the analogy to
electrophoresis. Second, eqn. 6 can be derived more directly by using

OCk OCk
-=-V'-ot OZ

and expanding Ck in terms of c;.
Returning to the set of eqns. 6, we note that it is linear. This leads to a drastic

mathematical simplification. Most important are two facts: if a solution has been
found, multiplication of this with a constant gives another solution; and any linear
combination of solutions is also a solution.

The set of eqns. 6, as noted by numerous workers4
, constitutes an eigenvalue

problem. There are N solutions Ep (p = I ... N) of the form

(7)

where
Ap is one of the set of N eigenvalues of the matrix II Ak,dl;
ek,p is the series ofconstants k = 1 .. , N that is indicated as the eigenvector Ie p I;
F is an arbitrary function; the dependence of F on (z - Apt) indicates lhat a
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translation along the z-axis with velocity Ap occurs, while the shape of the
disturbance is constant (i.e., as long as the Ds are zero).

Insertion ofeqn. 7 in the set ofdifferential eqns. 6 reveals that in matrix notation,
indicating a vector and II II a matrix:

the standard eigenvalue problem.
It should be noted that, as a result of the chosen formalism, the eigenvalues

emerge as velocities and, when v is divided out, as RF values. Other formalisms, which
are fully equivalent but do not have the close resemblance to the treatment of CZE,
would lead to eigenvalues in terms of capacity factors, inverse velocities, etc. All these
different treatments would be equivalent.

The same approach can be used for electrophoresis: expand !J.eff,k/K in terms of
the CiS. It follows again that

a N-1 a
~ = - I I Ak,i·-.Sat i=1 az

where

(k = 1... N - 1) (8)

The same mathematical treatment as given above for HPLC would then lead to the
appearance ofeigenvalues that are, in fact, the mobilities of "concerted" disturbances.

In zone electrophoresis there is one important favourable condition: with
reasonable accuracy the differential quotients Ak,i can be predicted, because K is equal
to

K = F I Ci!J.iZi
all ions

where F is the Faraday, while the effective mobilities !J.eff,k can be readily calculated
when species mobilities and pKa values are known. Therefore, all values A ki can be
found from first principles and physical constants that are tabulated for common ions.
This is in sharp contrast to the situation in chromatography, where such calculations
are normally impossible. Here one has to resort to some more or less arbitrary model,
or to the experimental determination of the distribution isotherms. This is already a lot
of work for a single component. When composite isotherms are to be determined, the
work becomes very complex. The amount of data needed merely to describe such
a system grows with ZN(N), where z is the number of grid points in one concentration
axis (e.g., studying one component with 20 grid points leads to 20 data pairs, studying
four components with mutual interactions leads to 204

. 4 = 640 000 data). It is
therefore not surprising that simultaneous isotherm data are scarce, and limited to two
interrelated components.
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"Eigenpeaks' ,
The mathematics predict that N velocities occur, each with an associated

eigenvector. This means that disturbances travel with fixed ratios of the intensities of
the disturbances in the various concentrations. These disturbances can be indicated as
"concerted"13 or as "eigenpeaks", while the situation is also referred to as that of
"coherence" I o.

Why should these disturbances be so rigidly interrelated? Let us return to the
normal-phase chromatography ofEA with DCM as the moderator. In a diagram such
as Fig. 1 we can represent the mobile phase composition, each point corresponding to
a composition. Point M represents the mobile phase. Eigenvectors are represented by
arrows, emanating from M. There are two of them, el and e2' In this case (where CEA =

0, for the eluent), the el vector tells us that at the position of a positive deviation in EA
(that is, in the commonly observed EA peak) there is a negative deviation in the DCM
concentration, of a proportional intensity. Such a "concerted" disturbance travels
with velocity Ap . What if, by some peculiar history, the starting condition were to be
different; let us assume that instead of a composition neatly in the direction of el or e2
one starts with a region of the column having composition "Q".

conc.OeM

1.0

e2; k'=0.5

M

el; k'=2
" " " " I, I

" I"'40

",
"" " ""e2; k'=0.18 »0'

I

M' //
el; k'=0.71

I
I

I

1.0
----.-

conc.EA

Fig. I. Eigenvectors in a two-component system with dichloromethane (DCM) as the moderator and ethyl
acetate (EA) as the solute (letters without primes) and with both components present in the mobile phase
(primed letters). M, M', mobile phase compositions; Q, Q', compositions of injected solutions. The graph has
been calculated assuming Langmuir adsorption with the expression Ci., = KiCi.m/(1 + KEAcEA.m +
KOCMCOCM,m) with KEA = 4 and K OCM = 2.

From Fig. 1, it is easy to see that the vector MQ can be described as the sum of
vectors el and e2, each multiplied with a suitable constant. These would each start to
travel with velocities Al and A2 , respectively, leading to a "separation". That means the
vectors behave as if they were separate compounds in a classical chromatographic
experiment.

This state of affairs becomes even more clear if we add some BA to the mobile
phase, leading to mobile phase composition M' in Fig. 1, and study the profiles of BA
and DCM after the application of some arbitrary injection, let us say of composition
Q'. We obtain two peaks, with (in general) different velocities, but in each of the peaks
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BA varies in addition to DCM. In this instance there is no "peak" identification", and
one cannot say that one peak "belongs" to BA or DCM. What occurs would be
described as the separation of mathematical vectors or, physically, only if the
disturbances in DCM and EA are in the right proportions to each other can they move
together; if not, the disturbance as a whole will be split into two sets of disturbances
that do fulfil this requirement.

Indirect detection
An experimentally important aspect of the concerted disturbances is the

possibility of indirect detection. This method has been studied by numerous workers.
After the series of papers by Crommen and co-workers 13

-
15

, the debate on the
"mechanism" appears to have more or less terminated. In fact, it may be clear from
their work and from this paper that there is no special physical mechanism involved; it
is not necessary to assume special distribution phenomena such as two-site adsorption.
Any transport mechanism with mutual interaction of constituents will lead to system
peaks and the potential of indirect detection. This was well illustrated by the
exploration of the method in capillary zone electrophoresis by two groups 16,17.

Indirect detection can be illustrated by the example given above. EA, if not
detectable as such, can be detected via the disturbance in DCM, if that compound
could be detected. The method is quantitatively reliable, because the nature of the
phase system and the compounds and not, e.g., the dispersion processes, govern the
magnitude of the response.

The detailed calculation of Crommen and co-workers, e.g., for the Langmuir
isotherm case reveals that when CEA = 0 the DCM response is proportional to
(k~/kEA - 1) -1, in which kEA and k~ are the capacity factors for EA and the DCM
system peak, respectively. This means first that the response changes sign when the
kEA value passes that of the system peak, and second that when k EA approaches k~, the
response (e.g., effective molar absorptivity) tends to infinity. The responses may look
as in Fig. 2, and these were observed experimentally even before the explanation could
be given. Ofcourse, the exact equality of both k values would lead to peak overlap and

'00

retention time ---...

Fig. 2. Responses in indirect detection as a function of capacity factor of the solute, with analyte peaks and
system peak, showing the increase in response when k~ approaches k~ and the sign reversal in the response
when the analyte peak moves across the position of the system peak. The dashed line describes the hyperbolic
curve, with a dependence like k;l(k; - k~) on the capacity factor of the solute k i .
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the impossibility of quantification. An example may serve to illustrate the profound
difficulty in the understanding of these phenomena. Experimentalists such as
chromatographers are used to considering cause-effect relationships, e.g., the fact that
a displacement mechanism is at work, suggests at first (but false) sight that a positive
EA peak would be accompanied by a positive DCM peak, because the addition ofEA
to a phase system with DCM would always release DCM from the stationary phase, no
matter what the ratio of the k~ values is. More detailed treatments show this view to be
entirely wrong; the slot machine of mathematics delivers another result, that described
above, in which the sign changes with change in capacity factor.

There seems to be no way to explain the behaviour of such systems, even in
quantitative terms, without using complex mathematics. We simply have to accept as
facts that only concerted disturbances can move as identities through the column and
that the quantitative relationships, such as peak positions (and relative magnitudes of
disturbances) can only be found as eigenvalues and eigenvectors, respectively.
However, the perseverence of eigenpeaks in the column may become more familiar
with the following reasoning. In every column slice, the change in the total
concentration of each component is determined by the local gradient in the mobile
concentration. When these changes for all components are exactly in proportion to the
deviations already present, these new deviations will still have the same ratios. In this
way the relative rate of change and hence the speed is the same for every component.
The changes are determined by the prevailing concentrations and the transport matrix.
That explains that only particular combinations ofdeviations can travel without being
fragmented (in fact resolved in the chromatographic sense) into disturbances moving
with different velocities.

Relationship with theories from preparative chromatography
It is important to stress that the close relationship between the phenomenon of

system peaks, indirect detection, etc., and those observed in heavily overloaded
columns, as studied by the pioneers of chromatography in the 1940s, reviewed by
Helfferich and Klein 10 and more recently by Rouchon et al. 9

, and in chemical
engineering by Rhee and Amundson 7

• In these discussions the concept of"paths"lo,
r 7 or hodograph 9 is developed. These are lines in the composition space formed by
using the N concentrations as coordinate axes. A disturbance following such a path has
the same character as the concerted set of minor disturbances described above: all
concentration variations are rigidly interrelated. Also, the transport through the
column of a disturbance following a path does not split and is described by relatively
simple equations: a translation with constant velocity A [a function F(z - At)] or
a dilatation [a function F(z/t)].

The linear eigenvectors described above are the tangents to the N paths in
composition space (Fig. 3).

EIGENPEAKS IN CZE

It has been demonstrated above that the same phenomena have to occur in
electrophoretic experiments. Eqn. 9, for the simpler case of simple ions with no
reaction such as protolysis, can be written as
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Fig. 3. The "paths" according to Helfferich and Klein 10 in coherent boundaries and the eigenvectors for
minor disturbances. The latter are the tangents to the former.

OCk a(Ci)-=J.lkI ·- -at Oz K
all I < i < N (10)

where K = LJ.liCiZiF
i

where F is Faraday's constant and the Z values are the ionic charges. Thus:

The expression in parentheses can be expanded as a linear function of the C values. In so
doing, as indicated, one should consider N - I ions, leaving the concentration of the
Nth ion to be determined afterwards from the electroneutrality condition. Rather than
going through this exercise in general equations, we shall do it for a particular example,
which demonstrates the essential features. Suppose a Li + ion is electrophoresed at low
concentration in a carrier ofKBr. Take Br- as the indifferent ion, and set I/Fto unity,
as this is just a constant. We then have (with a negative J.lBr value)

Expansion in Ac values of the factors in parentheses gives
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The eigenvector problem is therefore

f.1Li 0 AeLieLi
K

f.1KCK(f.1Li - 'f.1Br)
0 lleK

K
2 eK

In this case, it is easy to find the two solutions:

f.1KCK(f.1Li - f.1Br)

CK(f.1K - f.1Br)f.1Li

f.1K . (f.1Li - f.1Br)

f.1Li (f.1K - f.1Br)
=0

The first solution corresponds to the normal electrophoresis of Li + (the factor 11K in ,1,1
occurs because 11K was set to 1), The K disturbance accompanying Li + is related to this
by the factor f.1KCf.1Li - f.1Br)/[f.1df.1K - f.1Br)]' The disturbance in Br- can be calculated
from the electroneutrality, eBr = eLi + eK:

" Equal to these terms as eli "'" 0 and K "'" CK(/lK - Po,).
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ellr:eLi = 1 _ IlK(IlLi - Illlr) = _ Illlr(IlLi - 11K)
lluCllK - Illlr) lluCllK - Illlr)
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We note in passing that the expressions for ell r and eK can be obtained from each other
by interchanging the indices K and Br, which indicates that the same solution would be
found if K had been chosen as the Nth ion.

The above shows that (a) The indirect detection of K cannot be described as
a direct consequence of electroneutrality. This would give eK = - eLi, with ellr = O.
Thus, as in Langmuir chromatography, the direct application ofintuitive notions leads
to an erroneous result. (b) K+ as well as Br-, i.e., ions of both charges, could be used as
a marker ion. (c) Only when IlLi = 11K, a situation realized, e.g., when using isotopically
marked K + as the solute, is the intuitive result eK = - eLi, ellr = 0 correct. This is what
is to be expected physically; in that case, the CI- ions are "decoupled" from the
transport, as they would not "see" the substitution of K + by Li +.

The second solution has velocity zero, a stagnant disturbance, with identical
variation in CK and CIl" while Li is not involved. This means that a disturbance in the
carrier electrolyte concentration does not move (relative to the liquid; of course, the
osmotic flow will make it move). This is a well known fact in electrophoresis; it can be
derived directly from the requirement that Kohlrausch's regulating function (KRF) is
constant in time:

KRF= \CiZi
Llli

where Zi is the charge of the ion i. As LlCLi = 0, it follows, from electroneutrality, that

LICK LlCllr ( 1 1 )LlKRF = - + - = LICK - - -
11K Illlr 11K Illlr

which indicates that LICK does not change with time, i.e., the disturbance does not
move.

It should be noted that the K + and Br - disturbances travelling with Li + can also
be derived directly from KRF; two equations are needed to relate eK and ell r to eLi: one
is the constancy of KRF, the other the electroneutrality. However, for more
complicated systems one needs the eigenvector treatment.

Effect of a given injection composition
The "composition" of peaks, i.e., the relative intensities in the vanous

component disturbances, are now described in the lepl vectors. However, another
problem is to describe the intensities of the various peaks that result from a given
injection. In Fig. 1 it was already indicated how the vector Vinj of the injection
disturbance has to be decomposed into the vectors, ep , corresponding to the various
"eigenvelocities". However, the graphical tool will not be of much help when three or
more components are relevant (see Fig. 4); in that case, one needs a numerical
treatment.

The decomposition of Icinj! into the lepl is a straightforward example of linear
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Fig. 4. Eigenvectors in a three-component system, containing A, Band C in the mobile phase. Vectors e2b
and e3 are in the back-plane (CA = 0); el protrudes out of this plane and corresponds to the elution of
compound A that does not occur in the mobile phase. The graph has been calculated assuming Langmuir
adsorption with an expression Ci., = KiCi.m!(l + KAcA.m + KBcB.m + Kccc) with KA = 10, KB = 3.0 and
Kc = 5.0.

algebra. The ep,i matrix (all eigenvectors assembled to form a square matrix), indicated
by II Ell , is bound to have an inverse, because the eps are independent. The result
IIRII = 11£11- 1 is also equal to the set ofleft-eigenvectors of the transport matrix IIA II
(left and right eigenvectors have the same set of eigenvalues). Once IIRII is known, the
intensities of the various peaks, denoted by Pp , are given by IPI = IIRII . lcinJ The
electrophoretic example with Li + in KBr may illustrate this:

where a = + /lK(/lLi - /lBr)//lLi(/lK - /lBr)' It follows that

IIRII = Ilia ~II

Case 1. Injection solution deviates from carrier by 0.0001 M Li + and 0.0001
M K + (i.e., the Cl- concentration is the same).

PI 1 . 0.0001 M + O· 0.0001 M = 0.0001 M
P2 a . 0.0001 M + 1 . 0.0001 M

The first peak has intensity 0.0001 Min Li and -a times this value in K +. The
second peak (stagnant) has intensity 0.0001 M(l + a) in K +. Note that the K + sum
over both peaks (and that of Li+) equals the injected concentration.

Case 2. Injection of Li, 0.0001 M, "on top of' the base composition KBr, i.e.,
Vinj,Br is also 0.000 I M. This yields
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PI = 1 . 0.0001 M + O· 0
P2 = (J. . 0.0001 M + 1 . 0

0.0001
(J. . 0.0001
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The first peak again has intensity 0.0001 Min Li +, of course, and - (J. . 0.0001
Min K +. The second, stagnant, peak has (J. . 0.0001 Min K +. The sum of the K +

responses is zero, as it should be.

Case 3. Only by exactly "tuning" the injection of K + to e.g., 0.0001 M Li and
-(J. . 0.0001 M K + can one avoid the "excitation" of the second peak:

P 2 = (J. . 0.0001 M + 1( -(J. . 0.0001 M) = O.

Similar calculations are possible for liquid chromatography although, instead of
using first principles to describe the non-linearities, one has to either use experimental
composite isotherms (which are scarce), or rely on a model for the distribution
behaviour such as the Langmuir composite isotherms. When suitably programmed,
the arithmetic does not cause any problems.

DYNAMIC RANGE OF INDIRECT DETECTION

In both separation techniques the buffering ofconditions is not perfect; it can be
exhausted when high concentrations of solutes are present. When increasing these
concentrations or (which amounts to the same) increasing the mass load while not
changing the injection volume, inevitably at some point the non-linear behaviour will
be visible again. Usually peaks then start to develop a triangular shape. This is the
result of the fact that high concentrations travel [i.e., the velocity "of a concentration"
is (dzldtLJ at a different velocity than do low concentrations. Such effects have been
described in HPLC l8 ,l9 as "mass overload", "concentration overload" or "thermo
dynamic broadening", which are good descriptors. Unfortunately, in CZE the term
"electromigration dispersion" has found acceptance. In fact, there is no dispersion at
work or anything that can be described formally as such. This is clear from the fact that
the same effects can lead to zone narrowing, e.g., occurring in isotachophoresis. It is
proposed here to retain a more neutral term, such as "concentration overload", in
order to indicate this type of extra zone broadening.

Differences in the velocities ofhigh and low concentrations will become visible in
the electropherogram or chromatogram as soon as they are larger than the "natural"
uncertainty in the velocity connected with peak dispersion. When the latter is
expressed as standard deviation and taking relative to the peak position, it equals
1/,JN. It folIows that relative variations in migration rates should exceed this value;
this is more critical for CZE with 100 000-300 000 plates than for HPLC where plate
counts often do not exceed 10 000. How strongly the migration rate varies with the
concentration of i depends very much, of course, on the particular type of solute and
system. However, when indirect detection is used, for detecting a solute i with a marker
M, the marker concentration CM is necessarily coupled to Ci, otherwise no response
would be obtained. If the marker M is involved in the migration of i, it can be assumed
that the migration of i is also influenced by the concentration CM' Indeed, carrying out
various numerical experiments, e.g., with Langmuirian adsorption in HPLC, or for
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CZE systems, shows that the marker concentration always, under conditions where
indirect detection works, has a strong influence on the migration rate of i, I% in CM

leading to variations of the o'rder of 1%,
As the migration rate has to be kept constant within a factor of 1 ± II)N, as

a general rule of thumb it can be stated that the marker concentration is to be held
constant within the same factor. Thus, only a fraction of II)N of the detection range
offered by the detected marker at its given concentration can be exploited; when a 1: 1
response is obtained, the solute concentration has to be kept below cMI)N, in order to
avoid peak deformations. As, on the other hand, CM cannot be chosen to be indefinitely
high (e.g., a UV detector would not work at absorbances of 3 or higher), the indirect
detection principle can in general be expected to have a negative effect on the
loadability and dynamic range of the system. The problem may turn out to be more
severe in CZE than in HPLC, as the plate numbers are larger and the detectors work
under less favourable conditions.

This reasoning, crude as it is, obviously is strongly connected with the necessity,
most explicitly formulated by Kuhr and Yeung 16

, to use instrumentation with a "high
dynamic reserve", i.e., a capability of detecting smal1 relative changes in the
concentration of the marker.

CONCLUSION

It has been shown that system peaks and indirect detection can be treated
mathematically from one viewpoint. The quantitative relationships follow readily
from straightforward mathematics and can be obtained, once the distribution or
transport behaviour is known, by programs that are straightforward but may
sometimes be fairly complicated.

Unfortunately, it remains difficult to develop an intuitive direct understanding
of the phenomena. It has been shown here that it is even risky to rely on such intuitive
notions, as they tend to lead to wrong conclusions.

The common basis of indirect detection in HPLC and CZE has been elucidated.
These possibilities do not depend on particular physical conditions, such as
displacement in the distribution process or the concept of electroneutrality, but are
always present when for some reason or another (displacement, mutual reactions,
coupled protolysis) compounds influence each other in their transport behaviour.
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SUMMARY

Peak compression can be obtained when an analyte is eluted in the co-ion
gradient in a large system peak. Matching of the analyte retention with this gradient
was investigated. The chromatographic system was based on silanized silica and an
acidic eluent, containing acetonitrile and a probe, which was an UV-detectable hy
drophobic amine, protriptyline. Large system peaks, or zones, containing probe defi
ciencies were induced by injecting high concentrations of a hydrophobic organic
anion together with cationic analytes. The back part of these system zones consisted
of a steep gradient of increasing probe (co-ion) concentration, giving strongly com
pressed peaks when low analyte amounts were also eluted with this back-gradient. It
was found that variation of the probe concentration was an efficient way of matching
the retention of the system peak with analytes of widely varying retentions.

INTRODUCTION

When a solution deviating in composttton from the eluent is injected into
a chromatographic system, the established equilibria between the solid phase and the
mobile phase are disturbed. This results in migrating zones of each eluent component
participating in an interaction common with a component in the injected sample.
These migrating zones, so-called system zones, can only be visualized if at least one of
the equilibrated eluent components can be detected 1. The direction of the system peak
will be positive or negative, depending on the charge and retention volume of the
sample component relative to the corresponding eluent component2

•
3

.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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When a reversed-phase ion-pair adsorption chromatographic system is equili
brated with an organic eluent cation, large system peaks can be induced by the
injection of high concentrations of an organic anion. The back part of these negative
system peaks consists of a steep gradient of increasing cation concentration.
Co-elution of cationic analytes with this system peak gradient (co-ion) resulted in
extremely narrow analyte peaks4

,5. When an analyte had other positions within the
system zone, peak deformations were obtained instead 5

.

Both peak compression and deformation effects were previously investigated in
a reversed-phase ion-pair liquid chromatographic (LC) system, but no systematic
changes of the probe concentration in the eluent were performed 5. The parameters
governing the retention volumes of co-ion gradient and analyte have also been
investigated 5

,6. When the analyte and the system zone were eluted close to each other,
fine adjustments of the retention volumes were made by changing the concentration of
the anion in the injection solution in order to obtain peak compression.

The aim of this study was to investigate the effect of different probe
concentrations for matching system zone and analyte retention volumes, in order to
obtain peak compression for analytes with widely different retention volumes. For this
purpose, it was important to investigate carefully the parameters determining the
retention of the gradient in the back part of the large system zone or peak.

THEORETICAL

The retention equations used are based on the stoichiometric ion-pair adsorp
tion model 6

-
1o

. Retentions of both the analytes and the eluent component (system
peak) are described by the partial derivative of the adsorption isotherm 6

. However,
different retention equations will result, owing to the different starting conditions. At
the start of elution, the analyte concentration is zero, whereas the concentration of the
eluent component is finite.

Eqns. 1-3 describe the net retention volume of a cationic analyte, HA +, an
anionic analyte, Z-, and the organic eluent component, the probe Q+, In order to
simplify the discussion, the solid phase is assumed to contain only one type of
adsorption site. X - is a buffer component present in the eluent. The subscript m means
mobile phase and the concentration unit is molarity.

WsKoKHAX[X -]m
VN,HA = -l-+-K-Q- x

-[Q-----;-+-]m-[X---C.--]-m

WsKoKQz[Q+]m

(1)

(2)

(3)

Ko gives the total adsorption capacityof the solid phase, and KHAX , KQx and KQZ
are the adsorption constants. The analyte equations assume symmetrical peaks. For
high analyte concentrations, which affect both retention and peak shape, no



SYSTEM PEAKS IN ION-PAIR ADSORPTION CHROMATOGRAPHY. III. 63

quantitative equation is yet available. However, equations containing an additional
term in the denominator, including the analyte concentration, can be used for
qualitative discussions6.7. Eqn. 2, corresponding to the anion Z-, will then also
contain a term in both the numerator and the denominator involving the ion-pair
distribution with the cationic buffer component.

The retention equation for the system peak is valid for only infinitesimal changes
of the eluent component. In this study, large system peaks or zones were created. The
retentions of these large disturbances can only be discussed qualitatively with support
of eqn. 3.

At high concentrations all zones affect each other when they initially migrate
together at the top of the col umn. The equations discussed assume that these effects are
negligible, i.e., the situation when the migrating zones have separated from each other.

EXPERIMENTAL

Apparatus, chromatographic technique and preparation of the eluent
These were as described previously6.7. For all injections a 100-/l11oop was used.

Chemicals
Analytical-reagent grade chemicals were used unless indicated otherwise.
Acetonitrile (LiChrosolv) and dichloromethane were obtained from Merck

(Darmstadt, F.R.G.) and protriptyline (PT) from Merck, Sharp and Dohme
(Haarlem, The Netherlands). Sodium octanesulphonate and octylsulphate were
obtained from Eastman-Kodak (Rochester, NY, U.S.A.), sodium nonyl- and
decylsulphate from Merck and sodium nonane- and decanesulphonate from Fluka
(Buchs, Switzerland). Phosphoric acid (99% crystalline) and 1 M sodium hydroxide
solution (Titrisol) were obtained from Merck.

Desipramine and imipramine hydrochloride used as analytes were obtained
from Ciba-Geigy (Basle, Switzerland). The substituted benzamides also used as
analytes are denoted FLA combined with a number (cf, ref. 6). They were synthesized
at CNS Research and Development, Astra Research Centre (S6dertalje, Sweden).

Detection technique
The detection technique has been described previouslys. 7. When the analyte was

a benzamide, its signal was measured at a wavelength where only this compound
absorbed6. For desipramine or imipramine as analytes, their signals were recorded at
252 nm, where PT also absorbs. To compensate for the PT absorbance, 322 nm was
used as a reference, as the PT absorbance at 322 nm equals that at 252 nm. The PT
signal was recorded at a wavelength where only PT absorbed.

The compensating technique was used only when an analyte was present. In the
other chromatographic runs only the PT signal was recorded. At the lowest PT
concentration used in the eluent, the PT signal was recorded at the wavelength
maximum at 291 nm. With increasing PT concentrations longer wavelengths were
chosen, viz., 320, 330 and 337 nm, respectively, resulting in lower absorbances. The
reason for this was that the detector used did not measure negative peaks with lower
relative absorbance than -0.1 a.uJ.s.
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Retention volume and asymmetry factor (asf)
These were determined as described previously5.
Four different concentrations of the secondary amine protriptyline (PT; the

probe) as additive were used in the reversed-phase ion-pair LC system in this study.

Determination of negative zone parameters
Very large negative system peaks had a zone shape (see Fig. I). The depth of the

negative system peak or zone is given in concentration units and is represented as Ll C.
The change in PT concentration in the zone relative to the bulk concentration, Cb , was
then obtained by taking the ratio LlC/Cb . This value was used as a measure of the
magnitude of the probe equilibrium disturbance and is < I only for system peaks, not
zones. The width of the zone, Wb,Z, was determined at half-depth of the negative zone as
described in Fig. I.

CIM

NEGATIVE ZONE

Fig. I. Principle of measurement of parameters in a negative system zone. Ch (M) is the bulk concentration
of probe in the eluent; LlC (M) is the depth of the zone; the ratio LlCjCb will be the degree of the equilibrium
disturbance; Wb.Z (m!) is the zone width.

RESULTS AND DISCUSSION

Solid phases consisting of silanized silica have often been found to contain two
different kinds of adsorption sites with different capacities and affinities6 .

7
,10,11. In

previous work, the adsorption of PT on Nucleosil C 18 was studied, indicating
a two-site adsorption behaviour of the Langmuir type6

. According to this, the strong
site was covered to 3, 12, 41 and 78%, respectively, at the four different PT
concentrations used in this work. At the two highest PT concentrations, the weak site
was covered to 5 and 22%, respectively. The adsorption isotherm is assumed to be
linear when less than 10% of the adsorption sites are covered with the compound of
interest6 ,7,10,12. The two lower PT concentrations used then corresponded fairly
closely to the linear part of the adsorption isotherm, whereas the higher PT.
concentrations corresponded to the non-linear part.

Substituted benzamides6
, desipramine and imipramine were used as cationic

analytes,
In reversed phase ion-pair chromatography, equilibrium disturbances are easily

obtained by the injection of an organic ion into the system, This results in migrating
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ZONE~

zones of the different eluent components that are involved in the disturbances. If at
least one of the eluent components is detectable, these zones will appear as positive or
negative system peaks1~3.

In this study, the equilibria ofPT were disturbed by injecting a large amount of
an organic anion (sulphonate or sulphate) with a retention higher than that of the
probe. The injection of such an organic anion increases the distribution of the cationic
probe to the solid phase. The anion is eluted together with the excess of the probe (a
positive probe peak) (see Fig. 2). The compensating deficiency was visualized as
a negative probe peak (the system peak) with lower retention. When larger amounts of
the anion were injected, the probe deficiencies in the eluate appeared as negative zones.
The depth of the zone, LlC, approached the level of the probe concentration in the
eluent, Cb. At such a large equilibrium disturbance with the ratio LlCjCb close to 1.0,
the probe concentration in the zone was close to zero and in the back part of the system
zone the probe concentration increased steeply. The retention of this gradient, VR•G ,

was determined according to Fig. 2.

VR/ml

Fig. 2. Schematic representation of the probe signal after the injection of a high concentration of
a hydrophobic anion. The gradient retention volume, VR•G (ml), is measured at half-depth of the negative
zone.

Peak compression was obtained when a cationic analyte was injected together
with a large amount of an organic anion and was eluted together with the back part of
the negative probe system zone4

•
S

. In this situation the analyte retention volume is
greater than that in the isocratic experiment, i.e., analyte injected without organic
anion in the injection solutions.

Retention regulation
The most useful peak compressions occur when the analyte peak is eluted with

the gradient of the back part of the system zone or peak. The parameters determining
the retention volume of this gradient and the analyte were therefore carefully studied.
In this work, the emphasis was on the effects of the probe concentration in the eluent,
which was systematically varied. The ionic strength and pH were kept constant.

The regulation of the analyte retention has been described elsewheres- 7 , 10.11 .
The retention volume of the cationic analyte decreased with increasing concentration
ofPT, the latter then acting as a co-ion (cf, eqn. I). If the cationic analyte was injected
together with an organic anion, the analyte retention volume increased s.
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TABLE I

RETENTION VOLUMES AND ASYMMETRY FACTORS OF CATIONIC ANALYTES WHEN
INJECTED INTO THE SYSTEM EQUILIBRATED WITH ELUENT LACKING A PROBE

Injected sample: 1.0' 10- 5 M analyte in phosphate buffer (pH 2.0). Eluent: phosphate buffer (pH
2.0)-acetonitrile (3: I).

Analyle

FLA 870
FLA 965
FLA 659
Desipramine
Imipramine
Protriptyline (PT) (probe)

VR (ml) as!

12.0 2.3
16.0 2.7
19.5 2.4
19.9 2.3
22.5 2.6
21.8 2.2

1.6

1.2
1.1
1.1

a Eluent contained 9.5 . 10- 4 M protriptyline.

The retention volumes of the analytes, including PT, injected as an analyte, when
the system was equilibrated with eluent without probe, are given in Table 1. The
analyte retention volume decreased and the peak symmetry was improved with
increasing probe concentration in the eluent.

Elution of imipramine and desipramine at a high PT concentration (9.5 . 10- 4

M) resulted in very symmetrical analyte peaks; the asfvalue was 1.1 (eI, Table I). The
structural similarity between the probe (also a tricyclic antidepressant amine) and
these analytes indicates similar affinities for the strong site 10

. At this high probe
concentration, the strong sites, probably responsible for the analyte peak asymmetry,
were covered to 78%6.

When the organic anion was injected into the system, the probe acted as
a counter ion (eI, eqn. 2)5,6.9.11. Hence the anion retention volume increased with
increasing probe concentration in the eluent6

. As mentioned, the buffer ions are also of
importance for the retention of an organic ion7.

The anions were injected in order to obtain large negative system zones or peaks
of the probe, thus giving the probe gradient. For this purpose, it is necessary that the
anion has a larger retention volume than the probe gradient of interest. The system
peak retention volume decreases with increasing probe concentration (eI, eqn. 3).
With a low probe concentration in the eluent, it was necessary to inject hydrophobic
anions, such as decylsulphate, nonylsulphate or decanesulphonate, in order to obtain
separation between the system zone and the anion.

At the two higher probe concentrations, 1.9 . 10- 4 and 9.5 . 10- 4 M, the less
hydrophobic anions, nonanesulphonate and octylsulphate, could also be utilized,
because at these probe concentrations the anions had larger retention volumes than the
system peak gradient (see Table II). The hydrophobic anions used at the two lowest
probe concentrations could also be used at the higher probe concentrations. However,
their retention volumes were then very large (eI, Table II).

Large system peak retention
The validity of the system peak equation has been investigated in a previous

study6. However, the equation is valid only for infinitesimal changes in the probe
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TABLE II

RETENTION VOLUMES OF ORGANIC ANIONS WHEN INJECTED INTO THE SYSTEM
EQUILIBRATED WITH A HIGH PROBE CONCENTRATION IN THE ELUENT

Injected sample: 5.0 . 10- 3 M organic anion in phosphate buffer (pH 2.0). Eluent: 1.9 . 10- 4 Mprotriptyline
in phosphate buffer (pH 2.0)-acetonitrile (3: I).

Anion

Nonanesulphonate
Octylsulphate
Decanesulphonate
Nonylsulphate
Decylsulphate

22.0
24.8
43.5

>50
>84

a System zone back part gradient (VR.d = 13.4-17.2 m!.

equilibrium, i.e., very small system peaks with iJC/Cb ratios close to zero. For large
system peaks the retention equation can be used only qualitatively and at least two
additional effects must be taken into consideration. One of them is that large negative
system peaks have higher retention volumes than large positive system peaks, owing to
the non-linear adsorption isotherm6

. The system peak retention volume will further be
affected by the organic anion injected, its retention volume increasing with increasing
anion hydrophobicity6.

The decanesulphonate anion was more retained than the probe. It was injected at
5.0 . 10- 3 M concentration into systems equilibrated with eluents of different probe
concentrations. The retention volumes for half the downslope of the front part and
half the upslope ofthe back part, VR.G, ofthe negative system zone or peak for different
eluent concentrations of the probe are shown in Fig. 3. With increasing probe
concentration, the retention volumes of both the front and the back parts of the system
zone decreased. However, the retention volume of the back-part gradient decreased
more than the front part, resulting in a decreased zone width. At the two lower probe

16

12

8

20 40 60 80 100

[PTl m x lO S/M

Fig. 3. Retention volumes of the front (e) and back (.) parts of the negative zone or peak, created by the
injection of decanesulphonate, versus the probe concentration. Sample, 5.0' 10- 3 M anion in phosphate
buffer (pH 2.0); eluent, protriptyline in phosphate buffer (pH 2.0)-acetonitrile (3: I).
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concentrations, i.e., 7.6 . 10- 6 and 3.8 . 10- 5 M, large negative system zones were
obtained (cr, Fig. 2), with the ratio .dCjCb = 1.0 (see Table III). At the two highest
probe concentrations used, large negative system peaks were obtained instead of
zones, the .dCjCb ratio being 0.67 and 0.37, respectively. The results indicate that the
ability of a certain anion to disturb the probe equilibrium by the magnitude required
for a zone to appear instead of a peak decreases at high probe concentrations
corresponding to the non-linear part of the adsorption isotherm.

TABLE III

PARAMETERS FOR THE NEGATIVE SYSTEM ZONE OR PEAK OBTAINED BY THE INJEC
TION OF DECANESULPHONATE INTO THE SYSTEM EQUILIBRATED WITH ELUENTS OF
DIFFERENT PROBE CONCENTRATIONS

Injected sample and eluent as in Fig. 3.

PT (M) L1C (M) L1CfCb VR,anion L1CWb,Z

VR,G
(mol PT adsorbed)

7.6 10- 6 7.6 . 10- 6 1.0 1.2 0.4 . 10- 7

3.8 . 10- 5 3.8 10- 5 1.0 1.4 1.4 10- 7

1.9' 10- 4 1.3' 10- 4 0.67 2.6 3.4 10- 7

9.5 10- 4 3.5 . 10- 4 0.37 10.3 4.1 . 10- 7

The depth of the negative system peak, .dC, increased with increasing eluent
probe concentration (Table III)6. The product of depth and the width of the zone
(.dCWb,Z) reflects the extra amount of probe (in moles) adsorbed due to the injection of
the anion. This value also increased (Table III) with increasing eluent probe
concentration; however, at high probe concentrations the increase was relatively
smaller.

The smaller amount ofPT adsorbed relative to the eluent concentration at high
probe concentrations and the smaller equilibrium disturbances are probably due to
both the existence of a non-linear adsorption isotherm and increased competition
between the anion and the phosphate ion as counter ions to PT (see Theoretical).
However, at low probe eluent concentrations, competition is also low, and the anion
injections result in ion-pair adsorption of more or less all the content of the probe in
a certain region of the eluent.

The separation between the anion and the back gradient increased with
increasing probe concentration (see Table III). This is a result both of the increased
anion retention volume and the decreased system peak retention volume.

A comparison was made between large system zones or peaks induced by
injections of anions of different hydrophobicity. The anions injected were, in order of
increasing hydrophobicity (based on retention volumes in the same eluent), decane
sulphonate, nonylsulphate and decylsulphate (cf, Table II). The anion concentration
was 5.0 . 10- 3 M and injections were made at different eluent probe concentrations
(see Table IV).

For all three anions, the injections resulted in the appearance of zones at the two
lowest probe concentrations. However, at the higher probe concentration, the
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TABLE IV

PARAMETERS OF THE NEGATIVE SYSTEM ZONE OR PEAK OBTAINED BY INJECTION OF
ANIONS OF DIFFERENT HYDROPHOBICITY

Injected sample and eluent as in Fig. 3. A = Decanesulphonate; B = l1onylsulphate; C = decylsulphate.

Zones PT (M) VR •G (ml) Wb.Z (ml)
or
peaks A B C A B C

Zones 7.6 . 10- 6 24.5 25.6 27.6 5.0 5.6 6.3
3.8 . 10- 5 22.2 23.0 23.8 ~4 ~4 ~4

Peaks 1.9' 10- 4 16.9 16.9 17.2 ~2.5 ~2.5 ~2.5

(0.7)" (0.7)" (0.6)"

" L1CjCb values for the peaks.

disturbances on the probe equilibrium were smaller, and so peaks appeared instead.
The retention volumes of the zone or peak, especially that of the back-part gradient,
increased with increasing anion hydrophobicity, the effect being largest at the lowest
probe concentrations (Table IV). At the high probe concentration, 1.9 . 10- 4 M,
corresponding to the non-linear part of the adsorption isotherm, the gradient retention
volumes were similar, despite the different anion hydrophobicities. However, the
extents of probe equilibrium disturbances were also of the same magnitude.

At the lowest probe concentration the zone width increased with increasing
hydrophobicity of the injected anion, while the zone widths were approximately the
same at the higher probe eluent concentrations for all anions injected (er, Table IV).
This was probably due to the increased competition at high probe concentrations.
Effects of anion hydrophobicity when injecting anion concentrations higher than 5.0 .
10 - 3 M were not studied.

When nonylsulphate was injected in increasing concentrations at a probe
concentration of 1.5 . 10 - 5 M, an increasingly deeper negative system peak appeared
and the retention of the back part increased 5

. However, at a certain anion
concentration, the back-part retention began to decrease with a further increase in the
anion concentration, probably an effect of the closely eluted anion.

At the two lowest probe concentrations used in this study, similar results were
obtained with injections of the hydrophobic anions decanesulphonate and nonyl
sulphate. At these probe concentrations the more hydrophobic anion, decylsulphate,
did not show the tendency for decreasing back-part retention when the anion
concentration injected was increased to 5.0' 10- 3 M. The retention volume of
decylsulphate was larger than those for the other two anions (eI, Table II), resulting in
an improved anion separation from the system zone gradient.

With the higher probe concentration, 1.9' 10- 4 M, the separation between
decanesulphonate and the back-gradient was improved (eI, Table III). Injections of
decanesulphonate at concentrations up to 0.0 I M did result in continuously increasing
back-part retention volumes (Fig. 4). However, a zone was never developed, and the
gradient retention increase was accompanied by an increase in the equilibrium
disturbances, i.e., larger !JCjCb values. At this probe concentration the decrease in the
back-part system peak retention volumes induced by the octylsulphate anion began at
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18
Decanesulphonate

\

16

14

5.01.0 10.0

[Anion] x 103/M

Fig. 4. Back gradient retention volumes, VR•G , of system peaks induced by decanesulphonate and
octylsulphate at high probe concentration, versus the injected anion concentration. Sample, anion in
phosphate buffer (pH 2.0); eluent, 1.9 . 10- 4 M protriptyline in phosphate buffer (pH 2.0)-acetonitrile (3: I).

the low anion concentration of 1.0' 10 - 3 M (Fig. 4). This was also the case for
nonanesulphonate, which is similar to octylsulphate in hydrophobicity (cf, Table II).
These decreases in gradient retention volume were accompanied by distortions of the
system peak shapes (see below). However, when the probe concentration was increased
to 9.5 . 10- 4 M, the nonanesulphonate concentration could be increased to 0.01
M before the decrease in the back-part retention volume started.

The results shown above indicate that it is possible to increase the gradient
retention by increasing the anion concentration at different probe eluent concentra
tions. However, a prerequisite is an adequate anion separation from the gradient,
especially when injecting high concentrations ofless hydrophobic anions at high probe
concentration in the eluent.

It may be assumed that the increase in the gradient retention volume with
increasing anion concentration was due mainly to the increased ion-pair distribution
with the anion in the start zone at low probe concentration. At high-probe
concentrations the increased gradient retention volume may be a consequence of
non-linear adsorption behaviour and thus be due mainly to the low concentration of
probe in the system peak. In that event, however, it is assumed that the anion
concentrations do not reach the levels resulting in distortion of the system peak (see
below).

Distortion of anion and system peak
Odd-shaped anion peaks, showing diffuse and deformed front parts, appeared at

high anion concentrations injected at all probe concentrations. A prerequisite for this
kind ofdistortion to occur was that the indirectly detected anion peak was eluted after
the system peak. At high probe concentrations, the injections ofhigh concentrations of
less hydrophobic anions also resulted in odd-shaped system peaks. Unusually shaped
large sample and system peaks have also been described by Golshan-Shirazi and
Guiochon 13, 14.

When a high concentration of the hydrophobic anion decylsulphate was injected
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at low probe concentration, the system zone was well shaped and the late-eluted anion
peak was tailing (Fig. 5a). When the same concentration of the less hydrophobic
decanesulphonate was injected, the anion peak, which eluted very close to the system
zone gradient, showed a leading effect, i.e., a diffuse front side and a sharper back side
(Fig. 5b). This effect decreased when the probe concentration was increased, and at an
adequately high probe concentration the separation was further improved and the
decanesulphonate peak showed tailing. If, on the other hand, lower decanesulphonate
concentrations were injected, the anion peaks showed tailing. The less hydrophobic
anions nonanesulphonate and octylsulphate resulted in very broad and diffuse front
parts of the anion peaks when injected at higher probe concentrations in the eluent,
1.9 . 10- 4 M (see Fig. 5c). The diffuse front part of the anion peak was extremely broad
(a)

I 0.200 A

Probe Signal
System Zone

DeeylSulphate (tailing)

\

o 20 40

min

60 80

(b)

I 0.200 A

Deeanesul phonate (leading)

""

o 10 20

min

30 40

Diffuse front

\

(el

I 0.150 A

Oelylsulphale (leading)

\

'4-- Distortion

o 10
min

20 30

Fig.S. Shapes ofnegative system zones and positive anion peaks with injected hydrophobic anions. Sample,
5.0' 10- 3 M anion in phosphate buffer (pH 2.0); eluent, protriptyline in phosphate buffer (pH
2.0)-acetonitrile (3:1). (a) Anion, decylsulphate; PTconcentration, 7.6' 10- 6 M. (b) Anion, decanesulpho
nate; PT concentration, 7.6 . 10- 6 M. (c) Anion, octylsulphate; PT concentration, 1.9 . 10- 4 M.
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and partly overlapped the system peak, also being distorted. A distortion of the system
peak is always seen when the diffuse front of the anion peak partly overlaps the back
part of the system zone.

Hence for a certain anion injected the deformation of its front decreased with
increasing probe concentration. This was probably due to the improved anion
separation from the system zone gradient. On the other hand, the high probe
concentration increased the risk of deformation for a poorly separated anion. The
distortions may be a result of the initial co-migration of the anion zone with the system
zone gradient. The probe deficiency in the system zone then gives a lowering of the
retention volume of the anion front, resulting in a diffuse front part of the eluted peak
(e.f, eqn. 2).

Comparison of large and small system peak retentions
Injections of very low analyte concentrations into the system resulted in small

system peaks, owing to the low degree of equilibrium disturbances. The retention
equation (eqn. 3) is quantitatively valid for these so-called infinitesimal system peaks.
The back-part gradient retention volumes of the system zones or peaks, induced by
injections of 5.0 . 10- 3 M decanesulphonate, were plotted together with the retention
volumes of the corresponding infinitesimal system peaks at the different probe
concentrations (Fig. 6). In line with eqn. 3, both the gradient retention volume and the
infinitesimal system peak retention volume decreased with increasing probe con
centration. However, the gradient retention volumes were larger at all probe
concentrations. This is partly due to the fact that the retention volumes for the small
system peaks were measured at the peak minimum (see ref. 5).

The larger retention volumes for the large system peaks or zones in comparison
with the small ones may be explained in the following way. The retention volume ofthe
gradient (large negative system zone or peak) is determined qualitatively by eqn. 3 in
combination with the presence of the hydrophobic anion and a low concentration of

10

1

5X
3.4 X

10 20 30 40 50 60 70 80 90

[PTIm x 105/M

Fig. 6. Gradient retention volumes (.) (zone created by decanesulphonate, see Fig. 3) and retention
volumes of infinitesimal system peaks (e) versus the probe concentration in the eluent. Retention volumes
of some analytes at lowest and highest probe concentrations are also plotted. I = FLA 870; 2 = FLA 965;
3 = FLA 659; 4 = desipramine; 5 = imipramine.
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probe in the system peak. When the bulk concentration is low, being on the more or
less linear part of the adsorption isotherm, the gradient retention volume is mainly
determined by the adsorption of PT as an ion pair with the anion. At these probe
concentrations, zones were developed and an increased hydrophobicity or concentra
tion of the injected anion resulted in increased adsorption of PT from the bulk and,
therefore, a larger gradient retention volume. For a qualitative description, eqn.
3 might than be modified as below, containing an additional term (corresponding to
the hydrophobic anion) in the numerator and with the denominator simplified to I:

At high probe bulk concentrations, being on the non-linear part of the
adsorption isotherm, the increased gradient retention vol ume is due to the lower
concentration of probe in the system peak. At these high probe concentrations, the
contribution from the anion to the gradient retention volume is low. Predictions of
gradient retention volumes by use of the unmodified eqn. 3 will then be more adequate.

Matching
To obtain peak compression it is necessary that the analyte and the gradient be

eluted together. In this situation the analyte retention is larger than in the isocratic
experiment. A prerequisite is that the isocratic retention volume of the analyte peak
must be lower than the retention volume of the gradient. As a consequence, it was not
possible to compress the imipramine peak in this system (cf, Table I). The isocratic
retention volumes of different analytes are given at the lowest and highest probe eluent
concentrations (Fig. 6). The analyte retention volumes decreased less than the gradient
retention volumes when the probe concentration was increased (cf, eqns. 1 and 3).
Hence the gradient was eluted later than all analytes at the lowest probe concentration
but was eluted only after two of the analytes at the highest probe concentration (cf,
Fig. 6). This resulted in peak compression for more hydrophobic analytes at low probe

10.100 A

Probe Signal

1
10.010 A

Analyte
Signal

Wb =0.1 ml

(lsocratic w
b

=O.5ml>

---'Jt-------.J'-------
10
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20

Fig. 7. Peak compression of FLA 870 at high probe concentration in the eluent. The peak width, Hlb (ml), is
measured at the baseline. Sample, 1.0 . 10- 5 M FLA 870 and 5.0 . 10 - 3 M octanesulphonate in phosphate
buffer (pH 2.0); eluent, 9.5 . 10- 4 M protriptyline in phosphate buffer (pH 2.o)-acetonitrile (3: I).
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concentrations, whereas less hydrophobic analytes were compressed at high probe
concentrations. When a poorly retarded analyte, FLA 870, was injected with a large
amount of an organic anion at low probe concentration, the analyte peak was
deformed and was eluted with the front part of the zone (ref. 6, Fig. 13a). However, at
the highest probe concentration, FLA 870 was eluted with the gradient and was
compressed (see Fig. 7). At this probe concentration analytes more hydrophobic than
FLA 965 were eluted after the gradient.

CONCLUSIONS

The retention of the back-part gradient in a system peak or zone can be regulated
by both the probe and the injected anion concentrations. When anion regulation is
used, at low probe concentrations the gradient retention is influenced by a linear
ion-pair distribution behaviour with the anion in starting and unresolved zones. The
gradient retention can then also be regulated by the anion hydrophobicity. At high
probe concentrations the retention is mainly influenced by the non-linear adsorption
behaviour.

An adequate separation between the anion and the gradient is necessary
primarily to avoid distortions of the shape of the back-part gradient, but also in order
to allow regulation of the retention of the gradient by use of the anion concentration.
Such conditions can be achieved by using an adequately high probe concentration.

Changing the probe concentration is an efficient way of obtaining elution of the
analyte with the gradient and thus to achieve analyte peak compression. The less
hydrophobic the analyte, the higher is the necessary probe concentration.
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Multiple peak formation in reversed-phase liquid
chromatography of ramipril and ramiprilate
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SUMMARY

The chromatographic performance of ramipril, an angiotensin-converting en
zyme inhibitor, and ramiprilate, its active metabolite, was studied on an octadecyl
bonded silica stationary phase and with aqueous eluents. The substances are peptide
related with a proline residue, a group of compounds known to exist as a mixture of
two conformers in aqueous solution. The influence of column temperature, flow-rate,
pH, organic modifier and stationary phase was investigated, and the cis and trans
isomers of ramiprilate were assigned by nuclear magnetic resonance studies. Multiple
and irregularly shaped chromatographic peaks were obtained, but by choosing ap
propriate conditions the compounds were eluted as single, symmetric peaks, or the
two isomers of each compound could be separated.

INTRODUCTION

Multiple peak formation in reversed-phase liquid chromatography (RP-LC) of
two peptide-related drugs, captopriJl and enalapril 2

, used as angiotensin-converting
enzyme (ACE) inhibitors, and a tridecapeptide3

, all containing a proline residue, have
been observed. Horvath and co-workers4 .5 reported thatdipeptides containing L

proline may show peak splitting in RP-LC, owing to slow cis-trans isomerization.
This is caused by hindered rotation around the N-substituted peptide bond. Similar
observations in RP-LC have also been made for a new ACE inhibitor, ramipril (a
drug developed by Hoechst), and its active metabolite ramiprilate6 .

o==r
w ;J:,-?

I/-o ~y
eOOH

ramipril

~ .-:'X;J:-?GT~- o~y
eOOH

ramiprilate
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In this work, we studied the influence of various operating conditions on the
retention, peak splitting and band broadening of ramipril and ramiprilate. The cis
and trans isomers oframiprilate were assigned by nuclear magnetic resonance (NMR)
studies. Eluate fractions containing each of the chromatographically resolved isomers
of ramiprilate were subjected to enzyme kinetic studies. These, and extended NMR
studies, will be reported elsewhere.

EXPERIMENTAL

Chromatography
The liquid chromatograph consisted of a Model 2150 pump (LKB, Bromma,

Sweden), an ISS-100 automatic injector (Perkin-Elmer, Oberlingen, F.R.G.), a Mod
el4270 integrator (Spectra-Physics, San Jose, CA, U.S.A.) and a Spectraflow 783 UV
detector (Kratos, Ramsey, NJ, U.S.A.). Ramipril and ramiprilate were kindly sup
plied by Hoechst (Frankfurt am Main, F.R.G.). Buffer substances and acids of an
alytical-reagent grade were purchased from E. Merck (Darmstadt, F.R.G.) and organ
ic solvents of HPLC grade from Rathburn (Walkerburn, U.K.).

A Nucleosil C 18 (3 j1m) column (l00 x 4.6 mm LD.) (Macherey, Nagel & Co.,
Duren, F.R.G.) was used and the mobile phase was, unless stated otherwise, phos
phate buffer of pH 2.0 (I= 0.10) containing various amounts of acetonitrile, tetrahy
drofuran (THF) or methanol as organic modifier. Column temperatures above 2YC
were controlled with a Model LC-22A column oven (Bioanalytical Systems, West
Lafayette, IN, U.S.A.), and for temperatures below 25°C a thermostated water-jacket
was used. A 50-j11 volume of a sample solution, 150-300 j1mol/1 in phosphate buffer of
pH 2.0, was injected, and the column effluent was monitored at 220 nm.

NMR
The NMR spectra were recorded on a Bruker AM 500 spectrometer. The mea

surements were performed at ambient temperature both in deuterated dimethyl sul
phoxide (eH6]DMSO), in order to make a comparison with investigations on related
compounds7

, and in eHz]water-[ZH 3]acetonitrile (80:20), a solution similar to the
mobile phase in the chromatographic studies. High-temperature measurements
(9YC) were performed in 10 mmol/I phosphate buffer (pH 7.3). The samples were 10
mmol/l with respect to ramiprilate. Two-dimensional (2D) 1H_ i Hand 1H_13C NMR
studies were also undertaken to aid in the assignments.

RESULTS AND DISCUSSION

Chromatographic studies
Column temperature. Chromatograms of ramipril and ramiprilate obtained at

different column temperatures, with a mobile phase containing 30% acetonitrile, are
shown in Fig. 1. With increasing temperature the conversions between the two rota
mers accelerate and single peaks were obtained, at a lower temperature for ramipril
than for ramiprilate. Similar effects have been reported in the RP-LC of other proli
ne-containing substances3-

s
,8. The influence of temperature on retention was small

for both compounds.
Flow-rate. The influence of the residence time in the column on the peak shape
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Fig. I. Effect of column temperature on the chromatographic performance of ramipril and ramiprilate.
Stationary phase, Nucleosil CIS' 3 I'm (100 x 4.6 mm I.D.). Mobile phase, 30% acetonitrile in phosphate
buffer (pH 2.0). Flow-rate, 1.0 ml/min. The retention times of the peaks are indicated.

is illustrated in Fig. 2 for ramiprilate, eluted at a flow-rate of 1.0, 0.5 or 0.3 ml/min. A
mobile phase containing 30% acetonitrile was used and the column temperature was
30°C. With decreasing flow-rate a more monodisperse peak was obtained. This was
also seen for ramipril (not shown here) and has been reported by Horvath and co-

1.0 ml/min

3.04

2.26

0.5 ml/min

rt
·99

4.55

0.3 ml/min

8.95

Fig. 2. Effect of flow-rate on the peak shape of ramiprilate. Flow-rate, 1.0, 0.5 or 0.3 ml/min. Column
temperature, 30·C. Other conditions as in Fig. I.
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workers4
,5 for proline-containing peptides having relaxation times of cis-trans isomer

ization commensurate with their retention times.
Influence afpH. The pH of the mobile phase had a considerable effect on the

chromatographic performance of both ramipril and ramiprilate. The chromatogra
phic peaks obtained at pH 2.0 and 6.0 are shown in Fig. 3. The mobile phase was
phosphate buffer containing 25% acetonitrile and 5% THF, and the column tempe
rature was 15°C. The flow-rate at pH 6.0 was 0.5 mljmin in order to give retention
times comparable to those at pH 2.0 (1.0 mljmin). The peak shape of ramipril was
improved when the pH was decreased, whereas the opposite was found for rami
prilate. A low pH was used to obtain acceptable peak shapes for captopril 1 and
enalapril 2

, both structurally related to ramipril. For alanylproline a similar effect with
decrease in pH was explained by a higher isomerization rate4

.

The influence of pH on the capacity factors (k') of ramipril and ramiprilate is
shown in Fig. 4. The mobile phase was phosphate buffer (pH 2 or 3) or acetate buffer
(pH 4, 5 or 6) with 20% acetonitrile and 5% THF. A column temperature of 60°C was
used to obtain single peaks for both compounds. Ramipril, having acid dissociation

ramipril

ramlprilate

pH2

7.54

3.64

.47

pH6

2.n

Fig. 3. Effect of pH on the peak shapes of ramipril and ramiprilate. Mobile phase, 25% acetonitrile and 5%
THF in phosphate buffer (pH 2.0 or 6.0). Flow-rate, 1.0 ml/min (pH 2) or 0.5 ml/min (pH 6). Column
temperature, 1ST. Stationary phase as in Fig. I.
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Fig. 4. Influence of pH on the capacity factors (k') of(O) ramipril and (Ll) ramiprilate. Mobile phase, 20%
acetonitrile and 5% THF in (p) phosphate or (a) acetate buffer ([=0.10). Column temperature, 60'C.
Stationary phase and flow-rate as in Fig. 1.

constants (pKa) of about 3 and 5.5 6
, is zwitterionic with maximum retention in the pH

region between the pKa values. For ramiprilate, having a lowest pKa of about 1.5 (ref.
6), no retention maximum was obtained under the chromatographic conditions used.

Organic modifier. The nature of the organic modifier in the mobile phase greatly
affected the chromatographic performance of ramipril. This is shown in Fig. 5, where

7.49

55% MeOH

8.13

20% THF

8.80

Fig. 5. Effect of organic modifier on the chromatography of ramipril. Mobile phase containing 29%
acetonitrile, 55% methanol or 20% THF. Column temperature, 20'C. Other conditions as in Fig. 1.
MeOH = Methanol.
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acetonitrile, methanol or THF was used as a modifier in aqueous phosphate buffer.
The column temperature was 20or. Different amounts of the modifiers were added to
the various systems in order to g,ive comparable retention times. The elution order of
the isomers was inverted in the/chromatographic systems containing methanol and
THF compared with the acetofitrile-containing system. This was verified by collec
ting fractions of the eluate cOlltaining the isomers of ramipril from the acetonitrile
system and reinjecting them into the methanol and THF systems. The column was
refrigerated at 2°C to give good resolution between the two peaks and the eluate
fractions were immediately frozen to prevent transformations between the two con
formers.

An improvement in the chromatography of ramipril was obtained by the addi
tion of THF or methanol to a mobile phase containing acetonitrile. Ramipril eluted

,
8.81

2
t ,

25% CH3CN + 5% THF

2.32 3.70

3.84

2.47 2

7.54

Fig. 6. Effect of addition ofTHF to an acetonitrile-containing system on the peak shapes of (I) ramiprilate
and (2) ramipril. Mobile phase, 25% acetonitrile or 25% acetonitrile and 5% THF in phosphate buffer (pH
2.0) with a flow-rate of 1.5 or 1.0 ml/min, respectively. Column temperature, lSOe. Different attenuations
were used.
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as a single peak at lYC when 5% THF was added to a mobile phase containing 25%
acetonitrile, as illustrated in Fig. 6, which also shows a chromatogram obtained
without THF. Ramiprilate was only slightly affected and eluted as a well resolved
doublet in both systems.

Stationary phase. Chromatograms from a cation-exchange column (Nucleosil
5SA, 100 x 4.6 mm 1.0.) and a CiS column (see Experimental) obtained at 30 and
60°C are shown in Fig. 7. The mobile phase in both chromatographic systems was
phosphate buffer (pH 2.0) with 30% acetonitrile. The numbers of theoretical plates
(N) for the peaks obtained at 60°C are shown. The CiS column was more efficient
than the cation exchanger for ramipril, whereas ramiprilate showed the best perfor
mance on the cation-exchange column. The elution of ramipril as a bimodal, broad
peak on the cation-exchange column at 30°C may be due to a difference in acidity for
the cis and trans rotamers. Such a difference would affect the chromatography on the

Nucleosil 5SA

,.....-.,
4.56

2
3.94 ,

1 (N.l300)

2 (N-1200)
2.88

8.82

,

Nucleosil C18

2 (N-38OO)

1(N-500)
5.17

2.21

Fig. 7. Chromatograms of (1) ramiprilate and (2) ramipril from a cation-exchange column (Nucleosil 5SA,
100 x 4.6 mm I.D.) and a CIS column (the same as in Fig. I). Column temperature, 30 or 60'C. Other
conditions as in Fig. I. The numbers of theoretical plates (N) at 60'C are shown.
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cation exchanger more than it would on the C1S column, from which a single peak
was obtained. Different pKa values for the isomers of some proline- and sarcosine
containing peptides have been determined by NMR9 ,lO. The results indicated in
tramolecular hydrogen bonding, which stabilizes the protonated trans isomer and
decreases its acidity.

NMR studies
In Fig. 8, the lH NMR spectrum oframiprilate in [2H 6]DMSO is shown. In the

chemical shift range 3-4.6 ppm the spectrum exhibits two distinct sets of signals for
each proton, which reveals the existence of two contributing conformers. These rota
mers are assigned to the cis-trans equilibrium of the rotation around the amide bond.
No assignment was made of signals in the region 1-3 ppm owing to difficulties with
overlapping. 2D NMR studies clearly showed, however, that more than a single set of
resonances contribute to the spectrum. The rotamer ratio in DMSO was integrated to
be 65:35, which is similar to the ratio of the areas of the two peaks obtained after

~
'HO 0ii"$'"S .... H

7 5' .,. N 3

~ ,. ~ ~. ~ 2' I .I H H H :
# 0 H COOH

S'-C.!i

3'-C!:!

I
4.00

PPM
3,'00

I
2.00

Fig. 8. IH NMR spectrum of ramiprilate (5 mg in 0.6 ml) in [2H61DMSO.
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injection of ramiprilate in DMSO into the refrigerated chromatographic system con
taining acetonitrile. In [ZHz]water-[ZH3]acetonitrile the ratio was integrated to be
53:47, also in good agreement with chromatographic results. This confirms that the
ratio of the two conformers, chromatographed on a cooled column, is entirely depen
dent on the sample conditions prior to injection. Based on the 2D NMR studies and
on comparison with studies on related compounds 7

, the major rotamer was assigned
to the trans form. At high temperature (9YC) the NMR spectra exhibited unambi
guous exchange broadening. Line-shape analysis according to McConnell!! gave a
barrier for trans to cis rotation of 85 kJjmol, which is of a magnitude that explains the
peak splitting and band broadening seen in the chromatographic studies.

CONCLUSION

Various operating conditions greatly affected the anomalous chromatographic
behaviour of the proline-containing substances ramipril and ramiprilate. The com
pounds eluted as increasingly monodisperse peaks with decreasing flow-rate, and
with increasing column temperature single peaks were obtained. The peak shape of
ramiprilate was improved when the pH was increased or if the reversed-phase column
was replaced by a cation exchanger, while the opposite was found for ramipril. The
elution order and the appearance of the isomers of ramipril were dependent on the
nature of the organic modifier. By choosing appropriate conditions, the compounds
were either eluted as single peaks or the isomers of each compound could be separa
ted. The first-eluting isomer of ramiprilate in the chromatographic system containing
acetonitrile was characterized by NMR studies as the trans rotamer.
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Extension of the electrostatic retention model of reversed
phase ion-pair chromatography to include the simultaneous
effects of the organic modifier and the pairing ion
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SUMMARY

The electrostatic retention model of reversed-phase ion-pair chromatography is
extended to include the simultaneous effects of the organic modifier and the pairing
ion on both the adsorption of the pairing ion and the retention of charged solutes. A
linear relationship is obtained between solute retention and the concentration of both
the organic modifier and the pairing ion. Both the intercept and the slope values of the
extended retention equation increase for the oppositely charged and decrease for the
similarly charged solutes when a pairing ion is added to the eluent. The slope reflects
the reversed-phase chromatographic retention of the solute and the solvent depend
ence of the adsorption term of the pairing ion. The intercept depends on the type of
the organic modifier and both the concentration and hydrophobicity of the pairing
ion. Qualitative and quantitative predictions made by the extended model agree well
with the experimental results obtained with binary mixtures of aqueous buffers and
three common organic modifiers, methanol, acetonitrile and tetrahydrofuran.

INTRODUCTION

In reversed-phase chromatography (RPC), the logarithm of the capacity factor
(k') of non-ionic solutes is often described as a linear function of the concentration (cp)
of the organic modifier in the e1uentl· 2 :

In k' (cp) = In k'wB - S cp (1)

where k' wB is the capacity factor of solute B in water and S is a constant for a given

a On leave from the University of Chemical Engineering, Veszprem, Hungary.
b Affiliated to the Institute of Physical Chemistry,University of Uppsala, Uppsala, Sweden.
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solute-solvent combination. Extensive retention data sets are available and have been
analysed to determine the effects of type and/or strength of the organic solvent.
Differences in the slopes (S) of the In k' vs. qJ plots of closely related solutes have been
utilized to optimize their separation.

In reversed-phase ion-pair chromatography (RP-IPC), mixtures of non-ionic,
ionic and/or ionizable components are usually separated by varying the pH and/or the
concentration of the pairing ion, while the concentration of the organic modifier is
used only to control the solvent strength of the eluent. However, mixtures of ionic
solutes with similar charge and structure often cannot be separated adequately without
at least exploiting3- 6 or, better, optimizing7-10 the selectivity-modifying effects of
organic solvents.

In RP-IPC, the organic modifiers decrease the retention of ionic solutes through
at least two effects, via the decreased hydrophobic adsorption of the solutes and the
decreased surface concentration of the adsorbed ion-pairing reagene. As a result, in
the presence of a pairing ion, the retention of ionic solutes varies more rapidly with
qJ than that of the uncharged solutes3

,12. Owing to the paucity of relevant data, the
effects of the type and concentration of the organic modifier on the retention and
selectivity changes of charged solutes have not yet been evaluated systematically in
RP-IPC, and the current retention models of RP-IPC could not include the
simultaneous effects of the pairing ion and the organic modifier.

Stahlberg and co-workers, using the Gouy-Chapman theory, developed an
electrostatic mode1 13

-
18 to describe both the adsorption isotherms of the pairing ions

and the retention of ionic solutes as functions of the mobile phase concentration of the
pairing ion. This model is extended-in this paper to incorporate the effects of the type
and concentration of the organic modifier into the adsorption isotherm equations of
the pairing ions and the retention equations of charged solutes. Predictions made by
the model are compared with experimental data obtained using methanol, acetonitrile
and tetrahydrofuran as organic modifiers and sodium octylsulfonate and decyl
sulfonate as ion-pairing reagents.

THEORY

According to the electrostatic model of RP-IPCI3
-

15
, the adsorbed hydrophobic

pairing ions and their counter ions form an electrical double layer at the surface of the
stationary phase and create a surface potential (t/Jo) between the surface of the
stationary phase and the bulk of the mobile phase. The retention of ionic solutes
depends both on their hydrophobicity and t/Jo. The capacity factor (k' ell) of ionic solute
B of charge Zil is

k'ell = k'oll exp (-Zil Ft/Jo/RD (2)

where k' 011 is the capacity factor of solute B in the absence ofa hydrophobic pairing ion,
F is the Faraday constant, R is the gas constant and T is the absolute temperature.

When an organic modifier of concentration qJ is added to the eluent, both k' 011

and t/Jo change. In the absence of pairing ions, k' 011 varies with qJ as

(3)



ELECTROSTATIC RETENTION MODEL OF IPC 87

where ([J is the phase ratio and LlGg is the free energy of adsorption of solute B.
l/Jo is related to the surface concentration, nA, of the adsorbing hydrophobic

pairing ion according to eqn. 4, obtained by solving the linearized Poisson-Boltzman
equation for cylindrical surfaces (i.e., idealized porous particles)14,15:

(4)

where ZA is the charge of pairing ion A, K is the reciprocal Debye length, 10 and 11 are
the modified Bessel functions of the first kind of order zero and one, respectively, GO is
the permittivity of vacuum and De is the dielectric constant of the eluent. When nA is
much lower than the monolayer capacity of the stationary phase, no, the surface
potential-modified adsorption isotherm of the pairing ion becomes

(5)

where KAs is the adsorption constant and CA is the mobile phase concentration of the
pairing ion. K As depends on the type and concentration of the organic modifier:

KAs = exp[ -LlG~(cp)IRT] (6)

where LlG~(cp) is the free energy of adsorption of the pairing ion. With this, k'cB as
a function of CA becomes

ZA (k'CB) [RT (k'CB)J [/oF J-In -,- + In - --In -k' = In CA + In (nOKAJ (7)
ZB k OB ZAzRF OB I 1K80De

This expression is valid only for non-zero pairing ion concentrations.
In order to include the concentration of the organic modifier in eqn. 7, let us

approximate the second term on the left-hand side as

In [In (k' cRIk' OB)] ~ In (k' cBIk' OB) - 1 (8)

The relative error of this approximation is less than 25% when 1.6 < k'cBlk'OB < 6.
A relative retention change of this magnitude corresponds to a pairing ion surface
concentration change of 10-100 ,umol/g16

, meaning that the expressions derived here
are valid only at non-zero mobile phase concentrations and low surface concentrations
of the pairing ion, and for a 2-6-fold relative change in solute retention. As such, they
are considered first-order approximations which, nevertheless, reveal the relative
significance of the different parameters in the control of solute retention and
separation selectivity in RP-IPC.

For the sake of clarity, separate expressions are obtained for the oppositely
charged (k' cR > k' OR) and the similarly charged (k' cR < k' OB) ionic solutes. When there
is a unit charge of identical sign on both the pairing ion and the solute ion (i.e., ZA = ZB

± 1), eqn. 7 can be rewritten (for CA > 0) as

, '1 [/oF
2

exp(l) ]
In k cB = In k OB - "2 In 1 D R CA - ~ In (nOKAs)

1KG O e T
(9)
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When there is a unit charge of opposite sign on both the pairing ion and the solute ion
(ZA = -ZB = ± 1), eqn. 7 can be rewritten (for CA > 0) as

(10)

Both equations consist of three terms, the sum of which gives the retention of an
ionic solute as a function of the mobile phase concentrations of both the pairing ion
and the organic modifier. "Regular" RPC solute retention is decreased (eqn. 9) or
increased (eqn. 10) by the addition of a pairing ion (second and third terms).

In order to evaluate eqns. 9 and 10, the dependence of their terms on the type and
concentration of the organic modifier and the concentration of the pairing ion was
studied. As the ionic strength of the mobile phase influences the coefficient of CA in the
second term, its value was kept constant throughout this study.

EXPERIMENTAL

The test solutes were obtained from Janssen (Beerse, Belgium). Sodium
octylsulfonate (OctS03) and decylsulfonate (DecS03) were purchased from Merck
(Darmstadt, F.R.G.). Distilled, deionized water, HPLC-grade organic solvents
methanol (CH30H), acetonitrile (ACN), tetrahydrofuran (THF) and analytical
reagent grade buffer components were used for eluent preparation. The mobile phase
concentration of the organic solvent was varied in the ranges 0-40% (v/v) for
methanol, 0-28% (v/v) for ACN and 0-25% (v/v) for THF. The aqueous buffer (pH
2.1) contained 25 mM H3P04 , 25 mM NaHzP04 and various concentrations of
sodium bromide and sodium octylsulfonate (ion-pairing reagent). The inorganic
counter ion (sodium) concentration was kept constant at 175 mM by varying the
concentration ratio of sodium bromide and the pairing ion. ODS-Hypersil (5 /lm)
stationary phase (Shandon, Runcorn, U.K.) with a BET surface area of 173 m Z/g
(according to the manufacturer), was slurry packed into 120 x 4.6 mm J.D.
stainless-steel columns. An LC 5560 liquid chromatograph, equipped with UV (254
nm) and refractive index (RI) detectors (all from Varian, Walnut Creek, CA, U.S.A.)
and two Model 7010 six-port injection valves (Rheodyne, Cotati, CA, U.S.A.), was
used. Columns were thermostated at 25°C. Both the breakthrough curves of the
pairing ions (in order to determine their excess surface concentrations) and the
capacity factors of the solutes could be determined by this system11.

RESULTS AND DISCUSSION

Effects of the type and concentration of the organic modifier on the adsorption of the
pairing ion

In Fig. 1, the surface concentration (nA) of sodium octylsulfonate is plotted
against the concentration of (a) methanol (0-40%), (b) ACN (0-28%) and (c) THF
(0-25%) at constant eluent concentrations of the pairing ion (CA = 1,2, ... , 70mM).
The plots are similar to those for tetrabutylammonium bromide11

: at a given CA value,
nA decreases as the polarity of the solvent decreases (CH30H > ACN > THF).

In order to determine the value of the nOKAs [(/lmol/g)/mM] parameter of the
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Fig. I. Surface concentration (nA, pmoljg) of sodium octylsulfonate as a function of the concentration of (a)
methanol, (b) acetonitrile and (c) tetrahydrofuran at different eluent concentrations (CA, mM) of the pairing
ion. Aqueous buffer: pH 2.1, 25 mM H 3P04 , 25 mM NaH 2P04 ,150 mM constant ionic strength
(maintained with NaBr). Stationary phase: ODS-Hypersil (5 lim). Column temperature: 25°C. MeOH
= Methanol.

adsorption isotherm of sodium octylsulfonate (eqn. 5), the surface potential values
were calculated from experimental retention data of ionic solutes as described in refs.
13-18. For improved precision, an average l/Jo value, obtained with a positively and
a negatively charged solute, was used in the calculations. The In (nOKA ,) values
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Fig. 2. The adsorption term [In (nOKA,JJ of sodium octyl- (solid lines) and decylsulfonate (dashed line) as
a function of the (/':,) methanol, (<» acetonitrile and (D) tetrahydrofuran concentrations in the eluent.
Conditions as in Fig. I.

calculated from Fig. la-e and the t/Jo values of octylsulfonate are plotted in Fig.
2 against <p for methanol, ACN and THF as organic modifier. Fig. 2 also contains data
for sodium decylsulfonate as ion pairing reagent and methanol as modifier. The octyl
and decylsulfonate plots differ only in their intercepts, but not in their slopes.

After an initial, steep decrease in water-rich eluents, In (nOKAs) decreases almost
linearly with <p (over a limited concentration range), permitting the use of the following
approximation (for nOKAs > 0):

(11)

where C and D are constants for a given pairing ion-organic modifier combination.
Coefficients C and D, calculated by linear regression from Fig. 2, are listed in Table I.

TABLE I

SLOPE (D) AND INTERCEPT (C) VALUES AND CORRELATION COEFFICIENTS (r) OF THE
In (nOKA,l V.I'. qJ RELATIONSHIP FOR SODIUM OCTYLSULFONATE (OctS0 3) AND DECYL
SULFONATE (DecS0 3) WITH METHANOL, ACN AND THF AS ORGANIC MODIFIERS

Modifier qJ Pairing ion C D

CH30H 0.1-0.4 OctS03 5.61 -7.26 0.996
CH 30H 0.1-0.4 DecS03 7.18 -7.66 0.999
ACN 0.06-0.28 OctS03 5.42 -14.33 0.995
THF 0.02-0.13 OctS03 4.69 -12.8 0.937



Fig. 3. Retention of the (a) octopamine and (b) 2-naphthalenesulfonate ions as a function of the methanol
concentration of the eluent at CA = 0, 1,2, ... ,70 mM concentration of sodium octylsulfonate.

Effects of the concentration of the organic modifier on the retention ofcharged solutes
In Fig. 3, the k' vs. cp data for the positively charged octopamine and negatively

charged 2-naphthalenesulfonate ions are shown for octylsulfonate as pairing ion at CA

= 0, I, ... , 70 mM and methanol as organic modifier. Octopamine becomes more
retained and 2-naphthalenesulfonate less retained in the presence of the pairing ion.
The retention shifts are larger (,1ln k'~ 1) at low cp (0 < cp < 0.1), and smaller
(,1ln k' ~ 0.6) at larger cp (0.1 < cp < 0.4).

According to the electrostatic model of RP-IPC, these retention differences are
related to the surface potential.ljJo, in turn, depends on both nA and De (eqn. 4). As the
organic modifier affects nA, K and De, and through them ljJo, plotting In k' from Fig. 3 as
a function of cp at constant nA (determined from the adsorption isotherms in Fig. la--e)
should reveal the relative roles of nA and De. The retention plots shown in Fig. 4 are
almost parallel, suggesting that solute retention depends primarily on the surface
concentration of the hydrophobic pairing ion. The dielectric constant-related
variations of k', predicted by eqn. 4 (through K and De), more or less compensate each
other. Analysis of the analogous retention plots obtained with acetonitrile and
tetrahydrofuran gave similar results.

Simultaneous effects of the pairing ion and the organic modifier on the retention ofionic
solutes

The concentration of the organic modifier can be introduced into eqns. 9 and 10
as an explicit variable by noting that In k' OB is a linear function of cp (eqn. I), In (nOKAs )

is a linear function of ({J (eqn. II) and the dielectric constant-related effects of the eluent
largely cancel each other (Fig. 4), i.e., the coefficient of CA in eqns. 9 and 10 is constant
(K1)·
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Fig. 4. Retention of (a) octopamine and (b) 2-naphthalenesulfonic acid as a function of the methanol
concentration of the eluent at zero and constant (nA = 25, 50, ... , 125 Jlmol/g) stationary phase
concentrations of sodium octylsulfonate.

Substitution of eqns. 1 and 11 into eqns. 9 and 10 results in

(12)

for solutes and pairing ions with a unit charge of identical sign and

(13)

for solutes and pairing ions with a unit charge of opposite sign. After rearrangement:

In k~B = In k~B - 1/2 In K 1 - 1/2 In [exp(C)] - 1/2 In CA - (5-1/2 D)qJ (14)

when ZA = ZB = ± 1, and

In k~B = In k~B + 1/2 In K1 + 1/2 In [exp(C)] + 1/2 In CA + (5+ 1/2 D)qJ (15)

when ZA = - ZB = ± 1.
Obviously, eqns. 14 and 15 apply only for CA > O. When there is no pairing ion

present, eqn. 1 must be used instead ofeqns. 14 and 15. In agreement with experimental
data8

, both the intercept (first four terms) and slope (fifth term) of the In k' vs.
<p function decrease (for ZA = ZB = ±1) or increase (for ZA = -ZB = ±1) as pairing
ion is added to the eluent.

The slope is independent of the concentration, but not of the hydrophobicity of
the pairing ion. It is smaller by 1/2 D than the "regular" RPC slope (Eqn. 1) for ZA = ZB

and larger by 1/2 D for ZA = - ZB. The predicted slope values are compared with the
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TABLE III

D VALUES CALCULATED FROM THE RETENTION DATA FOR FIVE POSITIVELY CHARGED
SOLUTES WHICH WERE OBTAINED WITHOUT AND WITH 1 mM SODIUM DECYLSUL
FONATE AS PAIRING ION IN 0.1 < CPCB OIl < 0.4 AQUEOUS BUFFER ELUENTS (pH 2.1),

Solute

a-Cresol
3,4-Dihydroxyphenylalanine
Tyrosine
Adrenaline
Dopamine
Phenylalanine

Average

6.0
7.2
6.7
4.4
5.6
6.1

5.2
10.4
10.7
8.4

10
10.7

D

-6.4
-8
-8
-8.8
-9.2

-8.1

experimental values in Table II for uncharged, positively charged and negatively
charged solutes, with octylsulfonate as the pairing ion and methanol, ACN and THF
as organic modifiers. The relative error between the predicted and experimental slope
values varies between ± I and 20%, indicating that secondary effects (e.g., changes in
the nature of the octadecylsilica surface due to adsorption of the pairing ion) can also
contribute significantly to solute retention.

Eqn. 14 or 15 can also be used to determine the value of D from solute retention
data obtained in the absence and presence of pairing ions. The In k' vs. ({JCH OH values of
five positively charged solutes obtained with and without decylsulfonate 'pairing ions
were used to calculate the slope and D values listed in Table III. The average D value is
-8.1, which agrees within 6% with D (-7.66) calculated from the adsorption data
(Fig. 2).

It was reported 19 that there are no large selectivity differences for closely related
solutes when a pairing ion is replaced with a homologous one (e.g., alkylsulfonates).
This observation can be rationalized by Fig. 2 and eqns. 14 and 15: only coeffcient C,
but not coefficient D in eqn. 10 is changed when a pairing ion is replaced by a more
hydrophobic member of the same homologous series (D = -7.26 for octylsulfonate
and D = -7.66 for decylsulfonate).

According to eqns. 14 and 15, the intercept is a sum of four terms. The first,
In k'wn, depends only on the solute, the second, In (K1), depends only on the eluent, the
third, In [exp(C)], depends on the type, but not the concentration ofthe pairing ion, and
the fourth depends linearly on In CA. Therefore the In k' vs. In CA plots of a charged
solute obtained with two different pairing ions (1 and 2) are parallel with a retention
shift of

(16)

The shift is negative for ZA = ZIl = ± I and positive for ZA = -Zn = ± 1.
These predictions are substantiated by the In k' vs. CA plots of the positively

charged norephedrine and the negatively charged cresol red ions in Fig. 5 with octyl
and decylsulfonate as pairing ions and methanol as organic modifier (({JCH OH = 0.4)..,
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Fig. 5. Retention of (a) norephedrine and (b) cresol red as a function of the mobile phase concentration of the
(D) octysulfonate and (6) decylsulfonate pairing ions in 40% methanol-aqueous phosphate buffer (pH
2.1) eluents.

These solutes were not included in the previous calculations of coefficients Cand D for
the two pairing ions. The slope values are 0.45 for norephedrine and -0.65 for cresol
red, both slightly different from the theoretical value of0.5. The experimental Llln k' is
0.97 for norephedrine and -1.02 for cresol red, again both slightly different from the
theoretical value of 0.89 (calculated from Table I and eqn. 16). The deviations are
believed to stem from the linearization of the rigorously non-linear equations, as
discussed in ref. 14.

CONCLUSIONS

The electrostatic retention model of RP-IPC has been extended to account for
the simultaneous effects of the pairing ion and the organic modifier on the retention of
ionic solutes. Retention equations were derived assuming that the relative retention
changes do not exceed the 2-6-fold range (i.e., the surface concentration of the pairing
ion is between 10 and 100 ,umol/g), there is a linear relationship between In k' of the
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solute and the concentration of the organic modifier (for qJ < 0.4) in the "regular"
reversed-phase mode, there is a linear relationship between the adsorption term of the
pairing ion and the concentration of the organic modifier (for qJ <0.4) and changes in
the dielectric constant of the eluent do not influence the surface potential significantly.

According to the extended retention equation, both the slope and the intercept of
the In k' vs. qJ relationship increase for oppositely charged solutes and decrease for
similarly charged solutes when a pairing ion is added to the eluent. The slope depends
on the original (reversed-phase) retention behavior of the solute and the organic
solvent dependence of the adsorption term of the pairing ion. The intercept depends on
the original (reversed-phase) retention of the solute in water, the type of the organic
modifier and the hydrophobicity and the mobile phase concentration of the pairing
ion. Predictions made by the extended equations agree well, both qualitatively and
quantitatively, with experimental data observed with methanol, acetonitrile and
tetrahydrofuran as organic modifiers and alkylsulfonates as pairing ions.

The extended retention model indicates that solvent strength effects depend not
only on the organic modifier, but also on the charge type of the solutes and the
adsorption characteristics of the pairing ion. The new retention equations can be used
to determine the initial conditions of eluent optimization in reversed-phase ion-pair
chromatography, provided that the charge-type and the "regular" reversed-phase
retention behavior of the solutes are known.
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SUMMARY

A large number of butyl-, hexyl-, octyl- and octadecylsilica stationary phases
were synthesized by the usual low-temperature and also novel high-temperature sily
lation methods. The phases were characterized by measuring their silanol concentra
tions, organic functional group concentrations and wettabilities and, additional1y, by
reversed-phase liquid chromatographic retention measurements. Unusual retention
data, not expected on the basis of the solvophobic retention theory, were observed
and are explained. Separation selectivity and peak asymmetry are interpreted by
taking into account the surface concentrations of both the silanol groups and the
organic functional groups. The peak shape is better, but the separation selectivitiy is
lower, when access to all silanol groups of a stationary phase is equally easy or
equal1y difficult.

INTRODUCTION

Silica-based reversed-phase materia~s are the most frequently used high-perfor
mance liquid chromatographic (HPLC) stationary phases today. The reproducible
production of reversed-phase silicas is stil1 a challenge owing to our incomplete
understanding of the relationships between the properties of the parent silica, the type
and conditions of the derivatization reaction, the type and characteristics of the
resulting surface and its chromatographic behaviour l

-
3

. As surface derivatization is
never complete, one always has to consider the effects of the underivatized silanol
groups, particularly their undesirable characteristics such as unpredictable retention
order changes, tailing of certain polar solutes and low recovery rates of basic
solutes l - 5 .

It has been observed that end-capping with smal1 silane reagents can eliminate
some of the problems commonly attributed to the underivatized (or "residual") silanol
groups. For most reversed-phase silicas the true surface concentration ofthe unreacted
silanol groups is unknown, and it is assumed to be equal to the difference between the
original silanol concentration and the surface concentration of the bonded alkyl

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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groups. Often, in studies dealing with the effects of the residual silanol groups and
seeking a correlation with the observed chromatographic behaviour the conclusions
are based mainly on the surface concentration of the organic functional groups. Also,
fairly often, end-capped and non-end-capped materials are compared directly6-10,
resulting in limited, qualitative conclusions.

We have developed a high-temperature silylation process that allowed us to
prepare reversed-phase materials on which the surface concentration of the organic
functional groups is high and that of the residual silanol groups is low ll ,12. Using both
this and the "regular" low-temperature silylation method 13, we were able to produce
a large number of reversed-phase packing materials with different residual silanol
group and organic functional group concentrations11 ,12,14. These materials were used
in this study, in which the influence of the silanol group concentration on solute
retention, selectivity and peak shape were investigated for polar test solutes using
methanol-water eluents. These studies complement our previous investigations of the
same stationary phases with n-heptane as eluent l5 .

EXPERIMENTAL

Physico-chemical characterization of the silicas
The silica starting material and the reversed-phase packings synthesized from it

were characterized by nitrogen adsorption (BET) surface area measurements (SIlET)'
Pore-size distribution and pore-volume data were derived from the SIlET values l2 ,14.
Elemental analysis was used to determine the surface concentration of the organic
functional groups (Ad. The reaction of methyllithium with silica16 was used to
determine the surface concentration of the silanol groups (AOH)ll,14,17. As discussed
previously17, the relative standard deviation of this method is 7% for Si 100 silica and
5% for RP-IO silica (five measurements).

Preparation of the stationary phases
The principles and reaction conditions of the high-temperature silylation

method used for the preparation of some of the materials studied here are described
elsewhere11 ,12,14. All stationary phases were synthesized from a single batch of
LiChrosorb Si 100 silica (Merck, Darmstadt, F.R.G.). This silica was selected because
the pH of its aqueous slurry is nearly neutral 18 ,19 and its surface is fully hydroxylated
(see below).

To characterize the silica batch, its pH was measured by suspending 10 mg of
silica in a mixture of0.5 g of isopropanol and 0.5 g of0.2 M aqueous potassium nitrate.
The pH of the slurryll was 5.67. The specific surface area, SIlET, of the silica batch was
257 m2/g, and its pore volume, Vp , was 1.31 ml/g. Prior to silylation, LiChrosorb Si 100
was vacuum dried (0.2 Torr) at l80aC for 2 h to remove the physisorbed water. The
silanol content of the dried material, A oH, was determined to be 2250 .umol/g, which
corresponds to a surface silanol concentration of8.7 .umol/m2, which agrees very well
with results given in the literature for fully hydroxylated silicasI3 ,2o.

The silylating reagents di-n-hexyltetramethyldisilazane (DHTMDS) and di-n
octadecyltetramethyldisilazane (DOTMDS) were synthesized in our laboratoryll,14.
Their structure and purity were characterized by gas chromatography-mass spectrom
etry and NMR spectroscopy. The reagents contained a total of ca. 10% of the
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corresponding silylamines and disiloxanes as by-products. Hexamethyldisilazane
(HMDS) was obtained from Fluka (Buchs, Switzerland), and used as received. All
other solutes and solvents were ofanalytical-reagent grade or better and were obtained
locally from a number of sources. They were dried prior to use.

The preparation methods and some of the main characteristics of the reversed
phase materials studied are listed in Table I. RP silicas RP-6 I-III and RP-18 I-III were
prepared by reacting the silica at room temperature with a m-xylene solution of the
respective disilazane for 4-120 min. For 1 g of LiChrosorb Si 100,40 ml of a 0.2 M
solution of the disilazanes in m-xylene were applied. RP-6 IV and RP-18 IV were
prepared by refluxing 5 g ofLiChrosorb Si 100 in 200 ml ofa 0.25 M disilazane solution
in m-xylene for 12 h.

To achieve a very weak end-capping effect, materials RP-6 IV and RP-18 IV
were allowed to stand at room temperature in HMDS solution (40 ml of 0.2 M HMDS
in m-xylene for 1 g of RP silica) for 1 h, yielding materials RP-6 V and RP-18 V. The
same procedure was applied overnight to RP-6 IV, resulting in material RP-6 VI.

To achieve more complete end-capping, RP-6 IV and RP-18 IV were refluxed at
139°C for 8 h in the HMDS solution, yielding materials RP-6 VII and RP-18 VII.

Materials RP-6 VIII-X and RP-18 VIII and IX were prepared by high-tempera
ture silylation 11 ,12.14. These reactions were carried out in a thick-walled glass ampoule
(15 cm x 2 cm I.D.). Disilazane (0.01 mol) was added to the tube and a filter-funnel
holding 1g silica was placed into the ampoule. The ampoule, cooled in dry-ice-acetone
and kept in a vertical position, was flushed with dry nitrogen and flame-sealed. The
ampoule was then placed vertically in a gas chromatographic oven and heated at a rate
of 4°Cjmin to the final temperature and held there for 12-15 h. The final temperatures
were 220°C for RP-6 VIII, 270°C for RP-6 IX, 320°C for RP-6 X and RP-18 X and
360°C for RP-6 XI and RP-18 XI. The ampoules were then slowly cooled to ambient
temperature and opened.

All materials were washed by the same procedure, consisting of two rinses with
30 ml each of toluene, dichloromethane and acetone per gram of silica. Finally, the
materials were dried under vacuum at 80°C for 4 h.

Wettability tests
The wettability of the reversed-phase materials in methanol-water mixtures was

determined according to Engelhardt and Mathes21
. A 100-mg amount of the

stationary phase was mixed with 25 ml of water in an erlenmeyer flask. While shaking
the flask, methanol was added dropwise to the slurry until the modified silica particles
that floated on the surface had sunk to the bottom. At this point the surface tension of
the liquid, 0"[, and the critical surface energy of the reversed-phase silica, 0"., were
considered to be equal. Based on experimental data22

, a relationship was obtained
between the composition of the liquid and its surface tension as:

log O"s = log 166.3 - 0.406 log [% (v/v) methanol] (1)

where (Js is in mN/m and the methanol concentration can vary between 15 and 85%
(v/v). Although the critical surface energy values thus obtained may be subjectively
biased, they nevertheless permit a reasonable comparison of the synthesized phases.
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Chromatographic measurements
The reversed-phase materials were slurry packed into 4 and 1.2 mm J.D.

stainless-steel columns of different lengths23
• Most of the measurements were carried

out with a liquid chromatograph assembled from commercially available parts: an
LSOOO gradient unit, an L655A12 pump, an L655A22 UV detector and D2000
integrator (all from Merck-Hitachi, Darmstadt, F.R.G.). Capacity factor measure
ments were made in the elution mode using 50 nM sample solutions. All columns were
carefully thermostated 23 at n°e. The retention data used here are the averages of
several duplicate determinations (minimum five). Only retention data with less than
a 1% relative standard deviation are used throughout the paper. The column dead
volume was determined with deuterium oxide. Peak asymmetries were calculated from
peak-width measurements at 15% of the peak height using the equation

(2)

where aiS and hiS are the distances between the peak apex and the ascending and
descending parts of the peak, respectively.

RESULTS AND DISCUSSION

Retention vs. surface composition relationships
Two RP-6 stationary phases, RP-6 IV and RP-6 X, which have nearly identical

organic group concentrations but very different unreacted silanol concentrations (see
Table I), were selected for the retention studies. The capacity factors of benzene,
phenol and hydroquinone as a function ofthe methanol concentration of the eluent are
shown in Fig. 1. The capacity factors of two crown ethers, 18-crown-6 and 12-crown-4,
are shown in Fig. 2.

log k'

0.4

-0.4

-1.2

20 40 60 80

MeOH
100 %w,w

Fig. I. Log k' as a funcion of the eluent composition on RP-6 reversed-phase silicas. Open symbols, Ac =

790 j.lmol/g, AOH = 1040 j.lmol/g; full symbols, Ac = 830 Ilmol/g, A OH = 190 j.lmol/g. 0, • = Benzene;
/:', ... = phenol; D, • = hydroquinone. MeOH = Methanol.
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Fig. 2. Logk' asa function of the eluent composition for (0, .) l8-crown-6 and (0, .) l2-crown-4. Dotted
lines, parent silica; broken lines, RP-6 IV; full lines, RP-6 X.

The two classes of solutes show very different retention behaviours. In Fig. I the
log k' values of all solutes decrease linearly with increasing methanol concentration in
the eluent. As the polarity and water solubility of the solutes decrease from that of
hydroquinone to benzene, the solute retention increases. The slope of the lines is
slightly lower for the silanol-rich materiaL This behaviour is adequately explained by
the simple solvophobic retention theory of Horvath et al. 24

.

However, the log k' vs. methanol concentration curves shown in Fig. 2 are
non-linear. To account for such a behaviour, Horvath and co-workerss,2s introduced
the "dual retention mechanism" concept. The measured k' values, which passed
through a minimum as a function of the water concentration of the eluent, were
perceived to represent the sum ofthe hydrophobic capacity factor contribution and the
hydrophilic capacity factor contribution.

The log k' of 18-crown-6 has an unequivocal minimum point, whereas the log k'
vs. methanol concentration relationship for 12-crown-4 is merely curved. It is
interesting that the retention curves are nearly identical on both the silanol-rich and the
silanol-poor reversed-phase materials. The small retention differences cannot be
explained solely by Horvath and co-workers' dual retention mechanism model,
because the silanol concentrations (A OH values) are very different, being 1040 and
190 pmol/g, respectively. This means that the crown ethers also behave as do the
weakly polar solutes shown in Fig. I, and cannot very well sense the large differences in
the silanol concentration of the surface.

. The non-linear retention behaviour must be caused by at least one other effect,
such as the solvation (and conformational) changes of the crown ethers in the liquid
phase that are induced by changes in the methanol concentration. This hypothesis may
perhaps be substantiated by the observed proton NMR shifts of crown ethers in
deuterium oxide-perdeuterated methanol mixtures. The chemical shift of the proton
signal of 18-crown-6 varies almost linearly with the methanol concentration; it moves
from 3.55 ppm in pure perdeuterated methanol to 3.97 ppm in pure deuterium oxide.
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These shifts indicate that indeed there is a conformational change. This conforma
tional change in turn might affect the retention of these solutes, and explain the
observed retention curves.

In a previous paper!! we described the irregular retention behaviour of aniline
and pyridine on two RP-6 stationary phases with different silanol group concentra
tions. Maximum curves were observed for the basic solutes. In order to discuss here
these effects in detail, the k' values of aniline, pyridine and benzene are plotted as
a function of the methanol concentration in Fig. 3. The log k' values ofall three solutes
decrease with increasing methanol concentration. However, reproducible retention
irregularities can be observed in the 50-80% methanol concentration range for
pyridine and aniline. These irregularities cannot be explained by the current forms of
either the solvophobic retention theory24 or the dual retention mechanism modeI5 •

25
.

On the silanol-rich RP-6 IV material (A OH = 1040 j1moljg) pyridine shows two local
maxima, the first centred around 55% and the second around 68% methanol. These
maxima are slightly shifted towards higher methanol concentrations on the RP-6 X
material, which has a lower silanol concentration (A OH = 190 j1moljg).

Our explanation for this irregular retention behaviour is based on the dynamic
surface models26

-
29

, especially on that of Nikolov29
. These models stipulate that the

surface of the reversed-phase material is not wetted when the water concentration of
the eluent is high. The bonded organic groups "fold up" in these eluents and form
a dense layer which is more or less impenetrable to the eluent constituents and the
solutes. The hydrophobic--dispersive interactions between the solutes and the
stationary phase occur at the surface of this folded ligand layer. As the methanol
concentration is increased, the surface becomes wetted. Once wetted, both the solvent
and the solute molecules can penetrate the ligand layer and interact with the bulk of the
organic groups. Simultaneously, the previously shielded silanol groups become

----

--- ..... -0..
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Fig. 3. Log k' as a function of the eluent composition for (0 . • ) benzene, (0, .) pyridine and (\7, l')
aniline. Broken lines, RP-6 IV; full lines. RP-6 X.
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accessible and begin to contribute to the retention of the basic solutes, but not to the
retention of benzene. As the methanol concentration is increased even further, a point
is reached where all ligands become fully solvated, allowing full interaction with the
silanol groups.

In order to support this interpretation of the experimental results, the
wettabilities of the reversed-phase materials were determined. RP-6 IV, which has
a high silanol concentration, is wetted by 51 % methanol, whereas RP-6 X, which has
a low silanol concentration, is wetted only at the 57% methanol concentration level
(Table I). These values agree well with the points where k' begins to increase towards
the first maximum shown in Fig. 3. Obviously, on the silanol-rich material the critical
surface energy and the surface tension of the solvent mixture become numerically
equal at lower methanol concentrations. This also explains why the position of the first
k' maximum of pyridine is shifted towards higher methanol concentrations on the
RP-6 X material: this phase contains fewer silanol groups and only eluents with higher
methanol concentrations will wet it. The retention changes are so large that they result
in retention order reversals for the benzene-pyridine peak pair. This observation is in
agreement with the results of Engelhardt et al. 30, who reported that separation
selectivities for the amines in general change strikingly when the composition of the
eluent becomes equal to the composition of the methanol-water mixture which wets
tl1e reversed-phase material. The wettability data in Table I indicate that although the
surface concentrations of the organic functional groups are similar on two reversed
phase materials, their wettabilities and hydrophobicities vary greatly with their actual
silanol concentrations. When both the silanol and the organic functional group
concentrations are comparable, the longer chains (C 1S) require a higher methanol
concentration for proper wetting.

Following Fowkes' treatment31
, the surface energy of solids can be split into

dispersive and polar parts:

(3)

where (1s is obtained from the wettability test and eqn. 1. The (1~ values can be
approximated by the tabulated surface tension values of the analogous n-alkanes22

,

then the polar part, (1;, can be calculated by eqn. 3. The calculated (1~ and (1; values for
the RP-6 IV and RP-18 IV phases are given in Table II. The polar part is much lower
for the RP-18 IV phase, indicating that the longer chains have stronger shielding
effects and that the influence of silanols is more pronounced when the stationary phase
contains a shorter alkyl group. The apparent contradiction, which arises from the fact

TABLE II

SURFACE ENERGIES (mN/m) OF AN RP-6 AND AN RP-18 SILICA

Total surface energy, (J" of RP-6 and RP-18 silica divided into dispersive, (J~ and polar, (J; parts.

Material

RP-6
RP-18

33
32

20
28

13
4
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Fig. 4. Peak asymmetry as a function of the surface concentration of the silano! groups, AOH, on RP-6
materials. For phase designations see Experimental. 0 = Benzyl alcohol; v = phenol; 6 "" aniline.
Mobile phase: methanol-water (65:35, wjw).

that in n-heptane eluents the shielding effect does not become stronger as the length of
the alkyl chain is increased past the butyl group, can be resolved by noting that in
n-alkane solvents the long alkyl chains are completely solvated and can move more
freely.

Peak shape vs. surface composition of the alkylsilica stationary phase
As the unreacted silanol groups have been blamed for most of the undesirable

effects on reversed-phase silicas, several attempts were made to eliminate them either
by the use of special silane reagents2

, by end-capping with trimethylchlorosilane
and/or HMDS or, occasionally, by adding polar masking agent to the eluent.
However, a correct interpretation of the results was hampered by the fact that in most
instances the actual silanol concentration ofthe phase was not known and quantitative
correlations could not be obtained.

As we always determined the actual silanol concentration of each stationary
phase by the methyllithium method (see Experimental), the peak shape and peak
asymmetry data could be quantitatively correlated with the surface composition data.
The asymmetry factors for the RP-6 and RP-18 phases are shown in Figs. 4 and 5,
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Fig. 5. Peak asymmetry as a function of the surface concentration of the silanol groups, AOH, on RP-18
materials. For phase designation see Experimental. Symbols and mobile phase as in Fig. 4.
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respectively. It is obvious that contrary to widely held beliefs, the asymmetry curves
show a maximum when the silanol concentrations of the stationary phases are in the
intermediate range (700-1100 flmoljg). These intermediate silanol concentrations are
typical of the RP silicas that are produced under conditions widely accepted as
optimum13

.

As the alkyl group is changed from butyl to octadecyl, the maximum curve
becomes sharper (it is spread over a narrower AOH range) 32. This explains why
end-capping has such a large influence on the peak shape on octadecylsilicas without
affecting appreciably the carbon content of the phase6-

1o
. It can be seen from Fig. 5

that the peak shape is excellent when the reversed-phase silica is deliberately
incompletely derivatized (type I and II phases), a phenomenon noted, although
quantitatively not explained, by Bidlingmeyer et al. 33 and Miller et al. 34

. The peak
asymmetry is worse on the regularly silylated RP-18 silicas that have a higher
percentage of their silanol groups derivatized (type IV phases). Asymmetry, ironically,
deteriorates even further as the material is treated with HMDS (type V material). Only
when the silanol concentration is greatly reduced by drastic end-capping (type VII
material) does the peak shape improve.

Very low silanol concentrations (type IX-XI materials) can only be achieved by
high-temperature silylation11-13. The peak asymmetries observed on these materials
are as good as those on the silanol-rich materials. These findings imply that if one uses
the dense monolayer-covered, commercially available RP-18 silicas, one must be
willing to accept more or less severe peak asymmetry, which can be decreased only
when appropriate masking agents are added to the eluents.

These findings also support the idea that it is not the absolute concentration of
the silanol groups but rather their partially hindered accessibility that leads to, and
controls, peak asymmetry2.

Separation selectivity vs. surface composition of the alkylsilica stationary phase
The surface silanol groups of the alkylsilica stationary phases can, on the other

hand, playa useful role as far as separation selectivity is concerned. In order to
elucidate these effects, the relative retention values, r, with respect to benzene, of
a number of polar solutes were determined on the different RP-6 phases. The
representative results obtained with simple, strongly polar functional groups are
shown in Fig. 6. Both the A OH and the Ac values of the phases are shown on the
horizontal axis. It can be seen that the most rapid change in selectivity occurs at
intermediate silanol concentrations, in the 600-1000 flmoljg range. (In the low to
moderate silanol group concentration range, benzonitrile is an especially sensitive
probe towards small changes in the silanol group concentration.)

Owing to the presence of fundamentally similar adsorption sites on the very
hydrophobic stationary phases, the selectivity effects that are related to the polar
functional groups of the solutes are mostly lost. On the silanol-rich materials the
retention of all kinds of solutes is low. Only appropriate chemical modification of the
surface, resulting in the presence of more than one type of adsorption site, can change
both the topology and the adsorption energy distribution of the surface35

-
37 and result

in a large polar separation selectivity. This, unfortunately, will also effect the peak
asymmetry values.
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Fig. 6. Relative solute retention with respect to benzene as a function of A OH and Ac. \l = Aniline;
/', = phenol; 0 = benzyl alcohol; D = benzonitrile; <) = nitrobenzene; • = butyrophenone. Mobile
phase: methanol-water (65:35, wjw).

CONCLUSIONS

Unusual solute retention, peak asymmetry and separation selectivity were
correlated with the silanol and organic functional group concentrations of a series of
reversed-phase silicas produced by both the usual and high-temperature silylation
methods. It was shown that single parameters, such as the concentration of either the
organic functional groups or the silanol groups of the silica, are insufficient to account
for most of the trends. Compositional and dynamic factors both have to be considered
simultaneously if a more complete understanding of the nature of reversed-phase
silicas is desired, as subtle interactions between solutes and eluents, such as with crown
ethers, might significantly influence the observed chromatographic behaviour.
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Reversed-phase high-performance liquid chromatography in
the investigation of the hydrophobicity of selected ketones

ANDRZEJ SIWEK and JOZEF SLIWIOK*

Institute of Chemistry. Silesian University, Szkolna 9, 40-006 Katowice (Poland)

SUMMARY

Reversed-phase high-performance liquid chromatography was used to compare
the hydrophobicities of ketones, the capacity factor, which was determined by extra
polation to 100% water in the mobile phase, being applied as the hydrophobic pa
rameter. Different methods (linear, quadratic and exponential) of performing the
extrapolation were compared. The chromatographic data obtained were compared
with the solubilities in water, the topological indexes, the partition coefficients calcu
lated on the basis of Rekker fragmentary constants and the electron density, which
was calculated by quanto-mechanical methods

INTRODUCTION

In studies of the hydrophobicity of organic compounds 1,2 the logarithm of the
capacity factor (log k~) extrapolated to 100% water as the eluent is widely used. In
a previous study3, log k~ values were utilized for the determination of the
hydrophobicities of isomeric methylquinolines. Attention was paid to the deviations
from the linear relationship between log k' and the mobile phase composition.

According to Snyder et al.4, in most instances there is a determined field of the
mobile phase composition in which the following equation is valid:

log k' = acp + b (I)

where cp is the volumetric fraction of the organic modifier in the mobile phase.
The utilization of the solubility parameter concept by Schoenmakers et al. 5,6

resulted in the quadratic equations

log k' = acp2 + bcp + c

log k' = acp2 + bcp + c + ejqJ
(2)

(3)

Taking into account the double mechanism of retention7
, the following relationship

has been introduced:

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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k' = a exp (bcp) + (c + dcp)-1

A. SIWEK, J. SLIWIOK

(4)

Many other relationships between the capacity factor and the composition of the
mobile phase have been established8 ,9.

Deviations from linearity are mainly caused by the double mechanism of
retention 7,10 or by intermolecular interactions 11 ,12 and in most instances they
decrease with increase in the mobile phase polarity.

In this work, an attempt was made to determine the range of mobile phase
compositions in which linear extrapolations could be carried out with the required
accuracy.

EXPERIMENTAL

The investigated ketones were of analytical-reagent grade from E. Merck
(Darmstadt, F.R.G.), Fluka (Buchs, Switzerland) and Koch-Light Labs. (Colnbrook,
U.K.). Mobile phases were prepared from analytical-reagent grade methanol and
redistilled water in different volume proportions. The chemically bonded stationary
phases were used, one with an irregular particle shape and a carbon content of 17.5%
(Separon SIX CIS) and the other with spherical particles and a carbon content of
18.0% (Separon SGX CIS), both from Laboratorni pfistroje (Prague, Czecho
slovakia). The columns were ISO mm x 3.3 mm J.D. and the particle diameter was ca.
5 /lm. A liquid chromatograph produced by Laboratorni pi'istroje with a UV detector
set at 254 nm was used. The column void volume was determined by the injection of
sodium nitrite dissolved in methanol. The mobile phase flow-rate was 0.7 ml/min. The
results obtained represent the means of five measurements.

In order to determine the solubility, saturated solutions of the ketones in water
were prepared. After shaking the ketones with water in test-tubes for 5 min, the
test-tubes were left for 24 h at 20°C for equilibration. A series of standard ketone
solutions in water was prepared and the calibration graph at maximum absorption was
constructed. Next, a specified volume of the saturated aqueous solution was taken and
its ketone content was determined by spectrophotometry.

RESULTS AND DISCUSSION

The capacity factors were determined for methanol-water volume fractions
from 1.0:0 to 0.4:0.6. The investigations were carried out with a series of fifteen
ketones, including five isomeric ketone pairs on two stationary phases. The
relationship between log k' and mobile phase composition for the five selected ketones
is presented in Fig. I.

The lines in Fig. I intersect, so that a change of selectivity is observed while
changing the mobile phase composition. The data in Table I for log k'w extrapolated
from the various mobile phase composition ranges depend on the range considered
and on the nature of the stationary phase used. It was our aim to extrapolate reliably
the log k' values for solutes chromatographed in pure water.

Trials were made to solve this problem with two models, as follows.
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Fig. I. Log k' vs. volumetric fraction of methanol in water, on (a) Separon SIX CIS and (b) Separon SGX
CIS' • = Ethyl methyl ketone; 0 = diethyl ketone; .. = isopropyl methyl ketone; • = isobutyl methyl
ketone; 0 = phenyl isobutyl ketone.

TABLE I

VALUES OF LOG k~ OBTAINED FROM THE STRAIGHT·LINE EXTRAPOLATION IN THE
VARIOUS RANGES OF THE MOBILE PHASE COMPOSITION FOR THE SELECTED PAIR OF
ISOMERS

Range of the mobile Log k~

phase composition
(volume fraction Separon SIX C's Separon sex C's
of methanol)

Diethyl Isop/:opyl Diethyl Isopropyl
ketone methyl ketone ketone methyl ketone

1.00-0.80 0.413 0.499 0.645 0.589
0.85-0.65 0.977 0.882 0.737 0.785
0.70-0.40 1.040 0.992 1.060 0.998
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Model I
According to the assumption made, the value of the capacity factor is influenced,

apart from by incidental factors, also by the systematic factor caused by interactions as
described above. The result is a deviation of the experimental points from simple
regression. These deviations are minor for the polar mobile phase but they rise
following an increase in the methanol content. Consequently, the points corre
sponding to the mobile phase compositions with high organic modifier contents lie
beyond those confidence curves which are calculated for the chosen field of
probability. The rejection of those points results in abandoning the systematic error
and shifting towards the mobile phase with a greater polarity.

The regression line

log k' = rlJp + f3 (5)

was determined and then the confidence interval for log k' according to published
equations13. The value of the Student's variable t y was taken from tables for the
confidence coefficient I - y = 95% and for n - 2 degrees of freedom. Calculations
were made according to the algorithm in Fig. 2. The highest value of the volumetric
fraction of methanol in the mobile phase <Pi, at which the log ki lies inside the error
channel, and the value of log k'w = f3 were determined. f3 is the value of the intersection
of the regression line in the interval <<Pi> <Pi); in our case <P1 = 0.4. The values of <Pi and
the extrapolated value of f3 are given in Table II. .

A trial to correlate the <Pi value with the partition coefficients calculated on the
basis ofRekker fragmentary constants14, log PRek ., was made. For the results achieved
using the Separon SIX C1S column, the following relationship was obtained:

calculation of the
regression coefficients
Ceq.5) and the confidence
intervals for log k;

no

Fig. 2. Algorilhm for estimation of the mobile phase composition <Pi for which the corresponding logk; value
appears within the confidence interval; <P, = 1.0; step = 0.05; log k' is the value determined from the
regression eqn. 5.
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TABLE II

CALCULATED CORRELATION PARAMETERS FOR EQN. 5 FROM MODEL I AND FOR
EQNS. 1,2 AND II FROM MODEL II ON TWO STATIONARY PHASES

Substance Stationary Modell Model II
phase"

<Pi Eqn.5: Eqn. I: Eqn.2: Eqn. 11:

fJ b c a' + c'

Diethyl ketone I 0.80 1.04 0.92 1.32 1.26
2 0.75 1.04 0.88 1.32 1.24

Isopropyl methyl ketone I 0.85 0.96 0.87 1.24 1.18
2 0.90 0.92 0.86 1.23 1.16

Ethyl propyl ketone I 0.90 1.31 1.24 1.54 1.49
2 0.95 1.27 1.23 1.52 1.48

Isobutyl methyl ketone I 0.95 1.22 l.l8 1.43 1.38
2 0.95 1.21 1.23 1.55 1.43

Dipropyl ketone I 0.90 1.98 1.90 2.48 2.36
2 0.95 1.96 1.91 2.67 2.52

Methyl pentyl ketone I 0.85 2.18 2.01 2.80 2.65
2 0.95 2.02 1.96 2.68 2.58

Phenyl ethyl ketone I 0.90 1.90 1.80 3.33 2.99
2 0.90 1.91 1.81 2.50 2.37

Benzyl methyl ketone 1 0.85 1.66 1.37 2.83 2.54
2 0.85 1.62 1.55 2.20 2.10

Phenyl isobutyl ketone I 0.90 2.38 2.17 3.89 3.52
2 0.95 2.36 2.26 4.29 3.84

Benzyl ethyl ketone I 0.90 1.99 1.80 3.44 3.08
2 0.95 1.92 1.72 3.03 2.97

Ethyl methyl ketone I 0.75 0.53 0.42 1.12 0.96
2 0.70 0.54 0.39 0.82 0.71

Cyclohexanone I 0.80 0.83 0.51 1.61 1.48
2 0.85 0.81 0.47 l.l3 1.01

Diisobutyl ketone I 1.00 2.36 2.36 3.71 3.37
2 1.00 2.50 2.50 3.23 3.04

Cyclopropyl methyl ketone I 0.80 0.74 0.54 1.35 1.16
2 0.85 0.59 0.49 1.00 0.87

Phenyl cyclobutyl ketone 1 1.00 2.43 2.43 3.79 3.40
2 0.95 2.41 2.35 2.94 2.80

Average correlation coefficient (r) 0.991 0.934 0.988 0.997

" I = Separon SIX CIS; 2 = Separon SGX CIS.

qJi = 0.070 log PRek . + 0.77 (6)
n= 15, r = 0.810

and for the Separon SGX CiS column:
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CPi = 0.072 log P Rck . + 0.79
n = 15, r = 0.788
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(7)

These equations alIow the prediction of the composition of the mobile phase for which
the dependence of log k' vs. cP is rectilinear. This refers to any substance. Moreover,
minor difference in the composition of the stationary phases do not have much impor
tance as regards the results achieved. There are similar coefficients in eqns. 6 and 7.

The procedure described above can be regarded as a model for the approximate
determination of the lower limit of the mobile phase composition from which linear
extrapolation can be carried out.

Model II
The relationship log k' = f(cp) is parabolic, with a mlmmum for high

concentrations of methanol in the mobile phase. The relationship is well depicted in
this field by eqn. 2; with an increase in the polarity of the mobile phase, the linear eqn. 1
becomes valid. If the coefficients in eqn. 2 are changed and the equation is presented in
the form

a'
log k' = - cp2 + (a' + b')cp + (a' + c')

2

then

log k' = a'(1 + cp + ~2) + b'cp + c'

in which the expression

(8)

(9)

(10)

is an approximate development of the exp(cp) function into a Taylor series. As cp takes
its values from the <0,1) interval, this approximation can be applied successfulIy, and
then eqn. 9 takes the form

log k' = a' exp(cp) + b'cp + c' (11)

Eqn. 11 is a good approximation of a straight line for low values (it has its oblique
asymptote at cp -> - 00); at higher values it is a good approximation of a parabola,
especially for cp ~ 1.

In Table II the log k'w values have been presented, with the following terms: the
coefficient b from eqn. 1, the coefficient c from eqn. 2 and the sum of the coefficients
a' + c' from eqn. 11. In this instance the log k'w values are higher than those calculated
on the basis of eqn. 1 and lower than those calculated from eqn. 2. It can be seen from
the comparisons of the correlation coefficients that the best estimation of the log k' vs.
(p relationship was obtained by applying eqn. 11. However, the log k'w hydrophobic
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parameters obtained by extrapolation according to eqn. 2 and likewise eqn. 11 result in
excessive and divergent values compared with the two stationary phases being
investigated. The best conformity of the results was obtained when applying a linear
extrapolation in the range of mobile phase compositions determined according to
model I. This means that in order to obtain better hydrophobic data in terms of
quantity, the linear extrapolation must be carried out in an interval of log k' vs.
({J relationship such that deviations of the points can only be the result of incidental
errors.

In Table III, log PRek . and values of the Wiener topological index15, Balaban's
index 16

, the connectivity index X17 and the solubilities in water, log CM (CM is the molar
concentration of the saturated ketone in water), are given. The qc, qo and qco =
qc - qo values are also given, where qc is the net charge on the carbon atom of the
carbonyl group, qo is the net charge on the oxygen atom and qco is the difference of net
charges on the carbonyl C and 0 atoms.

The net charges were calculated following the CNDOj2 method. The parametric
characteristic was drawn up on data taken from the Iiterature 18

. Of the net charges on
various atoms, the value of qco showed the greatest conformity with the hydro
phobicity sequence for isomer pairs.

The following equations express the relationships between log k'v, determined
according to model I on the Separon SIX C18 phase and the data in Table III:

HYDROPHOBICITY

0 0
" ".............c........... > ......<y

l.,.R R~c........... > ,....c

R) > l.,.~~,....c

0
" @('C/@rC........... > o g

R
@('B~@rCY >

Fig. 3. Schematic comparison of hydrophobicities of the investigated isomers.
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log k~ 1.18 log PRek . - 0.38; r = 0.959 (l2a)
log k~ -1.13 log eM + 0.84; r = 0.966 (l2b)
log k~ 0.0l5 W + 0.50; r 0.804 (l2c)
log k~ 1.62 X + 1.0; r 0.787 (12d)
log k~ -0.28IB + 3.41; r 0.616 (l2e)
log k~ -49 qco + 5.03; r 0.454 (l2f)

The comparisons that were carried out showed that the chromatographic data
produced gave good correlations in terms of quantity with such hydrophobic
parameters as solubility in water and the partition coefficient between n-octanol and
water. Topological indices and quanto-mechanical data do not result in good
correlations with log k~ for a whole group ofcompounds. They can, however, be used
successfully for qualitative comparisons of hydrophobicity within the field of isomer
pairs.

From the comparisons of the results obtained, it can be concluded (Fig. 3) that
the hydrophobicity of organic compounds is smaller for isomers with branched
hydrocarbon chains and greater for those isomers which have only one, but
a considerably longer, hydrocarbon chain, e.g., see methyl pentyl ketone and dipropyl
ketone. The hydrophobicity is also smaller for those molecules in which diffusion of
the electron charge due to inductive or resonance effects occurs.
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Partition coefficients and capacity factors of some nucleoside
analogues

ANDREW P. CHEUNG* and DEBORAH KENNEY

Life Sciences Division, SRI International, Menlo Park, CA 94025 (U.S.A.)

SUMMARY

The AIDS epidemic has brought into focus the development of antiviral agents,
of which nucleoside analogues are an important class. The single most important
physico-chemical property of a chemotherapeutic agent is its hydrophobicity. This
paper reports the hydrophobicity,determined as log partition coefficient (P) by the
shake-flask method, of 25 nucleoside analogues. The capacity factors (k') of these
analogues were also obtained by reversed-phase liquid chromatography. There is a
very strong linear correlation between the log P and the log k' values of all the
nucleoside analogues, indicating that hydrophobicity of nucleosides can be deter
mined by liquid chromatography.

Examination of the P data indicates that an empirical mathematical relation
ship exists between the partition coefficient value and the molecular structure of the
nucleoside analogues. A table of constants and an equation is proposed to estimate
the P of nucleoside analogues.

INTRODUCTION

The AIDS (Acquired-Immune-Deficiency Syndrome) epidemic has brought in
to focus the development of antiviral agents. Analogues of nucleosides represent an
important class of antiviral agents. For a chemotherapeutic agent to be effective,
among other properties, it has to be able to'be adsorbed and distributed to the target
organ or tissue. This ability is dictated by the hydrophobicity of the drug. Hydro
phobicity is one of the most important physico-chemical properties affecting the
drug's biological activity. It is commonly expressed as the logarithm of the partition
coefficient (log p) of the chemical between l-octanol and water. This property is
usually determined by the traditional shake-flask method.

The shake-flask method has many disadvantages. It is laborious and requires
that pure chemicals be used. As alternatives to this shake-flask method, several in
vestigators 1-3 have proposed the use of chromatography to determine the hydro
phobicity of a chemical. Particularly, the logarithm of the capacity factor (log k')
obtained from reversed-phase liquid chromatography (LC) has been shown to have
good correlation to the log P for several classes of chemicals4

,5. The LC method

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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offers many advantages over the traditional shake-flask method. Among them, LC
requires only a small amount of the chemical. Presence of impurities in the chemical
does not interfere with the determination. Proper measurement of concentration is
not required. LC gives better results when the solubility of the chemical in one phase
is much lower than in the other phase. According to Henry et at. 6 and Baker et at. 7,

chromatographic methods are more similar to the in vivo process than the shake-flask
method.

Determination of hydrophobicity using LC is not free of limitations. The log k'
values of the chemical and several model compounds are usually determined by LC
with a single mobile phase-water or buffer with organic modifier. The log P value of
the chemical is then extrapolated from linear regression analysis of the Collander
equationS for the model compounds.

log k' = a log p + b (1)

This monocratic approach requires model compounds of known log P. The
major weakness of the method is that the Collander relationship has been shown valid
for congeners only. Haky and Young9 determined log k' for 68 compounds using a
commercial ODS column and 55% methanol in aqueous buffer. They found good
linear correlation (r = 0.966) according to eqn. 1 between log P and log k' values.
They found the correlation improved if they separated the compounds into congener
classes. The hydrogen bonding of the residual silanol in the ODS column to different
classes of compound interferes with the partition process differently. As a result,
slopes (a) and intercepts (b) of eqn. I for different classes of compounds may be
different. Miyake et at. 1

0 and Biasi and Lough 11 used polymer-based reversed-phase
columns and obtained similar results-linear correlation between log P and log k'
exists only among congeners. Several investigators1,12-16 bypassed the congener re
striction with a polycratic approach to determine hydrophobicity by LC. In this
approach, the log k~ of the chemical is determined with several mobile phases con
taining different % (x) methanol in water. They found that the log k'o, the log k' when
the mobile phase is 100% aqueous, follows the relationship of eqn. 2, if x is between
20 and 80.

log k~ = log k'o - S x (2)

Garst and Wilson 13
,14 and Minick et at. 1S reported that the log k'o thus ob

tained correlates linearly with the binding activity as well as log P. This polycratic
approach offers several advantages over the monocratic one. In the monocratic ap
proach, the log k'of the chemical and model compounds have to be simultaneously
determined under a single LC condition. This is not so required for the polycratic
approach. In addition, if log k'o is accepted as an independent hydrophobicity scale,
even model compounds are not needed.

Because ofthe current interest in anti-AIDS agents, many derivatives of nucleo
sides have been synthesized as potential antiviral agents. The hydrophobicity of these
chemicals would be of interest. The purpose of this paper is to report log P of 25
nucleosides and analogues determined by the shake-flask method and their log k'
obtained by the monocratic LC approach. A discussion of the partition coefficients,
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capacity factors and the correlation between the two is presented, and an empirical
equation and a table of constants to calculate P of nucleoside analogues is proposed.
The names and structures of these 25 chemicals are listed below and depicted in Fig.
1.

Compound

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

EXPERIMENTAL

Chemical name

Cytidine
2'-Deoxycytidine
2' ,3'-Dideoxycytidine
2'.3' -Dideoxycytidine-2' -ene
Cytarabine
5-Fluoro-2' ,3'-dideoxycytidine
5- Bromo-2' ,3'-dideoxycytidine
2' ,3'-Dideoxy-3'-azidocytidine
Carbocytidine
Uridine
2' ,3'-Dideoxy-3'-azidouridine
Thymidine
3'-Deoxythymidine
3'-Deoxythymidine-2'-ene
3'-Deoxy-3'-azidothymidine
Adenosine
2'-Deoxyadenosine
2' ,3' -Dideoxyadenosine
2',3'-Didcoxyadenosine-2'-ene
2'- Fluoro-2' ,3'-dideoxyadenosine
Adeninearabinoside
Neplanosine
Inosine
2',3'-Dideoxyinosine
2',3' -Dideoxyguanosine

Abbreviation

C
DC
DOC
DDCene
AraC
5FDDC
5BDDC
AZC
CarboC
U
AZU
T
DDT
DDTene
AZT
A
DA
DDA
DDAene
2'FDDA
AraA
CarboA
I
DOl
DOG

Reagents and materials
The nucleosides were received from the National Cancer Institute, National

Institutes of Health. Their identities were confirmed by UV and mass spectra. The
purities were checked by UV and LC. Due to their high purity, >98%, they were
used without further purification. Buffers were prepared from KB 2P04 (Mallinck
rodt, analytical-reagent grade) with Milli-Q quality water and the pH adjusted with
dilute KOB or H 3P04 . I-Octanol (Aldrich) was HPLC grade. The buffer and 1
octanol were presaturated with each other before use.

Determination ofpartition coefficients (P) ,
Accurately weighed portions (0.2, 0.5, I and 1.5 mg) of each nucleoside were

individually dissolved in 10.0 ml of pH 7.0, 0.05 M phosphate buffer in volumetric
flasks. The UV of each solution was recorded from 300 to 200 nm with a Uvikon 810
UV-VIS spectrophotometer (Kontron, Switzerland). The absorbances of these solu
tions at the absorption maximum were plotted against their concentrations. If linear
relationship was not obtained from the plot, the experiment was repeated with pro-
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Fig. 1. Structural formula of the nucleoside analogues.

gressively more dilute solutions. This ensured that the molar absorptivity at the maxi
mum (8max) was obtained from complete solutions and that the UV follows Beer's
Law.' The 8max of each nucleoside at about 260 nm was calculated. Similarly, the 8max

of the nucleoside in I-octanol was determined. Because some of the nucleosides have
very low solubility in I-octanol, they were first dissolved in I ml ethanol before
diluting to mark with octanol.

From the freshly prepared buffer solutions which gave linear response of absor
bance vs. concentration, 5.00 ml each were transferred to individual centrifuge cones
(glass equipped with stopper). To each cone were added 5.00 ml octanol and the cone
was stoppered. The mixtures were shaken 80 times followed by centrifugation at
1000 g for 1-2 h. The aqueous and the organic phases were separated and the UV of
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each recorded. The nucleoside concentration in each phase was calculated from its
respective absorbance. The P value of the nucleoside was determined by the following
expression:

P= [c]o/[c]a

where [c] = nucleoside concentration, 0 = octanol phase and a = aqueous phase.

Determination of capacity/actor (k')
The k' values were determined isocratically (3% acetonitrile in pH 7.0, 0.05 M

phosphate buffer, 1.0 ml/min) on a Chemcosorb-5-C1s-H bonded phase, 250 x 4.6
mm LD. column (DyChrom, Sunnyvale, CA, U.S.A.) using a Model 600 solvent
delivery system (Waters Assoc., Milford, MA, U.S.A.), a Model 712WISP Auto
sampler (Waters) and a Model 481 LC spectrophotometer (Waters). A Maxima 820
integration system (Dynamic Solution, Ventura, CA, U.S.A.) was used to collect
chromatographic and retention data.

The k' value of each nucleoside was calculated as (ti- to)/to, where ti is the
retention time of the nucleoside and to is the retention time of an unretained com
pound. The unretained peak was determined by an injection of methanol. The t

values of the nucleosides (except compounds, 10, 12,21 and 25) were obtained from
one chromatogram. The t values for compounds 10, 12,21 and 25 were extrapolated
from a second chromatogram.

RESULTS AND DISCUSSION

Nucleosides are ionizable in aqueous solutions. In order to determine the hy
drophobicity of their neutral species the experimental condition should suppress the
ionization of the nucleosides to the minimum. The 25 chemicals studies are analogues
of four classes of nucleosides: cytidines (1-9), uridines (10-15), adenosines (16-22),
and inosines (23-25). They contain the pyrimidine and purine bases as their ionizable
moiety. Their ionization constants and charge sites are depicted in Fig. 2. The basic

H7~P~N~
O"'N) o(~)

, N
R R

Uridine

Fig. 2. Sites and pK values for protonation and ionization of representative nucleosides.
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TABLE 1

P VALUES OF DDA AND DDC BETWEEN 1-0CTANOL AND PHOSPHATE BUFFERS

The buffers were prepared from 0.05 M KH 2P04 . The pH was adjusted with dilute KOH or H 3 P04 · P
\ "lues were determined by the traditional shake-flask method.

pH of bulfer P ofDDA P of DDe

5 0.57 0.043
6 0.58 0.050
7 0.60 0.054
8 0.60 0.051

pKa values are 4 or lower and the acidic pKa values are about 9, therefore, a pH 6-7
buffer solution would keep the nucleosides in their unionized forms. Table I presents
the P values of DDC (3) and DDA (18) determined between l-octanol and pH 5, 6, 7
and 8 buffers. For DOC which has both basic and acidic pKa values, P decreases on
both sides of pH 7 due to ionization of the basic or acidic function. For DDA which
has only the basic function, P decreases at pH less than 7. Based on this result, P
values of the rest of the chemicals were determined with the l-octanol-pH 7.0 phos
phate buffer system. Several investigators 1,12-15 emphasized the advantages of extra
polating log k'o for each chemical with the polycratic solvent approach. They also
pointed out that the extrapolation is valid only when the organic modifier (methanol)
in the mobile phase is within a limited range (20 to 80%). For their model compounds
with large (0-8) log P values, the polycratic solvent approach is applicable. For
nucleosi'des, the log P values of which are often small (< 0), the amount of organic
modifier in the mobile phase is usually less than 10%. Because of this limitation, the
log k' values of the nucleosides were obtained monocratically, using a 3% acetonitrile
in pH 7.0 phosphate buffer. The buffer in the mobile phase ensured that the ionization
of the nucleosides were suppressed to a minimum. The organic modifier in the mobile
phase was kept to a deliberately small amount (3% acetonitrile) in order to keep the
LC system as similar as possible to the octanol-buffer partition system. Table II lists
the determined P and k' values and their log values of these nucleosides and ana
logues.

In order to see if the nucleosides' hydrophobicity can be predicted from the k'
values obtained with LC, the linear plots and linear regression analyses between the
log P and log k' values in Table II were performed. Results of the linear regression
analysis are summarized in Table III. The linear plots are presented in Figs. 3-5.
Except for the inosines (23-25), the log P V.I'. log k' plot of the remaining 22 nucleoside
gives a straight line joining 9 and 15 (Fig. 3). The linear correlation coefficient (r) for
these 22 compounds is 0.991. Fig. 4 is a log P V.I'. log k' plot of the 25 compounds after
they are separated into the pyrimidine and purine nucleoside series. Both the pyrimi
dines (1-15) and the purines (16-25) give straight lines with r of 0.994 and 0.958,
respectively. Fig. 5 is the log P V.I'. log k' plot of the nucleosides after they are further
separated as cytidines (1-9), uridines (10-15), adenosines (16-22), and inosines (21
25). The r of the cytidines, the uridines, the adenosines and the inosines are respec
tively 0.991, 0.996, 0.981 and 1.000. Even when all twenty 25 nucleosides are consid
ered as a whole, r between log P and log k' of these 25 compounds is still a respectable
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TABLE II

PARTITION COEFFICIENTS AND CAPACITY FACTORS OF NUCLEOSIDE ANALOGUES

P Values were determined by the traditional shake-flask method; k' values were determined by LC (see text
for details).

Compound P ± S.D. log P k' log k' n

I 0.008±0.001 -2.097 0.79 -0.102 4
2 O.OIHO.OOI -1.886 1.87 0.272 3
3 0.055 ± 0.003 - 1.260 4.49 0.652 4
4 0.028 ± 0.002 - 1.553 2.53 0.402 4
5 0.008 ± 0.001 - 2.097 1.28 0.107 4
6 0.090 ± 0.003 -1.046 6.47 0.811 3
7 0.320 ± 0.007 -0.495 20.49 1.312 3
8 0.208 ± 0.008 -0.682 16.14 1.208 4
9 0.005± 0.00 I -2.301 0.73 -0.136 3

10 O.OIHO.OOI -1.886 2.02 0.306 4
II 0.465 ± 0.006 - 0.333 28.81 1.460 3
12 0.079 ± 0.002 - l.l02 7.68 0.885 4
13 0.264 ± 0.0 12 -0.578 20.82 1.303 7
14 0.19H 0.0 II -0.714 13.83 l.l41 4
15 1.091 ±0.002 0.038 73.37 1.866 3
16 0.1 05± 0.003 -0.979 13.33 l.l25 4
17 0.245 ± 0.002 -0.611 16.14 1.208 4
18 0.602 ± 0.0 17 - 0.220 38.90 1.590 5
19 0.311 ± 0.008 -0.507 24.22 1.384 3
20 0.801 ± 0.002 -0.096 42.31 1.626 4
21 0.111 ± 0.004 -0.955 9.63 0.984 3
22 0.050 ± 0.003 - 1.301 6.47 0.811 4
23 0.01O±0.001 -2.000 3.60 0.556 3
24 0.068 ± 0.005 - 1.167 13.33 l.l25 4
25 0.085 ± 0.002 - 1.071 15.24 1.183 4

TABLE 1II

LINEAR REGRESSION ANALYSIS OF LOG P VS. LOG k'

log P = Slog k' + J; S=slope; J=intercept; S.D. = standard deviation; r=correlation coefficient.

Compounds 1.-25 (all) 1.203 ± 0.064
Compounds 1-15 (pyrimidines) 1.198 ± 0.038
Compounds 16-25 (purines) 1.631 ± 0.172
Compounds 1-9 (cytidines) 1.224 ± 0.062
Compounds 10-15 (uridines) 1.254 ± 0.057
Compounds 16-22 (adenosines) 1.401 ± 0.124
Compounds 23-25 (inosines) 1.476 ± 0.016
Compounds 1-22 (all except inosines) 1.199 ± 0.035

Data base" S ± S.D. J ± S.D. n

-2.187 ± 0.170 0.969 25
-2.116 ± 0.086 0.994 15
-2.782 ± 0.170 0.958 10
- 2.106 ± 0.092 0.991 9
-2.217 ± 0.067 0.996 6
- 2.414 ± 0.093 0.981 7
- 1.822 ± 0.008 1.000 3
- 2.132 ± 0.093 0.991 22

a From Table II.
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nucleosides minus the inosines). It fits the linear equation of log P = 1.19910g k' - 2.132. The dotted line is
for all 25 compounds. It fits the linear equation of log P = 1.203 log k' - 2.187.

0.2

0

-0.2

-0.4

-0.6

-0.8

-1

-1.2
a.
O' -1.4
.3

-1.6

-1.8

-2
10 50

-2.2
9

-2.4

-0.2 0 0.2

40

0.4

3D

0.6

Log k'

22 +

0.8 1.2 1.4 1.6 1.8

Fig. 4. Linear plot of log P vs.log k' (pH 7) of the analogues according to pyrimidine or purine derivatives.
The pyrimidine (1-15) line (0, a) fits the equation of log P = 1.19810g k' - 2.116. The purine (16-25) line
(+ , b) is represented by the equation of log P = 1.631 log k' - 2.782.



PAND k' VALUES OF NUCLEOSIDE ANALOGUES 127

0.2

0

-0.2

-0.4

-0.6

-0.8

-1

-1.2
0..

'" -1.4
.3

-1.6

-1.8

-2
1 0 50

-2.2
9

-2.4

-0.2 0 0.2

40

0.4 0.6

d

0.8 1.2 1.4 1.6 1.8

Log k'i

Fig. 5. Linear plot of log P vs. log k' (at pH 7) of the analogues according to cytidine, uridine, adenosine
and inosine classes. Line a (0) for the cytidines (1-9) has an equation oflog P = 1.224 log k' - 2.106. Line
b (+) for the uridines (10-15) has an equation of log P = 1.254 log k' - 2.217. Line c (0) for the
adenosines (16-22) has an equation of log P = 1.40 I log k' - 2.414. Line d (6) for the inosines (23-25) has
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0.969. These results are much better than those recently published by Balzarini et al. l
7

These data indicate 17 that the linear correlation between log P and retention time (tR)

is good (r ~ 0.96) only among nucleosides having the identical base. When all of the
fifteen purine derivatives are considered as one class, r is a fair 0.956. But when all
fifteen pyrimidine derivatives are considered together, r is a disappointing 0.266a

. R is
only 0.713 when all thirty nucleoside derivatives are considered togetherb

• Several
factors may have contributed to this lack of linear correlation between the log P and
tR data in the paper by Balzarini et al. 1 7. (a) The log P data in ref. 17 were obtained
with an octanol-pH 7.5 buffer system. Under this condition the ionizaton of both the
basic ( - NH2 , pKa ~ 4) and the acidic moiety (phenol, pKa ~ 9) of the nucleosides
were suppressed. The tR data, on the other hand, were obtained from a pH 3.2 buffer
environment. In this case, the - NH2 group in the nucleoside bases would be partially
ionized. For the - NH2-containing nucleosides (cytidines, adenosines, guanosines
and diaminopurines), the log P values were obtained from neutral species, but the tR
values were obtained from partially ionized species. For nucleosides without an
- NH2 group (uridines and thymidines), both the log P and tR values were derived
from neutral species. Therefore, the log P and tR obtained by Balzarini et al. 17 would
not correlate linearly among all nucleosides. (b) In ref. 17, the tR values were obtained
with a gradient mobile phase in which the acetonitrile concentration increased from 4

a Calculated from values in Table I in ref. 17.
b Calculated from values in Tables I and 2 in ref. 17.
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to 25%, non-linearly. For compounds of different polarity, the effect of changing
mobile phase on tR would be quite different. Minick and co-workers I5 ,16 observed
that the effect on LC retention time due to changes in acetonitrile concentration in the
mobile phase was independent of chemical structures. Thus, the use of gradient mo
bile phase in LC may have contributed to the poor linear correlation of Balzarini et
at.'s data between the log P and tR of the entire nucleoside derivatives,

It is evident from our data presented in Table III ·and Figs. 3-5 that there is a
strong linear correlation between log P and log k' values of diversified nucleoside
analogues and that hydrophobicity of nucleoside analogues can be estimated by their
log k' values. The LC system, however, should closely resemble the octanol-aqueous
partition system and the analytes should be kept in the neutral form,

Examination of Figs. 4 and 5 reveals that the slopes for the cytidines and the
uridines are identical (S= 1.23) but are smaller than those of the adenosines and
inosines (S= 1.45). In LC, where the C 18 stationary phase is coated on a solid sup
port, the size of the nucleoside base rings probably contributed more to the nucleo
sides' affinity to the lipophilic phase than is in the case of the shake-flask method,
Since the pyrimidine ring is smaller than the purine ring, similar structural mod
ification in the pyrimidines will have larger impact than the purines on their k' values.
In the shake-flask method P is less affected by the molecular size than by the polarity
of the compound, similar structural change would have similar impact on the P value
of both the purine and the pyrimidine analogues, It appears that different impact of
the molecular size on the k' and P of the nucleosides resulted in different slopes for the
log k' vs, log P plot.

Table II shows that the P values of the uridines (10, 11), thymidines (12-15),
adenosines (16-19, 21, 22) and inosines (23 and 24) are, respectively, about 2, 4, 10
and 1.2 times those of the corresponding cytidines (1~5, 8, 9), Substituting the 5-H of
the pyrimidine base with F, 'CR3 or Br increases its hydrophobicity by 1.6, 2 or 5
times, respectively, This substitution effect on P is in line with that observed by
Garst l4

. Variations in the sugar moiety also have consistent effects on the hydro
phobicity of the chemicals. The effect appears to be independent of the base moiety.
Comparing the P values with those of the corresponding ribosides (1, 10, 12, 16,23),
the P values of the arabinosides (5, 21) are identical. The 2'-deoxyribosides (2,17) are
2 times and the 2',3'-dideoxyribosides (3,13,18,24) are 6 times more hydrophobic
than the ribosides, Creation of a 2'-vinyl bond in the 2',3'-dideoxyribosides reduces
their hydrophobicity by half (4, 14, 19 vs, 3, 13, 18) while insertion of a 3-azido in the
dideoxyribosides increases their P values by 4 times (8, 15 vs. 3, 13). The P values of
the carbo analogues (9, 22) are about half those of the corresponding ribosides (1, 16).
The above observation is expected, While the spatial orientation of the - OR would
have no significant effect, removal of - OR groups and introduction of lipophilic
groups would enhance the hydrophobicity of a chemical. These changes are consis
tent with the atomic hydrophobicity contribution of Ghose and Crippen l8

. Balzarini
et at. J

? also observed similar correlation between the P values and the structural
differences of their nucleoside derivatives,

In an effort to see if any empirical relationship exists between the P values and
structural modifications on the nucleosides, we pooled our P data and those of Bal
zarini et at, together. We studied the combined P data from 48 nucleoside derivatives
and found an empirical mathematical relationship existed between the P data and the
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TABLE IV

EFFECT OF STRUCTURAL CHANGE ON THE P OF 2',3'-DrDEOXYADENOSINE (DDA)

129

F. values were derived by two-dimensional correlation between the combined P values from Table II of this
p~per and Tabels I and 2 of ref. 17 and the chemical structures.

Factors Fi Structural modification/rom DDA

F 1 0.08 Adenine changed to cytosine
F 2 0.19 Adenine changed to uracil
F 3 0.10 Adenine changed to hypoxanthine
F4 0.18 Adenine changed to guanine
F5 0.75 Aryl H substituted by -NH2
F6 2.05 Aryl H subsituted by -CH 3

F7 1.73 Aryl H substituted by F
F8 2.38 Aryl H substituted by CI
F 9 4.13 Aryl H substituted by Br
Flo 6.61 Aryl H substituted by [
F 11 0.15 Sugar" changed to ribose or arabinose
F12 0.35 Sugar" changed to 2'-deoxyribose
F 13 0.66 Sugar" changed to 2',3'-dideoxy-2'-vinylriboseb

F14 1.17 2'-H substituted by F
F 15 2.21 3'-H substituted by F
F l6 4.33 3'-H substituted by - N3

F 17 0.09 Sugar" changed to carbovinyl derivative'

" 2',3'-Dideoxyribose.

structural differences of the nucleosides when they are considered as analogues of
2',3'-dideoxyadenosine (DDA). Each structural modification from DDA appears to
affect the P of DDA (0.60) by a constant factor (F;). These factors (Fi,j,k, ... ), derived
from the combined P data of Balzarini et al. and ours, are listed in Table IV. Most of
the factors are derived from four or more data points. We also discovered that there is
an empirical mathematical relationship between P of a nucleoside analogue (PN ) and
that of DDA (PA)' That relationship can be expressed as eqn. 3, where PAis taken as
0.6" and the F values are those listed in Table IV.

(3)

" Average of 0.602 (this paper) and 0.605 (reference 16).
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TABLE V
COMPARISON OF CALCULATED (EQN. 3) AND ACTUAL P OF NUCLEOSIDE ANALOGUES

Compound P P actual
calculated

This paper ReI 17

1 0.007 0.008
2 0.017 0.013 0.017
3 0.048 0.055 0.050
4 0.032 0.028 0.038
5 0.007 0.008
6 0.083 0.090
3'-FJ uoro-2' ,3'-dideoxycytidine 0.106 1.121
7 0.198 0.320
8 0.208 0.208 0.231
9 0.004 0.005
10 0.017 0.013
2' -Deoxyuridine 0.040 0.031
5-Chloro-2'-deoxyuridine 0.095 0.078
5-Bromo-2'-deoxyuridine (5BDU) 0.165 0.102
5-Iodo-2'-deoxyuridine 0.264 0.244
2' ,3'-Dideoxyuridine 0.114 0.129
3'-Fluoro-2' ,3'-dideoxyuridine 0.252 0.303
3'-Fluoro-5-chloro-2,3'-dideoxyuridine 0.600 0.678
3'-Fluoro-5-bromo-2' ,3' -dideoxyuridine 1.041 0.903
3'-Fluoro-5-iodo-2' ,3' -dideoxyuridine 1.665 1.620
2,3'-Deoxy-2'-vinyluridine 0.075 0.085
11 0.494 0.465 0.480
12 0.082 0.079 0.067
3'-Fluoro-3'-deoxythymidine 0.516 0.529
13 0.234 0.264 0.233
14 0.154 0.193 0.154
15 1.012 1.091 0.964
16 0.090 0.105
17 0.210 0.245 0.283
2-Amino-2' -deoxyadenosine (2ADA) 0.157 0.300
18 0.600 0.602 0.605
2-Amino-2' ,3'-dideoxyadenosine (2ADDA) 0.450 0.344
3'-Fluoro-2-amino-2' ,3'-dideoxyadenosine 0.994 1.128
3'-Fluoro-2' ,3' -dideoxyadenosine 1.326 1.207
19 0.396 0.311 0.440
20 1.038 0.801
Azidoadenosine 2.598 2.249
2-Amino-azidoadenosine 1.949 1.725
21 0.090 0.111
22 0.054 0.050
23 0.009 0.010
24 0.060 0.068
2'-Fluoro-2' ,3'-dideoxyinosine 0.070 0.069"
2'-Deoxyguanosine 0.038 0.050
25 0.108 0.085 0.098
3'-Fluoro-2' ,3'-dideoxyguanosine 0.239 0.220
2' ,3'-Dideoxy-2'-vinylguanosine 0.070 0.061
Azidoguanosine 0.468 0.472

" Ref. 19.
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Thus, the P of AZT (15}is calculated to be 0.6·0.19·2.05·4.33 = 1.012. Table
V compares the P values of the nucleoside analogues calculated according to eqn. 3
and to those determined by the shake-flask method. Except for 5BDDC, 5BDo, 2
ADA and 2ADDA, there is good agreement between the calculated and the actual P
values.

Eqn. 3 and the factors F in Table IV are derived from experimentally deter
mined P values of 48 nucleoside analogues. The data base is still relatively limited.
However, it appears that the P or hydrophobicity of a nucleoside analogue can be
calculated with eqn. 3 in conjunction with the factors in Table IV. As more data
become available, the F values will be improved and refined and the validity of eqn. 3
will be further tested.
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Application of a computer-assisted high-performance liquid
chromatographic multi-wavelength ultraviolet detection
system to simultaneous toxicological drug analyses

MAKIKO HAYASHIDA*, MAKOTO NIHIRA and TOKINORI WATANABE

Department of Legal Medicine, Nippon Medical School, Tokyo (Japan)

and

KIYOKATSU JINNO
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SUMMARY

An emergency drug screening system for the separation and identification of
toxic drugs, MULTI-HPLC, is presented. Chromatographic peaks, which were im
possible to identify with a conventional high-performance liquid chromatographic
UV detection system, became distinguishable by the spectral search and retention
prediction of the data-processing program MCASYST. Sixty-five toxic drugs, fre
quently identified in drug poisonings in Japan, were selected as references in the drug
library. Retention time, optimum (detection wavelength, detection limit and recov
eries from serum and urine were listed. Possible applications of the system are demon
strated, using gastric contents, sera and urines in cases of multiple drug ingestion.
Quantitative analysis was sufficiently sensitive and precise to permit clinical diagnosis
with increased accuracy.

INTRODUCTION

The rapid and accurate analysis of the cause of a poisoning case is difficult and
requires a competent, intensive investigator, especially in cases of multiple drug inges
tion 1,2. However, recent progress in liquid chromatography may permit the automa
tion of a systematic procedure3

-
s. We report here a newly developed, sophisticated

drug-screening system, MULTI-HPLC, a reversed-phase high-performance liquid
chromatographic (HPLC) assay for toxic drugs in biological samples by multi-wave
length UV detection and an automated identification system, and its clinical ap
plications.

Sixty-five toxic drugs, frequently identified in drug poisoning cases in Japan6
,

were selected as reference drugs; these should cover ca. 95% of drug poisoning cases.
According to their pharmacological effect, they were classified as antipsychoactive,
antianxiety, anticonvulsant and antidepressant drugs. They were also classified accor-

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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ding to their structures as barbiturates, benzodiazepines, butyrophenones and pheno
thiazines. In the MULTI-HPLC system these drugs, which have various physico
chemical properties, can be analysed simultaneously with a single sample injection.

EXPERIMENTAL

Liquid chromatography
The HPLC system consisted of a Model 880-PU pump and a Multi-320 multi

channel UV detector (lasco, Tokyo, Japan). The column was a Jasco FineSil C 1SS
(250 mm x 4.6 mm J.D.) maintained at 50°C. The mobile phases were mixtures of 10
mM perchloric acid, 10 mM sodium perchlorate and acetonitrile and the flow-rate
was I mIl min.

The data handling was performed with a NEC9801Vmz personal computer and
data processor (DP-L320, Jasco), whose functions include data acquisition by the
multi-channel UV detector, data processing, generation of three-dimensional chro
matograms and contour chromatograms and peak deconvolution. A microcomputer
assisted separation system (MCASYST) was also used with the MULTI-HPLC sys
tem. The components of MCASYST are illustrated schematically in Fig. 1.

Spectrum search function. The multi-wavelength UV detector yields a specific
absorption spectrum for each drug. Even when some drugs show similar or identical
retention times, comparison of spectra with reference spectra, provided by a stored
database drug library, helps to identify the compounds.

Retention prediction program. This is based on the statistically and experimen
tally determined equation

log k' = (- 0.0178X + 1.2003)log Pe - (0.0034X + 0.4562)

where X is the volume fraction of the organic solvent, k' is the capacity factor of the
solute, and Pe is a physico-chemical parameter of the solute. If X and log k' are

I CHROMATOGRAM I

MCASYST IDENTIFICATION SYSTEM

I I
RETENTION DATA UV SPECTRUM

1. LOGARITHM OF CAPACITY: LGK SPECTRUM INTENSITY OF
FACTOR OF UNKNOWN SOLUTE UNKNOWN SOLUTE AT J

2. SEPARATION CONOITIONS : x nm QS(J)(J=195-350 nm)
3. PERMISSIBLE ERROR :E

II
REPRES COMPOUNDS DATA BASE UV DATA BASE I
LGKPRE=FI (X) log Pe+F2(X) UV SEARCH QS(J) : TS(J} I

I I
CANDIDATES CANDIDATES I

I I

I IDENTIFICATION I

Fig. '- Algorithm of automated identification in MCASYST.
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determined, then log Pe for a toxic substance can be predicted and its identity sear
ched for in the stored data files.

Materials
All pure drugs used were kindly donated by Shionogi (Osaka, Japan), Fujisawa

(Osaka, Japan), Sankyo (Tokyo, Japan), Roche (Tokyo, Japan), Upjohn (Tokyo,
Japan), Takeda (Osaka, Japan) and Yoshitomi (Osaka, Japan). The standard sam
ples were dissolved in acetonitrile at a concentration of 100 flg/ml.

Human body fluids, such as gastric contents, sera and urines from poisoned
patients, were collected at the Critical Care Medical Centre (CCMC), Nippon Medi
cal School, Tokyo, Japan. Volumes of 100 fll of biological samples and 200 fll of
acetonitrile were shaken and then centrifuged at 9600 g for 20 min. After centrifuga
tion, the extracts were passed through an Ekikurodisk cartridge (Gelman Science,
Tokyo, Japan).

RESULTS AND DISCUSSION

Recovery
To test the efficiency and reproducibility of the extraction procedure, absolute

recoveries from plasma and urine samples were determined. The recoveries of the 65
drugs registered in the standard drug library are listed in Table I. Drugs, that have a
low solubility in acetonitrile could not be quantitatively recovered from serum.

Optimum detect£on wavelength
The spectra of the 65 drugs obtained with the multi-wavelength UV detector

were similar to those measured by a double-beam UV spectrometer. The optimum
detection wavelength was at the maximum UV absorption of the spectrum of each
drug.

Linearity
A linear response with the multi-wavelength UV detector at the optimum detec

tion wavelength of each drug was obtained except some poorly soluble drugs. The
relationship between concentration and peak area was linear up to 500 flg/ml for the
65 standard drugs.

Detection limit
The detection limit was dependent on the quality and age of the column used.

Limits of detection based on a signal-to-noise ratio of 3: I and using new, high-quality
columns are listed in Table I.

Clinical applications
Possible applications of the system to gastric contents, sera and urines in drug

poisoning cases were demonstrated. In drug poisoning cases the patients had sus
tained depression or schizophrenia and received psychiatric treatment. In suicidal
attempts the patients had ingested large amounts of prescribed drugs. No informa
tion about the toxic compounds taken by the patients was available at the time of the
HPLC analysis, because the patients were often in a comatose state on arrival at the
CCMC.
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Fig. 2. Real-time display in case J.

Using the functions of the MCASYST, the analytical procedures for identifing
the unknown peaks in a sample chromatogram were the same as described previous
ly 7. The chromatogram of the extract of gastric contents in case 1 is shown in Figs. 2
and 3. Fig. 2 shows a real-time display during MULTI-HPLC analysis. The analyst
can obtain a three-dimensional chromatogram of the unknown sample at the time of
the analysis. Fig. 3A is a three-dimensional chromatogram, Fig. 3B is a contour map
and Fig. 3C is a conventional chromatogram, obtained at 225 nm. Fig. 4 shows the
printed output for peak 6 (at 16.71 min) in case 1. The UV search assigned it to
promethazine with a coefficient of 0.99 (the definition is given in previous papers3

,4).

Fig. 5 shows the UV spectra for peak 6. The upper spectrum in the measured one and
the lower spectrum that of the promethazine standard in the UV spectral database.
The retention search also indicated this compound as the first candidate with a coeffi
cientS of 0.837. The final result from both searches in the system shown in Table II
indicated that promethazine was the best candidate.

The results from the MCASYST system, including coefficients for retention
prediction (RPC) and spectral search (SSC), concentrations, and the lists of drugs
prescribed, are shown in Tables II-IV for cases 1-3, respectively. In cases 1-3, more
than six drugs in gastric contents were identified by the MCASYST system.

The results for serum and urine in case 3 are also shown in Table IV. Possible
applications of the MCASYST system were obtained using biological samples. Gas
tric samples are most useful in determining the kind of drugs that have been taken by
a patient. It is difficult to distinguish the compounds in the spectral search of serum
and urine samples, as they may have been metabolized. However, there appears to be
no interference with peak identification from common serum or urine components.

Recently, cases of "polydrug overdose" or "multiple drug ingestion" have in
creaseds

,9. We have been making strong efforts to analyse these cases by conventional
HPLC-UV systems, whereas rapid and accurate analysis by the MULTI-HPLC sys
tem is useful for "first-aid" treatment of poisoning in emergencies. However, in-
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Fig. 3. (A) Three-dimensional chromatogram, (B) contour plot map chromatogram and (C) chromato
gram at 225 nm for case I. Peaks: [= pentobarbital; 2 = glutethimide; 3 = diazepam; 4 = flurazepam;
5= flunitrazepam; 6 = promethazine; 7= chlorpromazine.

formation that was obtained from the patients about toxic compounds after their
recovery from a comatose state was dubious in the most poisoning cases. The patients
often said that they had injested "the prescribed drugs", which were not known in
detail. Not only the number but also the name of the tablets taken remained un
certain. In clinical scenes, it should not be necessary for information obtained from
patients to be required for scientific confirmation, and indeed it would be dangerous.
In the cases examined here the results are different from the lists of prescribed drugs,
which means that other drugs must have been taken in addition to the prescribed
drugs. In some cases the patient must have ingested a few kinds of drugs and not all
the drugs that had been prescribed. The possibility that the drugs ingested by the
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PEAK No.6

UV SPECTRAL SEARCH

No . COMPOUND CORRELATION

1 PROMETHAZINE 0.99

2 ACETAMINOPHEN 0.95

3 PHENACETIN 0.95

4 LEVOMEPROMAZINE 0.93

5 HALOXAZOLAM 0.93

T,,=16.71

M. HAYASHIDA et al.

RETENTION SEARCH (ERROR<20%)

No. COMPOUND logPe. CORRELATION
1 PROMETHAZINE 2.324 0.837

2 ALPRAZOLAM 2.261 0.688

3 HALOPERIDOL 2.258 0.663

4 BROMPERIDOL 2.348 0.647

5 PERFENAZINE 2.354 0.595

SYSTEM OUTPUT CORRELATION BARGRAPH

1 PROMETHAZINE 0.91 3 "~~~**~Mr

Fig. 4. MCASYST output of spectral search and retention prediction for peak 6 in case I.

patients are different from those prescribed is demonstrated in the text. The results by
the MULTI-HPLC system were also confirmed by thin-layer chromatography in
each case.

Although the MULTI-HPLC system in its present form leaves many problems
to be solved in practice, the concept has opened up a new dimension in emergency
toxicology.

TABLE II

RESULTS OF PEAK IDENT1F1CATION AND QUANTITATIVE ANALYSIS OF GASTRIC CON
TENTS IN CASE I

Case 1= 55-year-old female, schizophrenia. RPC = retention prediction coefficient; SSC = spectral search
coefficient.

Drugs prescribed Drug measured RPC SSC Concentration (/lg1m!)

Lofepramine
Maprotyline
Haloperidol
Cloxazolam
Biperiden
Haloxazolam
Flurazepam
Pentobarbital
Glutethimide
Chlorpromazine
Promethazine

Pentobarbital
Glutethimide
Diazepam
Flunitrazepam
Flurazepam
Promethazine
Chlorpromazine

0.992
0.974
0.880
0.896
0.818
0.837
0.770

0.99
0.99
0.99
0.98
0.99
0.99
0.99

70.62
820.63

11.55
6.23

216.33
256.26
159.89
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Fig. 5. (Top) spectrum of the compound in peak 6 ana (bottom) spectrum of promethazine in the spectral
library.

CONCLUSIONS

The computer-assisted MULTI-HPLC drug-screening system with simulta
neous, multi-wavelength UV detection was developed for automated identification of
toxic drugs. Chromatographic peaks that were impossible to identify by conventional
HPLC became distinguishable by the spectral analysis and retention predicition of
the data-processing program MCASYST and the accuracy of identification was satis-
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TABLE III

RESULTS OF PEAK IDENTlFICATlON AND QUANTlTATIVE ANALYSIS OF GASTRIC CON
TENTS IN CASE 2

Case 2=34-year-old male, depression. RPC = retention prediction coefficient; SSC = spectral search
coefficient.

Drugs prescribed Drugs measured RPC SSC Concentration (Ilg/ml)

Sulpiride Acetylsalicylic acid 0.840 0.96 345.76
Cloxazolam Phenobarbital 0.738 0.99 1549.78
Trihexyphenidyl Ethenzamide 0.997 0.95 893.62
Diazepam Diazepam 0.932 0.99 217.42
Phenobarbital Promethazine 0.837 0.99 797.84
Promethazine Hydroxyzine 0.914 0.95 34.38
Chlorpromazine Chlorpromazine 0.827 0.99 754.65
Estazolam
Haloxazolam

TABLE IV

RESULTS OF PEAK IDENTIFICATlON AND QUANTITATIVE ANALYSIS OF GASTRIC CON
TENTS, SERUM AND URINE IN CASE 3

Case 3=57-year-old male, depression. RPC =retention prediction coefficient; SSC =spectral search coeffi
cient.

Drugs prescribed Drugs measured RPC SSC Concentration (Ilg/ml)

Ergotamine tartrate Gastric contents
Phenobarbital Phenobarbital 0.629 0.99 19.10
Estazolam Nitrazepam 0.644 0.99 246.7
Hydrochlorothiazide Amitriptyline 0.730 0.99 296.9
Dipyridamole Serum

Phenobarbital 0.843 0.99 Il.I5
Nitrazepam 0.857 1.08

Urine
Phenobarbital 0.911 0.99 21.13
Nitrazepam 0.912 0.91 0.21
Amitriptyline 0.927 1.48

factory. Using the computerized procedure, analysis is speedy and almost automati
cally processed, avoiding "trial-and-error" condition searches. The samples can be
analysed after a single injection into the MULTI-HPLC system. Quantitative analysis
proved to be very sensitive and precise, permitting clinical diagnosis with increased
accuracy. The MULTI-HPLC drug screening system is considered to be clinically
practical and beneficial.
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Chromatographic characteristics of nucleic acid components
on vinyl alcohol copolymer gel columns
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Gel Separation Development Department, Asahi Chemical Industry Co., Ltd., 1-3-2 Yakoo, Kawasaki-ku,
Kawasaki-shi, 210 (Japan)

SUMMARY

The chromatographic characteristics of nucleic acid components on an Asahi
pak GS-320 vinyl alcohol copolymer gel column were investigated in comparison
with those on an ODS column. On both columns the order of elution within each
class (nucleotide, nucleoside or nucleic acid base) was generally pyrimidine com
pounds followed by purine compounds, the only exception being the late elution of
thymine from the GS-320 and, particularly, from the ODS column.

Between the three classes of nucleic acid components, the two columns exhib
ited different elution orders. On the GS-320 column, the order was consistently nucle
otide, nucleoside and base, i.e., in order of increasing water solubility, with a consis
tent correlation between capacity factors (k') and Hansch's log P values, showing that
hydrophobic adsorption between the gel and the base group is the predominant
separation mechanism for both the nucleosides and the bases. In the separation of
nucleotides on the GS-320 column, an ion-repulsion interaction appeared to be pre
dominant, as the k' values were negative and the retention volumes were increased by
methylation of the carboxylic groups in the gel but unaffected by addition of aceto
nitrile to the mobile phase. On the strongly hydrophobic ODS column, nucleoside
elution occurred after nucleotide and base elution and more complex correlations
were observed, suggesting hydrophobic interaction of the octadecyl group of the gel
with the sugar group and also with the base group, particularly for the nucleosides.
This inference was supported by an observed increase in the capacity factor of ribose
in the presence of antichaotropic sodium chloride on the ODS but not on the GS-320
column.

The utility o£the GS-320 column for the separation of nucleic acid components
was also investigated. Nucleotides, nucleosides and bases were consistently separated,
apparently by a hyqrophobic adsorption mechanism, permitting the simple, efficient
analysis of mixtures of these substances by isocratic elution.

002[-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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INTRODUCTION

K. NOGUCHI et al.

The Asahipak GS-320 vinyl alcohol copolymer gel column, is a multi-purpose
column for high-performance liquid chromatography (HPLC), which can be utilized
for gel chromatography, reversed-phase partition or multi-mode chromatography,
depending on the properties of the sample and the mobile phase l

-
4

. Preliminary
investigations of its suitability for the analysis of nucleic acid components showed
their elution order to be nucleotides, nucleosides and nucleic acid bases, unlike. that
exhibited on the widely used ODS column, and led to the present investigation of the
chromatographic characteristics of various nucleic acid components on a GS-320
column.

EXPERIMENTAL

Chromatography was performed with a Hitachi-638 chromatograph (Hitachi
Seisakusho, Tokyo, Japan), equipped with a Uvidec spectrophotometer (JASCO,
Tokyo, Japan), operated at 260 nm.

The following columns were used: Asahipak GS-320 (500 mm x 7.6 mm J.D.)
and GS-320H (250 mm x 7.6 mm I.D.) HPLC columns (Asahi Chemical Industries,
Tokyo, Japan), packed with vinyl alcohol copolymer gel, having a mean particle
diameter of 9.0 Ilm and an exclusion limit of 40000 Da; YMC PACK AQ-3l2 or
AM-312 (both 150 mm x 6.0 mm J.D.; Yamamura Kagaku, Kyoto, Japan) HPLC
columns packed with ODS gel; and methylated Asahipak GS-320 gel columns (250
mm x 7.6 mm I.D.).

The methylated gel was obtained by stirring Asahipak GS-320 gel and 14%
boron trifluoride-methanol in a three-necked flask, equipped with stirrer and ther
mometer, for 16 h at room temperatures. Nucleotides, nucleosides and their bases
were purchased from Wako (Osaka, Japan).

RESULTS AND DISCUSSION

In general terms, the chromatographic characteristics of the bases, nucleosides
and nucleotides (structures and pKa values are given in Table I) on the GS-320 col
umn were found to be similar to those on the ODS column, but with significantly
smaller retention volumes, particularly for nucleosides, and some differences in elu
tion order. The overall results for both columns are shown in terms of the capacity
factors at pH 6.0 in Table II, the relationship between mobile phase pH and retention
volume in Figs. 1-3 and the elution orders in Table III.

Nucleic acid bases
The relationship between base retention volume and eluent pH on the GS-320

column is similar to that on the ODS column, as shown in Fig. I. The pH-retention
volume profiles, showing weak retention of the bases at ionizing pH levels, suggest
analogous elution mechanisms for the two columns. On both columns, the order of
elution was generally pyrimidine compounds, followed by purine compounds. The
exception was thymine, which was eluted after hypoxanthine from the GS-320 col
umn and after guanine from the ODS column. It appears that the elution of thymine,
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TABLE I

ABBREVIATIONS AND pK, VALUES OF NUCLEIC ACID COMPONENTS

Substance Abbreviation pKa

Cytosine C 4.5, 12.2
Uracil U 9.5
Thymine T 9.9
Adenine A 4.15,9.8
Guanine G 3.2, 9.6, 12.4
Hypoxanthine Hx 2.00, 8.90

Cytidine CYD 4.15,12.5
Uridine URD 9.2, 12.5
Thymidine THD 9.8
Adenosine ADO 3.5, 12.5
Guanosine GUO 1.6, 9.2, 12.4
Inosine INO 1.2, 8.8, 12.3

Cytidine monophosphate CMP 4.5,6.3
Uridine monophosphate UMP 6.4, 9.5
Thymidine monophosphate TMP 10.0
Adenosine monophosphate AMP 3.7,6.1
Guanosine monophosphate GMP 2.5,6.1,9.4
Inosine monophosphate IMP 6.0,8.9
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TABLE II

CAPACITY FACTORS (k')

Determined at 30"C with a mobile phase of 10 mM sodium hydrogenphosphate (pH 6.0) on Asahipak
GS-320 and YMC PACK AQ-312 columns at flow-rates of 1.0 and 0.6 ml/min, respectively.

Sample Log P k'

GS-320 AQ-312

AMP -0.10 6.17
GMP -0.14 2.05
IMP -0.21 2.31
TMP -0.19 5.17
UMP -0.23 1.00
CMP -0.23 0.62

Adenosine -0.18 2.15 52.99
Guanosine -0.92 1.08 17.22
Inosine -0.92 0.49 15.04 .
Thymidine 0.78 26.89
Uridine -0.92 0.35 5.30
Cytidine -0.97 0.27 3.16

Adenine 0.33 2.86 10.79
Guanine -0.35 1.53 4.03
Hypoxanthine -0.27 0.80 3.92
Thymine 0.05 0.85 6.29
Uracil -0.40 0.48 1.78
Cytosine -0.68 0.35 1.02
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TABLE III

ELUTION ORDER

Columns and conditions as in Table 11.

K. NOGUCHI et al.

Compound Elution order Compound Elution order Compound Elution order

GS-320 AQ-312 GS-320 AQ-312 GS-320 AQ-312

Cytosine I I Cytidine I I CMP I I
Uracil 2 2 Uridine 2 2 UMP I 2
Thymine 4 5 Thymidine 4 5 TMP 4 5
Hypoxanthine 3 3 Inosine 3 3 IMP 3 4
Guanine 5 4 Guanosine 5 4 GMP 5 3
Adenine 6 6 Adenosine 6 6 AMP 6 6

which is the only one of the six bases that contains a methyl group, is strongly
retarded on the ODS column as a result of strong enhancement of the hydrophobic
interaction with its long alkyl group by the methyl group, whereas on the GS-320
column, which does not have a long alkyl group, the enhancement and hence the
retardation effect are far smaller.

35

a

RETENTION VOLUME (mil

b

RETENTION VOLUME (ml)

35

30

5

/--...

25 I
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iC-O-u-Cl--a
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4 6 8 10
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Fig. I. Nucleic acid base retention volumes versus eluent pH. Columns: (a) Asahipak GS-320H; (b) YMC
PACK AQ-312. Samples: 0.1 mg/ml solution, 10 III for (a) and 6111 for (b) . .& = Adenine; • = guanine; •
= hypoxanthine; 0 = thymine; D = uracil; /:::, = cytosine. Mobile phase: 10 mM sodium phosphate.
Flow-rates: (a) 1.0; (b) 0.6 mlfmin. Temperature, 30"C; detection at 260 nm (0.64 a.uJ.s.).
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Fig. 2. Nucleoside retention volumes versus eluent pH. Samples: ... = adenosine; • = guanosine; • =

inosine; 0 = thymidine; 0 = uridine; /'I, = cytidine. Detection at 260 nm (0.32 a.u.f.s.); other conditions
and columns as in Fig. I.
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Fig. 3. Nucleotide retention volumes versus eluent pH. Samples: ... = AMP; • = GMP; • = IMP; 0 =

TMP; 0 = UMP; /'I, = CMP. Columns and conditions as in Fig. 2.
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A clear decrease in retention volume was observed for both columns when
acetonitrile was present in the mobile phase, as shown in Fig. 4. For both columns, a
positive slope was found in the plots showing the relationship between k' and
Hansch's log P values6 , an index of the hydrophobicity of nucleic acid components.

All of the above results indicate that the chromatographic mechanism for nu
cleic acid bases on both columns is reversed-phase partition, based on hydrophobic
interaction between base and gel.

Nucleosides
For nuc1eosides on both columns, the pH-retention volume profile (Fig. 2), the

elution order (Table III) and the effect of acetonitrile concentration in the mobile
phase (Fig. 5) were all similar to those obtained for the nucleic acid bases. The k'
values for nuc1eosides on the GS-320 column were all far smaller than those found for
the ODS column. The elution mechanism is discussed below.

Nucleotides
Negative k' values were obtained on the GS-320 column, in contrast to the

positive k' values obtained on the ODS column (Table II). As shown in Fig. 6, the k'
values on ,the GS-320 column were apparently unaffected by the presence of aceto
nitrile in the eluent, whereas those on the ODS column were decreased sharply by the

a b

RETENTION VOLUME (ml)
RETENTION VOLUME (ml)

35 35

30 30

25 25

20

5 10 15 20 5 10 15 20

VOLUME PERCENT ACETONITRILE VOLUME PERCENT ACETONITRILE

Fig. 4. Nucleic acid base retention volumes versus mobile phase acetonitrile content. Base designations as
shown in Table I. Samples: 0.1 mg/ml solution, 20 III for (a) and 6 III for (b).... = Adenine; • = guanine;
• = hypoxanthine; 0 = thymine; 0 = uracil; 6 = cytosine. Mobile phases: J0 mM sodium hydrogen
phosphate (pH 6.0)-acetonitrile as indicated. Columns and other conditions as in Fig. 2.
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Fig. 5. Nucleoside retention volumes versus mobile phase acetonitrile content. Samples: A = adenosine;
• = guanosine; • = inosine; 0 = thymidine; D = uridine; 6. = cytidine. Columns and conditions as in
Fig. 4.

presence of as little as 5% of acetonitrile. Methylation of the GS-320 gel, which
inherently contains a small amount of carboxyl groups, was found to result in larger
retention volumes for nucleotides. For bases and nucleosides, on the other hand, no
difference in retention volume was observed between the GS-320 and the methylated
GS-320 gel columns. Overall, these results indicate that the elution mechanism for
nucleotides was mainly ion repulsion on the GS-320 column and, as expected, re
versed-phase partition on the ODS column.

Selectivity between a base and its derivatives
Between the three classes of nucleic acids (nucleotide, nucleoside and nucleic

acid base), the two column exhibited significantly different elution orders. On the
GS-320 column, the order was consistently nucleotide, nucleoside and base, whereas
on the ODS column, it was nucleotide, base and nucleoside. The reasons for this
difference may be of particular interest, and were therefore investigated further.

In plots of the relationship between the capacity factors (k') and Hansch's log P
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Fig. 6. Nucleotide retention volumes versus mobile phase acetonitrile content. Samples: ... = AMP; • =

GMP; • = IMP; 0 = TMP; D = UMP; L. = CMP. Columns and conditions as in Fig. 4.

values of nucleosides and bases, one correlation curve was found to apply to both
nucleosides and bases on the GS-320 column, but two separate correlation curves
were found for the ODS column as a result of the high capacity factors ofnucleosides
on this column.

Linear van 't Hoff plots were obtained for both columns, as shown in Fig. 7,
indicating that the nucleoside and base elutions involved reversed-phase partition,
based on hydrophobic interaction, but that this interaction is remarkably strong for
nucleosides on the ODS column.
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Fig. 7. Capacity factors as a function of absolute temperature. Columns: (a) Asahipak GS-320H; (b) YMC
PACK AQ-312. Samples: (a) 20,u1 of 0.1 mg/ml solution of guanine, guanosine, hypoxanthine or inosine;
(b) 6 ,ul of 0.1 mg/ml solution of guanosine, inosine, guanine, hypoxanthine, IMP or GMP. Mobile phase,
10 mM sodium hydrogenphosphate (pH 6.0); flow-rate, (a) 1.0 ml/min, (b) 0.6 ml/min; temperature, 30·C;
detector, 260 nm (0.32 a.u.f.s.).
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We further found that the order of elution nucleotide, base and nucleoside
observed here for the ODS column was also exhibited on the Asahipak ODP-50
column, which is packed with a gel containing C t8 groups on a vinyl alcohol copo
lymer (results not shown). This suggests that the strong retention of nucleosides on
the ODS column results from the strong hydrophobic character of its C t8 group and
not from its silanol group.

In a previous report, we described the retention behaviour of non-ionic surfac
tants, represented by the series CgHt9-C6H4(P)-(OCHzCHz)nOH, on an Asahipak
GS-310 vinyl alcohol copolymer gel column, in comparison with that on an ODS
column 7. The GS-310 column, which is a hydrophobic polymer gel column without
C t8 groups, apparently interacted hydrophobically only with the alkylaryl groups at
temperatures of ~ 30°C in a mobile phase of aqueous acetonitrile at low to medium
concentration, whereas the strongly hydrophobic ODS column apparently interacted
hydrophobically with both the alkylaryl and the polyoxyethylene groups under the
same conditions.

This suggests that an analogous interaction, involving the ribose groups of the
nucleosides, might occur on the ODS gel. To explore this possibility for both the ODS
and GS-320 gels, we investigated the effect of mobile phase NaCl and NaSCN con
tents on the retention of ribose alone by both columns, and on their retention of
guanosine and inosine. As shown in Table IV, the capacity factor of ribose alone with
a mobile phase containing no NaCI or NaSCN was nearly zero on the GS-320 col
umn, indicating little or no hydrophobic interaction, and 0.34 on the ODS column.
The addition of NaCl, an antichaotropic agent generally known to enhance hydro
phobic interaction, effected no change in the ribose capacity factor on the GS-320
column, but substantially increased that on the ODS column. The addition of
NaSCN, a chaotropic agent known to inhibit hydrophobic interaction, had no signif
icant effect on ribose elution from either the GS-320 or the ODS column. These
results are in accord with the assumption of hydrophobic interaction of nucleosides
with both column gels. Although the results for ribose are not definitive, particularly
because of the absence ofa decrease in k' in the presence ofNaSCN, they suggest that

TABLE IV

CAPACITY FACTORS (k')

Determined at 30T with a mobile phase of pH 6.0 and indicated content on Asahipak GS-320H and, in
this experiment only, YMC PACK AM-312 columns, at flow-rates of 1.0 and 0.6 ml/min, respectively.

Column Mobile phase k'

Ribose Guanosine Inosine

GS-320H

AM-3!2

10 mM sodium hydrogen-
phosphate 0.02 UO 0.49
2 M sodium chloride 0.02 1.42 0.61
2 M sodium thiocyanate -0.03 0.32 0.05
10 mM sodium hydrogen-
phosphate 0.34 10.85 9.33
2 M sodium chloride 0.41 18.71 14.86
2 M sodium thiocyanate 0.33 4.23 3.22
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a weak hydrophobic interaction also occurs between the ribose group of nucleosides
and the ODS gel, but not the GS-320 gel.

The effects of organic solvent and antichaotropic salt additions to the mobile
phase, the correlations between Hansch's log P and log k' and the linearity of the Van
't Hoff plots are in accord with the following scheme of hydrophobic interactions:

BASE

~I~GS-320._ ODS

---rl ~
None - .... RIBOSE "----;eak

Hydrophobic interactions occur on the weakly hydrophobic GS-320 gel, but are
relatively weak and are limited to a nucleic acid base, as it occurs alone or as part of
its derivative. On the strongly hydrophobic ODS gel, on the other hand, hydrophobic
interactions are strong with all three classes of nucleic acid components, and appear
to occur with both the ribose group as well as the base group, particularly in nucleo
sides.

This gel-ribose interaction would account for the particularly high k' values of
nucleosides on the ODS column, and hence for the difference in the order of elution of
nucleic acid components between the ODS and GS-320 columns.

Utility of weakly hydrophobic GS~320

Isocratic analyses were performed on the GS-320 column, based on the above
indications of its weakly hydrophobic effect and in particular its apparent freedom
from pronounced nucleoside retention. Efficient separation of nucleic acid compo
nents was observed, as shown in the chromatograms in Fig. 8.
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Fig. 8. Analysis of nucleic acid component mixtures. Column, Asahipak GS-320 (500 x 7.6 mm J.D.).
Samples: (a) 15 III of (1) ATP (23 Ilg/ml), (2) ADP (26 Ilg/ml), (3) AMP (22 Ilg/ml), (4) adenosine (22 Ilg/ml)
and (5) adenine (8 Ilg/ml); (b) 15 III of (1) GTP (23 Ilg/ml), (2) GDP (23 Ilg/ml), (3) GMP (20 Ilg/ml), (4)
guanosine (21 Ilg/ml) and (5) guanine (12 Ilg/ml). Mobile phase, 200 mM phosphoric acid (pH 3.0);
flow-rate, 1.0 m1/min; temperature, 30T; detector, 260 nm (0.08 a.uJ.s.).
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The results show that the elution of nucleic acid components on the GS-320 is
effected primarily by hydrophobic interaction, similarly to that on the ODS column
but substantially weaker and also differing in the following important respects.

(I) Within each class (nucleotide, nucleoside or base) a general tendency for
elution of pyrimidines other than thymine before purines; elution of thymine after
hypoxanthine from the GS-320 column, but after guanine from the ODS column,
apparently because of interaction between the methyl group of thymine and the long
alkyl group of the ODS gel.

(2) Between each base and its derivatives, elution in the order nucleotide, nu
cleoside and base from the GS-320 column but nucleotide, base and nucleoside from
the ODS column; the difference in order is presumably attributable to restriction of
interaction to the base group of nucleosides on the GS-320 column, and interaction
with both the ribose as well as the base group of nucleosides on the ODS column.

(3) Elution of nucleotides before ethylene glycol, which is the non-retained
solute, from the GS-320 column but after ethylene glycol from the ODS column,
increased k' values for nucleotides on methylated GS-320 gel and the absence of any
apparent effect by mobile phase acetonitrile on the k' values for nucleotides on the
GS-320; all suggesting interaction dominated by ion repulsion between the phosphor
ic group of the nucleotide and the small number of carboxylic groups present in the
GS-320 gel, in contrast to a predominant hydrophobic interaction between the octa
decyl group of the ODS gel and the base group in the nucleotide.

The weakly hydrophobic polymeric structure of the GS-320 gel, and the result
ing differences between its elution characteristics and those of the ODS column,
permit highly practical, efficient analyses of complex molecules, based on the hydro
phobicity of their components, as shown here for nucleic acid components by the
chromatograms of component mixtures.
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SUMMARY

The retention behaviour of mono- (C!-Cs) and dicarboxylic acids (Cz-C s),
alcohols (C!-C4 ) and carbohydrates (sucrose, a-o- and f3-o-glucose, L-sorbose, 0

xylose, o-mannose, o-galactose, o-fucose, o-lyxose, L- and o-arabinose, o-fucose and
o-ribose) was studied using a poly(styrene-divinylbenzene) sulphonate (H+) cation
exchange resin (Catex-H). The effects of the concentration of sulphuric acid and
acetonitrile in the eluent and the column temperature (20-3YC) on the retention of
compounds and on the number of the theoretical plates were investigated. For detec
tion, UV and refractive index detectors connected in series were used.

INTRODUCTION

In an other paper!, the separation of different short alkyl chain mono- and
dicarboxylic acids was studied by reversed-phase high-performance liquid chromato
graphy (RP-HPLC) and reversed-phase ion-pair HPLC (RP-IP-HPLC). A wide
scope of these methods was achieved by the application of two stationary phases with
different polarities (octylsilica and PRP-l), by adding methanol to the mobile phase,
by changing the concentrations of the salt and the phosphoric acid and by the appli
cation of an ion-pair forming reagent (tetrabutylammonium hydrogensulphate,
TBAHS04 ). Despite the advantage of the RP-HPLC and RP-IP-HPLC methods, the
separation of hydrophilic carboxylic acids of low molar mass is difficult.

A versatile approach is ipn-exclusion chromatography (1EC), in which hydro
philic weak acids, alcohols and carbohydrates Z

-
16 are separated on a cation-exchange

resin in the H+ form, using an acidic eluent. In IEC strong acids, being highly ionized,
pass quickly through the column. They are excluded from the negatively charged
resin phase according to the Donnan membrane equilibrium principle and elute at the
dead volume of the column. Non-ionic compounds (undissociated acids, alcohols and
carbohydrates) can enter the resin network. Acids of intermediate strength such as

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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most carboyxlic acids are partially ionized, depending on the pH of the medium. They
generally eluted in order of their pKa values!? In the separation of weak acids (2.5 <
pKa < 6.0) by IEC, other mechanisms also playa role, such as adsorption (partition)
on the surface of the matrix of the cation-exchange resin.

Long alkyl chain carboxylic acids in the molecular form are retained on the
stationary phase usually by a combination of ion exclusion, size exclusion and hydro
phobic interaction.

In this work, a poly(styrene-divinylbenzene) sulphonate (H+) cation-exchange
resin (Catex-H) was applied to elucidate the retention mechanism by studying the
effect of the experimetal conditions on the retention of various solutes.

EXPERIMENTAL

The laboratory-made instrument used consisted of a pump (Model 6000 A, Waters
Assoc.), variable-wavelength UV detector (Model OE-308, Labor MIM), an injector
valve (Model 7125, Rheodyne) with a 10-/.l1100p, a differential refractometer detector
(LC 4010, Varian) and two recorders [Model 4225 (l V), Knauer, and Model 9176 (l
mV), Varian].

The analytical column was Catex-H, 8% cross-linked (exchange capacity 4.0
mequiv.jg, 250 x 4.0 mm J.D., 6 /.lm) (Bio-Separation-Technologies, Budapest, Hun
gary). The column temperature was maintained by means of a water-bath and a
water-jacket.

The eluents were dilute sulphuric acid of different concentrations at a flow-rate
of 0.2 mljmin. Standard solutions of compounds were prepared from analytical
reagent grade chemicals without further purification.

RESULTS AND DISCUSSION

Changes in the retention of the compounds were studied as a function of the
concentration of the sulphuric acid eluent between 5 . 10- 4 and 3 . 10- 3 M. The
retention of the carbohydrates was found to be constant. The retention of the mono
and dicarboxylic acids was determined by their ionization ability, while the retention
of the alcohols decreased as the concentration of sulphuric acid in the eluent in
creased. Fig. 1 shows the log k' (capacity factor) vs.log CH2S04 (sulphuric acid concen
tration) functions obtained for the alcohols. The dead volume (va) data required for
the calculation of the capacity factor, k', were obtained by injection of strong acid
samples (nitric, hydrochloric and sulphuric) (va = 1.15 mI).

As can be seen, the decrease in retention is accompanied by a change in .selec
tivity. With 10- 3 M sulphuric acid eluent, n- and isopropanol, n- and isobutanol
(Fig. 2) and tert.-, sec.- and n-butanol (k' = 2.13,2.94 and 4.03) can be well separat
ed. In 2 . 10- 3 M eluent, however, the n- and iso-alcohols cannot be separated.

The retention behaviour of the carboxylic acids is related to the difference in the
pH of the eluent and the pKa value of the acids. Retention of the acids, occurring in
fully or partially ionized form with variation in the pH of the eluent, decreases as the
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Fig. I. Retention of alcohols as a function of sulphuric acid concentration in the eluent at 25'C. Me =

Methyl; Et = ethyl; iPr = isopropyl; Pr = propyl; iBu = isobutyl; Bu = butyl.

hydrogen-ion concentration decreases. The capacity factor and the hydrogen-ion
concentration of the eluent are interrelated by the following equation 18:

k' =
a

(1)

where a is a constant in the partition coefficient. This equation was applied to iome
partially ionized dicarboxylic acids in the 1 . 10- 3-6.10- 3 M hydrogen ion concen
tration range. Fig. 3 shows the results for maleic (pKa1 = 1.8), citraconic (pKa1 =

2.42) and fumaric (pKa1 = 3.0) acids. The slopes of the straight lines are 0.732, 0.766
and 0.949, respectively. Similar results were obtained by Walser 10 for maleic, fumaric
and pyruvic acids on a PRP-X300 medium-capacity cation-exchange resin column.

Comparing the straight lines obtained with the PRP-X300 (0.17 mequiv.jg)10
and Catex-H (4.0 mequiv./g) resins, it can be seen that the retention values are signif-
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Fig. 2. Chromatogram ofalcohols using 10- 3 M sulphuric acid eluent at 35'C. Refractive index detector. t
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Fig. 3. Variation of retention of relatively strong dicarboxylic acids as a function of H + concentration in
the eluent.

icantly higher for maleic and fumaric acids on the lower capacity PRP-X300 cation
exchanger.

The retention of the weaker (pKa > 3.5) mono- and dicarboxylic acids did not
change appreciably in the pH range 2.2-3.0. The relationship between the logarithm
of the capacity factor of the various carboxylic acids and their pKa values (pKaj for
dicarboxylic acids) was also studied. The log k' values obtained with 10- 3 M sul
phuric acid eluent are plotted as a function of the pKa of the carboxylic acid in Fig. 4.
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Most of the acids are eluted in order of their pKa values. A straight line can be fitted to
the points obtained. For some acids the points do not be on the straight line. The
deviation is most significant for oxalic acid (pKa = 1.23, 3.80). whose degree of
ionization is the highest at the pH of the eluent. The deviation is also significant for
fumaric and citraconic acids. Both acids have a higher retention than could be expect
ed on the basis of their pKa1 values.

The retention of the mono- (nc > 3) and dicarboxylic acids with longer carbon
chains (nc > 5) and that of the unsaturated crotonic acid is again higher than could
be predicted by considering the pKa values. This indicates that in these instances the
retention deviation can be interpreted on the basis of a hydrophobic-type reversed
phase mechanism on the surface of the (apolar) cation-exchange stationary phase.
This is corroborated by the results shown in Fig. 5, where the log k' values of the
mono- and dicarboxylic acids are plotted against their carbon atom number. Simi
larly to the linear log k'-nc relationships known in reversed-phase liquid chromato
graphy, a straight line is obtained but only for higher carbon atom number carboxylic
acids on the strong acid cation-exchange resin. The deviating retention values ob
tained for the C4 and Cs dicarboxylic acids can presumably be understood by assum
ing a mixed retention mechanism (ion exclusion + hydrophobic interaction).

The effect of the concentration ofsulphuric acid on the theoretical plate number
(N) was also studied. it was found that the plate number calculated from the alcohol
peaks does not change as the concentration of sulphuric acid increases. The plate
numbers calculated from the carbohydrate peaks almost doubled when the acid con
centration of the eluent was increased from 5 . 10- 4 to 2.10- 3 M, e.g., from 1300 to
2790 for D-galactose and from 1370 to 2430 for D-mannose. The plate number
changed in a different way for the carboxylic acids. Some typical data are given in
Table I. As can be seen, the plate number is highly influenced by the degree of
ionization of the acid. For the relatively strong carboxylic acids which are partially

log Ii

1.0

05

3 4 6 7 nc
Fig. 5. Dependence of k' on the number of carbon atoms (nc) of acids: I, dicarboxylic acids; 2, mono
carboyxlic acids. Eluent; 10- 3 M sulphuric acid; 25'C.
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TABLE I

COMPARISON OF THE COLUMN EFFICIENCIES

Variation of number of theoretical plates (N) calculateEl from the peaks of acids with different sulphuric
acid concentrations (5 . 10- 4-3 . 10- 3 M) in the eluent at 25T.

Acid Njcolumn

Sulphuric acid concentration

5.10- 4 M J. 10- 3 M 2.JO- 3 M 3. 10- 3 M

Oxalic 75 130 220 220
Citric 280 1000 1000 1000
Fumaric 1880 2980 3050 5120
Itaconic 3060 3670 5940 9780
Formic 3940 4800 12140 15000
Acetic 4160 4600 16500 16500
Crotonic 7400 8650 11600 11900

ionized at the pH of the eluent (oxalic, maleic and tartaric acids), the N values are
low. For the acids with higher pKa values, higher N values were obtained. As the
concentration of sulphuric acid was increased the theoretical plate number increased
for all the carboxylic acids studied. Using various acid eluents, Tanaka and FritzS
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Fig. 6. Chromatogram of a synthetic mixture of acids. Eluent, 2 . 10- 3 M sulphuric acid; UV detection, O. I
a.uJ.s., 220 nm; 10 III of 10- 3_10- 4 M carboxylic acids.

Fig. 7. Chromatogram ofa synthetic mixture of acids. Eluent, 3.10- 3 M sulphuric acid; UV detection, 0.1
a.u.f.s., 220 urn; 10 III of 10- 4_10- 5 M dicarboxylic acids.
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found that the N values obtained from the formic acid peaks were different. With
water it was 130, in carbonic acid-water eluent 320 and in other acidic eluents (sul
phuric, phosphoric, benzoic and salicylic acids) > 2300.

Figs. 6 and 7 show the chromatograms of two synthetic acid mixtures. The
eluents were 2 . 10 - 3 and 3 . 10 - 3 M sulphuric acid, respectively. The chromatograms
of two different carbohydrate mixtures are shown in Fig. 8, obtained with 2 . 10- 3 M
sulphuric acid as the eluent.

The retention of the compounds was also studied as a function of the column
temperature at a constant 10 - 3 M acid concentration of the eluent. Similar experi
ments were made by Pecina et al. 2 with alcohols, aldehydes, ketons and carboxylic
acids on an HPX-87H column in the range 40-80°C. The same type of column was
used by Chiu6 to study the change in retention of the various mono- and dicarboxylic
acids in the range 20-60°C. Results obtained on the Catex-H column are similar to
their results. The curves for some carboyxlic acids indicate that only the retention of
crotonic acid decreases slightly with increasing temperature (Fig. 9). No change was
experienced in the retention of the carbohydrates. The plate number, however, calcu
lated from the peak width increases slightly with increasing column temperature.
Pecina et al. 2 observed a small increase in the retention of carbohydrates at higher
temperatures.
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Fig. 8. Chromatograms of carbohydrates. Eluent, 2 . 10- 3 M sulphuric acid; refractive index detection, 4
x 10 - 5 refractive index units full-scale; 10 III of 3 . 10 - 3 M each carbohydrate.
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Fig. 9. Variation of retention volume (VR) of carboxylic acids with column temperature (T). Eluent, 10- 3
M sulphuric acid.

The retention of the alcohols increases in the range 20-35·C (Fig. 10). This
change was not accompanied by a change in selectivity. Curves of various shapes were
obtained by Pecina et al. 2 for the alcohols at higher temperatures,but the changes
were not significant. In order to decrease the retention of strongly adsorbed com
pounds methanol 5 and acetonitrile 5

,19 are used as organic modifiers in the IEC tech
nique. The effect of the acetonitrile concentration in the eluent was also investigated
for the three types of compounds studied. In an eluent containing 10- 3 M sulphuric
acid the concentration of the acetonitrile was varied between 0 and 10% (vIv). As the
curves in Figs. 11 and 12 indicate, the changes are different for the various acids. The
most significant decrease in retention was observed with crotonic acid. The same
phenomena was observed by Kazuyoshi et al. 19 using a TSK gel SCX column. The
decrease in retention clearly indicates that the crotonic acid is retained on the matrix
of the cation-exchange resin by a hydrophobic interaction mechanism. The retention
volume (VR) curves exhibit a maximum at ca. 2.5% acetonitrile concentration for the

log k'

10

0.5

•__ BuOH
o-~-~---<~ i BuOH

o------<~-..---" PrOH

~EtOH

• , ~MeOH

0------<_-0-_--<> Glycerol

20 25 30 35 TI"C

Fig. 10. Capacity factor of alcohols as a function of column temperature. Eluent, 10- 3 M sulphuric acid.
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Fig. 12. Retention volume of relatively strong dicarboxylic acids as a function of acetonitrile (ACN)
concentration in the eluent.

partially ionized carboxylic acids (fumaric, citraconic, maleic, malonic; Figs. 11 and
12). The retention enhancement observed at low acetonitrile concentration can be
interpreted by the change in the ionization of the acid. A further increase in the
acetonitrile concentration does not affect substantially the degree of ionization and
the retention is not changed as can be seen from the curves in Fig. 12. An increase in
the acetonitrile concentration strongly decreases the retention of the alcohols, as
shown in Fig. 13. This indicates a partial hydrophobic retention mechanism for the
longer carbon chain alcohols. The retention of the carbohydrates was found to be
hardly influenced by the addition of acetonitrile to the eluent.

On the chromatograms of the alcohols and acids a disturbing system peak
appears ifthe eluent contains acetonitrile and the injected samples are aqueous solu
tions (Figs. 14 and 15). The position of the system peak (SACN) does not change but its
height is proportional to the ACN concentration of the eluent. The system peak may

log k'

os
~UOH
"----------~iBuOH
"-----_ ~/PrOH
::-: ::--------i PrOH

Meol s~ 0 -- "O_JtOH

25 5.0 70 10 CACN

v/v%

Fig. 13. Variation of capacity factor of alcohols with acetonitrile (ACN) concentration in the eluent.
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Fig. 14. Chromatogram of acids with an acetonitrile (ACN)-containing eluent. Eluent, 10- 3 M sulphuric
acid + 10% ACN; UV detection, 0.05 a.uJ.s., 220 nm; 10 III of 10- 4-10- 5 M acids; 2SOC.

Fig. 15. Chromatogram of alcohols in acetonitrile (ACN)-containing eluent. Eluent, 10- 3 M sulphuric acid
+ 2.5% ACN; refractive index detection; 25'C.

disturbe the evaluation of the chromatograms. As can be seen in Fig. 15, the determi
nation of ethanol is not possible.

The column efficiency for the acids is strongly affected by the presence of aceto
nitrile in the eluent. Table II gives the calculated N values for e1uents containing 2.5
and 10% acetonitrile. The plate numbers, however, did not change significantly for
the carbohydrates and alcohols.

TABLE II

COMPARISON OF COLUMN EFFICIENCIES

Variation of number of theoretical plates (N) calculated from the peaks of acids with different acetonitrile
concentrations (2.5 and 10%) in the eluent.

Acid Nlcolumn

Acetonitrile concentration

2.5% 10%

Citric 1650 740
Tartaric 1250 720
Maleic 1460 610
Fumaric 3460 1310
Acetic 4100 2500
Formic 4700 2900
Crotonic 6800 4100
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It may be concluded that the retention behaviour of the acids corresponds to
the ion exclusion theory but some acids (oxalic, citraconic and fumaric) show signif
icant deviations in the pKa and log k' relationship. Above three carbon atoms in the
monobasic acids and above five carbon atoms at the dibasic acids the hydrophobic
intera~tion effect between the solute and stationary phase prevails (i.e., the log k' vs.
nc curves are linear). The number of theoretical plates of the column is strongly
related to the ionization state of the solute.

The system peak (SACN) observed on the chromatograms (obtained with organic
modifier-containing eluents) made possible a study of he retention mechanism in
those system where the water concentration of the sample was higher than that of the
eluent. The water peak of the sample appears at an eluent volume corresponding to
the full permeability of the column (VS

ACN
)' Three regions can therefore be identified

on the chromatogram. The first region extends from the injection point to the totally
excluded volume (the small peak in front of the maleic acid in Fig. 14). The second
region is from the totally excluded volume up to the totally permeated volume; the
retentions of the soutes eluted in this region are governed by the Donnan and steric
exclusion (e.g., maleic, fumaric, acetic and propionic acid). When the retention vol
ume of the solute is higher than the totally permeated volume, then the retention is
dominated by the hydrophobic interaction between the solute and the stationary
phase (e.g., crotonic acid, monobasic acids with nc > 3 and dibasic acids with nc >
5).

For the separation of the n- and iso-alcohols the selectivity is increased on
decreasing the sulphuric acid concentration of the eluent. The retention of alcohols
can be decreased by the use of acetonitrile as modifier but the appearance of the
system peak must be taken into consideration.

The retention behaviour of the carbohydrates proved to be almost independent
of changes in the concentration of sulphuric acid, acetonitrile and column temper
ature in the ranges investigated.
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SUMMARY

Expert systems and other sophisticated computer programs can be of great
benefit for the optimization of chromatographic separations. However, two factors
have seriously hindered their proliferation. First, the area of method development for
chromatography encompasses such a great variety and such a large amount ofknowl
edge and expertise that it is not realistic to try and cover the entire area with a single
program. Second, computer programs may be very complex to use, so that only
experts can apply them. Steps towards the solution of both problems are described.
Three different computer programs, two of which are expert systems, are used coher
ently for method optimization. Each system can assist the chromatographer in per
forming a certain well-defined task. The selectivity-optimization system (Diamond) is
a package of conventional computer programs. Therefore, we refrain from calling it
an expert system. One expert system is specifically applied to reduce the level of
expertise required for applying this package. The most difficult decision that a Dia
mond user needs to make is the selection of the most appropriate optimization crite
rion. This decision can be made with the help of the expert system for CRIterion
SElection (CRISE). The second expert system (System-Optimization System, SOS) is
used to transform the chromatogram with optimum selectivity that results from Dia
mond into the optimum overall method by establishing the best column dimensions,
flow-rate, instrumentation, injected amount, etc. An example is presented to demon
strate that the coherent use of several sophisticated computer programs can make
method development in chromatography both better and easier.

INTRODUCTION

The major steps in developing a chromatographic method can be identified as

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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System Optimization
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Fig. I. Major steps in developing a chromatographic method. Boxes represent software (S/W) and circles
represent chromatographic experiments (Exp). XPS denotes expert system.

follows1,2 (Fig. 1): (i) method selection; (ii) retention optimization; (iii) selectivity
optimization; (iv) system optimization; and (v) method validation.

Method selection is the process of selecting the appropriate chromatographic
method [e.g., gas chromatography (GC) or liquid chromatography (LC); normal
phase or reversed-phase LC; ion-exchange or ion-pairing LC, etc.] and the appropri
ate conditions (temperature, mobile-phase composition, pH, etc.) to elute the sample
components as (reasonably) sharp, (reasonably) symmetrical peaks. Method selection
is based on an understanding of the different chromatographic techniques and, most
of all, on knowledge about the sample and its components. The goal of the method
selection step is to obtain chromatographic peaks for all the sample components of
interest. It is important that none of these compounds remains on the column. There
fore, it is better at this stage when retention is too low than when it is too high. A
typical chromatogram that may be obtained is the top one in Fig. 2.

In the retention-optimization step, the peaks obtained in the chromatogram
after the method selection will be moved into the optimum range of capacity factors,
usually by varying the composition of the mobile phase. It may be possible to predict
the conditions for optimum retention based on a knowledge of the chromatographic
process and the initial chromatogram. It may be necessary to improve this prediction
after a second chromatogram has been obtained. The resulting chromatogram may
typically be the second one in Fig. 2. In this chromatogram, all peaks are eluted in the
optimum retention range, but not all of them are separated.

If the retention times of all peaks are in the optimum range, but the separation
is not satisfactory, there are two possible solutions, selectivity optimization and sys
tem optimization.

Selectivity optimization3 is the process that aims at improving the separati~n by
altering the retention of the individual sample components relative to each other. To
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Fig. 2. Schematic illustration of a series of chromatograms that may be obtained during the development of
a chromatographic method.

change the selectivity, either the stationary phase (GC or LC) or the mobile phase
(LC) will usually be changed. Selectivity optimization is not usually a predictable
process. Therefore, a number of sophisticated experimental optimization procedures
have been applied to or developed for chromatography3-s. The desired result of the
selectivity-optimization process is a chromatogram in which the peaks are more even
ly distributed, as is illustrated in Fig. 2.

System optimization can be used either if the resolution is higher than required
or if the separation is not good enough. In the first instance it may lead to a consid
erable reduction in the analysis time and in the second case it may be used to increase
the resolution. Improving the sensitivity (signal-to-noise ratio) of the method may
also be one of the goals of the system-optimization process. Parameters considered
during this process may typically be the dimensions of the column, the flow-rate,
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sample volume, etc. The effects of these parameters are, to a large extent predictable,
so that much of the system optimization can be based on calculations6

,
7 or computer

simulations8 . An example of a result of a system-optimization step is shown in Fig. 2.
The final step in the method-development process is the method validation. It

will always be necessary to demonstrate the applicability of the proposed method for
the intended purpose. This very purpose will determine the extent to which a method
will need to be validated. Generally, the more often a method is intended to be
applied, the more different people will be using it and the greater the consequences of
the results obtained by the method, the more extensive will be the testing1

. Method
validation will typically involve setting up systematic test programmes, performing
series of experiments and evaluating the results. Experimental designs and statistics
are important aspects of this process.

In recent years, there has been much interest in the use ofcomputer programs to
assist the chromatographer in developing chromatographic methods (see, e.g., refs. 3,
4 and 9). An ideal situation may be one in which the user (chromatographer) can
consult a single computer program, through which he or she can direct the method
development process, control the instrument, collect the data and evaluate the results.
Within such a computer program a number of modules may exist to assist the user in
the different steps of the method-development process. In other words, all the boxes
in Fig. I may be called upon by the computer program. At present, such an ideal
situation cannot yet be approached. In this paper, a step is made towards such an
ideal situation by looking at the coherent application of several sophisticated soft
ware programs for optimizing liquid-chromatographic separations. The three pro
grams that have been used in the present work are the following (Fig. 3): an expert
system for the selection of the most suitable criterion for selectivity optimization10; a
program for the optimization of selectivity by varying the composition of the mobile
phase11

; and an expert system for optimizing the column, operating conditions and
instrumentation 12.

Expert system for criterion selection
The expert system for criterion selection represents one of the aspects of selec

tivity optimization, as is illustrated in Fig. 4. In order for an experimental selectivity-

_----'Fa
Fig. 3. Three computer programs studied in this work in relation to the scheme in Fig. 1.
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Fig. 4. Major aspects of selectivity optimization in chromatography.
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optimization procedure (bottom) to be performed, decisions are needed on (i) the
parameter space, i.e., the parameters (variables) that will be considered together with
their minimum and maximum values (limits); (ii) the experimental design, i.e., the
pattern according to which the necessary experiments will be performed; and (iii) the
optimization criterion, i.e., the parameter that will be used to judge the quality of the
chromatogram. The goal of the selectivity-optimization process is to find the set of
conditions (within the parameter space) that results in the best possible value for the
optimization criterion. This set of conditions is referred to as the optimum.

There is not a single optimization criterion that is always the best one to use.
Which criterion should be used will depend on the method to be developed, the
optimization procedure to be used, the characteristics of the sample and the possibil
ities of the user. The expert system for CRIterion SElection (CRISE) has been de
scribed in detail elsewhere.10

. It assists the user in selecting the most appropriate
optimization criterion.

Selectivity optimization
The selectivity-optimization procedure used has been described elsewhere11

,13.

The Diamond package features an interpretive optimization procedure, including (i)
the definition of an (approximately) isoeluotropic triangle, with binary mixtures of,
e.g., methanol-water, acetonitrile-water and tetrahydrofuran-water at the corners,
ternary mixtures along the sides and quaternary mixtures in the middle; (ii) the re
cording of ten three-dimensional (3-D) diode-array chromatograms equally distrib
uted throughout the triangle; (iii) the labelling of the peaks in the 3-D chromatograms
to determine the retention times of each individual solute at each composition; (iv)
the modelling of the retention surfaces for all individual solutes; and (v) the calcula
tion of the response surface (optimization criterion vs: composition) for the entire
chromatogram.

System optimization
The expert system for system optimization has been described in detaiI 12 ,14.

The mobile and stationary phase are not altered in this process, but the column
dimensions, flow-rate, etc., may be changed. Based on an initial chromatogram and a
set of initial conditions, the program selects the best possible column from a column
database created by the user and combines this with the best possible detector (cell)
from the detector database and with the best possible time constant from a list of
possible values. The optimum result is defined as (i) the resolution for all relevant
pairs of peaks must exceed a minimum value specified by the user; (ii) the signal-to-
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noise ratio for the smallest relevant peak must exceed a minimum value specified by
the user; and (iii) the required analysis time should be as short as possible. Together
with the optimum column, detector cell and time constant, the system recommends
the optimum flow-rate and sample size and predicts the required analysis time, the
"critical resolution" (i.e., the lowest value observed for the resolution between a
relevant pair of peaks) and the pressure drop over the column. It also provides an
explanation of its reasoning in the form of a bar chart and some additional advice to
the user14

.

EXPERIMENTAL

The expert system for criterion selection (CRISE) was implemented in the com
mercially available expert-system shell KES (Knowledge Engineering System; Soft
ware Architecture and Engineering, Arlington, VA, U.S.A.; release 2.4). The expert
system runs on an Apollo workstation and on an IBM Pc.

A prototype version of the Philips Scientific (Cambridge, UK) Diamond pack
age for the selectivity optimization in high-performance liquid chromatography was
run on a Philips 3202 personal computer (IBM!AT compatible). Data acquisition was
performed using a Philips Scientific 4120 diode-array detector and the PU 6003
diode-array datastation running on the 3202 computer. Three-dimensional chroma
tograms were recorded at ten points in the isoeluotropic solvent triangle and peak
labelling could be performed using the routines available within the Diamond pack
age 11

.

The version of the system-optimization expert system used was written in Pas
cal for a MicroVAX workstation (Digital Equipment, Maynard, MA, U.S.A.). An
extensive description of this system has been given elsewhere14

. An IBM-PC version
of this system is now commercially available through Philips Scientific.

The practical example considered in this study concerns the separation of ten
phenolic priority pollutants: phenol, 4-nitrophenol, 2,4-dinitrophenol, 2-chlorophe
nol, 2-nitrophenol, 2,4-dimethylphenol, 2-methyl-4,6-dinitrophenol, 4-chloro-3
methylphenol, 2,4-dichlorophenol and 2,4,6-trichlorophenol. The column used was a
Dynamax axially compressed RP-18 column from Raynin (Emeryville, CA, U.S.A.).
Further details on the experimental procedures can be found elsewhere15

.

RESULTS AND DISCUSSION

Expert system for criterion selection
The CRISE expert system is thought to be applicable to a wide variety of

optimization procedures in which non-programmed (e.g., isocratic) separations are
being optimized. It is difficult to test the usefulness of the system with only one
particular optimization strategy. Therefore, we have validated the expert system by
applying it to a selection often literature reports, which were selected so as to repre
sent as good a selection of different selectivity-optimization procedures as possible.
This selection is summarized in Table I. Although most of the applications deal with
LC, one of them (VaI8) deals with selectivity optimization in GC and one (VallO)
with supercritical-fluid chromatography (SFC).

From all ten reports, the information relevant for selecting the optimization
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SUMMARY OF THE TEN APPROACHES TO SELECTIVITY OPTIMIZATION SELECTED
FROM THE LITERATURE

No. Authors Ref Method description

Vall Eppert et al. 16 Two-dimensional window diagrams
Va12 Cooper and Hurtubise 17 Window diagrams
Val3 Billiet et al. IS Iterative optimization
Val4 Goldberg et al. 19 Sentinel"
Val5 Berridge and Morrisey 20 Simplex optimization
Va16 Conlon 21 Pesos
Val7 Haddad and Sekulic 22 Optimization with tailed peaks"
ValS Hinshaw and Ettre 23 Selectivity tuning" (GC)
Va19 Naish et al. II Diamond
VallO Schoenmakers 24 Interpretive optimization" (SFC)

" Tested with or without allowing system (column) optimization to take place after selectivity opti
mization.

criteria was selected and presented to both the human expert (P.I.S.) and the expert
system. In some instances more than one possible answer was considered to certain
questions asked by the expert system. This led for some of the test cases to more than
one consultation. The resulting advice from the expert system is summarized in Table
II.

The elementary criterion selected was either the resolution (Rs), the separation
factor (S), the separation factor corrected for variations in the plate count between
different solutes or between different experiments (SN) or the peak-valley ratio (P).
The expert system will recommend whether or not it is advisable to correct the ele
mentary criterion for large variations in peak heights between different peaks or for
peak asymmetry25. Also, it reveals whether or not the use of weighting factors (pref
erably 0 for irrelevant peaks and I for all relevant peaks) is recommended.

After selecting the most appropriate elementary criterion, the expert system will
select the global optimization criterion, i.e., the criterion that can be used to charac
terize the quality of the separation in the entire chromatogram. A fixed-threshold
criterion implies that the analysis time is minimized, while the lowest value for the
~lementary criterion observed in the chromatogram does not fall below a specified
value. For example, a minimum resolution of 1.5 may be specified. Two-criterion
optimization26 involves the simultaneous optimization of retention and resolution,
then finding the proper trade-off between these two parameters at the end of the
optimization process.

When the system-optimization system is available for further improving the
results of the selectivity-optimization process, this can be taken into account during
the selection of the criterion. It can be specified at this stage whether or not columns
of different length and/or particle size will be considered in the system-optimization
step. By taking the possibilities of the system-optimization into account at this stage,
a better overall optimum may be found in the end24.

The best possible distribution of all peaks over the chromatogram may be
selected as the global optimization criterion, if the analysis time does not vary greatly
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TABLE II
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SUMMARY OF THE ADVICE PRESENTED BY THE EXPERT SYSTEM FOR CRITERION SE-
LECTION (CRISE) FOR A TOTAL OF NINETEEN RUNS IN RELATION TO THE TEN DIFFER-
ENT APPROACHES TO SELECTIVITY OPTIMIZATION LISTED IN TABLE I

WF indicates whether or not the use of weighting factors (0 and I) is recommended. R, denotes the
resolution, S the separation factor, SN the separation factor corrected for variations in the plate count and
P the peak-valley ratio 10

. L is the column length and dp the particle size.

No. Runs Recommendations of CRISE

Elementary Global criterion Corr." WF
criterion

Vall 2 SN Fixed threshold PHR No
orb; two-criterion optimization PHR No

Val2 4 SN Fixed threshold PHR No
orC

; S ord
; best distribution PHR No

Val3 2 R, Fixed threshold PAS Yes
orb: two-criterion optimization PAS Yes

Val4 2 SN Fixed threshold None No
ore: minimum analysis time (L variable) None No

Val5 P Fixed threshold N/A No

Val6 P Fixed threshold N/A No

Val7 2 R, Fixed threshold PAS No
ore; minimum analysis time (L variable) PAS No

Val8 SN Minimum analysis time (L variable) PHR No

Val9 2 R, Best distribution PAS Yes
orf ; minimum analysis time (L and d

p
variable) PAS Yes

VallO 2 S Fixed threshold None No
orC

; Best distribution in ~ minimum time (L variable) None No

" Recommended corrections: PHR = peak-height ratio, PAS = peak asymmetry.
b When no a priori decision on a threshold value can be made.
C Depending on whether or not the plate count can be measured for one peak.
d Depending on whether minimum analysis time or best distribution of peaks is desired.
e Depending on whether system (column) optimization is allowed after selectivity optimization.
f Depending on whether the best distribution of peaks on a given column or the shortest analysis

time on a column of optimum length and with optimum particle size is desired.

with variations of the conditions (within the parameter space). A good distribution of
peaks may also be considered as a sort of secondary criterion, while emphasis is put
on the shortest possible analysis time (see VallO in Table II).

The main conclusions of the validation of the expert system for criterion selec
tion were that (i) the expert system provided clear and unambiguous answers for each
consultation and (ii) the expert system and the human expert provided the same
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answers for all ten cases (nineteen consultations) considered during the validation.
These conclusions imply that the expert system performs as intended. It does not
imply that the expert system always provides the correct advice, because the correct
ness of the knowledge supplied to the expert system by the human expert has not been
rigorously validated.

For a full explanation of optimization ~riteria, the reader is referred to refs. 3,
10 and 24.

Selectivity optimization
In this study we focused on the optimization part of the Diamond package.

Establishing the elution order (and tbe retention times) of the ten individual solutes
from the ten three-dimensional chromatograms will not be discussed in this paper.
Based on the correct assignment of all the solutes, the retention surfaces for each
solute can be calculated using piecewise-quadratic interpolation between the ten ex
perimental data pointsll . Once the retention times of each solute can be calculated at
each composition, a response surface can be calculated. Such a surface shows the
variation of the overall optimization criterion with the mobile phase composition. An
example is shown in Fig. 5. In this example, the minimum value for the separation
factor [S = (k 2 - k l )/(2 + k 1 + k 2 )] is used as the optimization criterion. Response
surfaces can be presented as quasi-three-dimensional plots (Fig. 5a) or as contour
plots. In the latter instance, the total range of criterion values is divided in a number
of equal sub-ranges, each of which is displayed in a certain shade of grey (as in Fig.
5b) or, preferably, in a different colour. In Fig. 5b the highest point on the surface is
indicated by the cursor.

At the bottom of Fig. 5b a so-called stick chromatogram is displayed. This gives
the position of all the peaks in the chromatogram on a In (1 + k) scale. On this scale
all peaks are of equal width (if the plate count N is constant throughout the chroma
togram). Hence the stick diagram provides an illustration of the expected separation
at the position of the cursor, which can be anywhere in the triangle.

A number of different optimization criteria can be applied within the present
prototype version of Diamond. A list of these is presented in Table III, together with
a short description of each of the optimization criteria.

Within the Diamond system the optimization of the mobile-phase composition
takes place in a so-called isoelutropic plane. This implies that the (binary) composi
tions at the vertices have been selected such that the analysis time (retention time of
the last peak, tw ) is roughly constant (typically within a factor of 2-3). This will then
also apply for all other (ternary and quaternary) compositions that can be formed by
blending the three binary mixtures in different ratios. In the present example tw varies
from about 15 to about 44 min, i.e. by about a factor of three.

One of the possible recommendations of the CRISE system is to use a threshold
criterion, which implies that the retention time is minimized in the range of composi
tions for which Smin exceeds a certain minimum ("threshold") value. In Diamond, a
slightly different criterion is implemented, which yields similar results. This is the
STMIN criterion in Table III, which equals Smin/tw' This criterion locates the opti
mum at an Smin value close to the maximum value. This can be understood as follows.

The minimum value for the separation factor observed in the chromatogram
varies from 0 (when two solutes "cross over") to about 0.04 if all peaks are considered
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DESCRIPTION OF THE OPTIMIZATION CRITERIA USED IN THE SELECTIVITY-OPTIMIZA
TION PROGRAM DIAMOND

For a detailed explanation of all criteria, see refs. 3, to and 24.

Abbreviation Criterion

TNE [lne]r.d

RSTAR r*

SMIN Smin

STMIN Sminltw

RNT [r*]nl

Description

Minimum required analysis time, allowing the column length to vary (with
the flow-rate and particle size constant) during a subsequent system-optimi
zation step
Best (most equal) distribution of all relevant peaks over the chromatogram
Lowest value for the separation factor (proportional to resolution) between
a relevant pair of' peaks in the chromatogram
Corresponds to Sm;n divided by the required analysis time. This criterion
approximates a "fixed-threshold" one, i.e., to reach a required (resolution)
target in the shortest possible time
As TNE, but also paying some attention to the best possible distribution of
peaks

to be relevant, and from 0 to about 0.07 if only components 7, 8 and 9 are relevant.
Because fro varies by no more than a factor of three, the retention time can compen
sate for no more than a factor of three variation in Smin. Hence the criterion STMIN
will locate the optimum at a composition where Smin is at least 35% of its highest
value. At the predicted optimum composition, Smin will be higher than about 0.014 if
all peaks are considered (> 0.025 for components 7, 8 and 9 only). The criterion
STMIN thus behaves similarly to a fixed-threshold criterion, in which the optimum is
located at the composition where Smin exceeds a certain minimum value and fro is as
small as possible.

The other four criteria can potentially be selected by the expert system as the
most appropriate optimization criterion for an interpretive method, such as that
employed in Diamond. The expert system distinguishes between two different sit
uations for applying the system-optimization system (SOS) after the selectivity-opti
mization step. A different criterion may be used depending on whether the column
length or both the column length and the particle size will be allowed to vary within
SOS. The criteria currently incorporated in Diamond correspond to the former sit
uation.

Table IV shows some of the optima predicted by the Diamond system for the
sample of ten phenolic solutes. If all ten solutes are considered to be relevant, four out
of five criteria yield the same optimum composition, whereas the fifth criterion locates
the optimum in the same area. For complex samples this is likely to be the case,
because there will not be many regions in the triangle in which all peaks can be
separated. The optimum predicted with the majority of the optimization criteria is
illustrated by the chromatogram in Fig. 6a. All ten solutes are seen to be separated in
about 20 min using the same column, flow-rate, etc., as were used to record the ten
initial 3-D chromatograms.

If not all ten solutes are considered to be relevant and if changes in the elution
order occur when the composition is varied, the selection of different criteria may well
lead to the prediction of different optimum compositions. This is illustrated in Table
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TABLE IV
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SUMMARY OF OPTIMA FOUND FOR THE SEPARATION OF TEN PHENOLIC SOLUTES

Optimum Relevant Criteria
No. peaks

Composition (%)

1
2
3
4
5
6

All
All
7,8,9
7,8,9
7,8,9
7,8,9

TNE, SMIN, STMIN, RNT 31.0
RSTAR 26.3
TNE, RNT 7.7
RSTAR 1.6
SMIN 17.0
STMIN 7.7

24.2
26.6
15.7
46.0

1.2
41.1

0.0
1.0

21.1
1.0
1.0
1.0

a Acetonitrile.
b Tetrahydrofuran.

IV for the example in which only components 7,8 and 9 are considered to be relevant.
In this instance the criteria TNE and RNT yield the same optimum composition, but
in all other instances the predicted optima are located at significantly different posi
tions in the triangle. The location of the different optima is illustrated in Fig. 7.

Fig. 8a illustrates that if only three peaks are considered to be relevant (opti
mum No.3 in Table IV), the program (correctly) ignores the quality of the separation
between irrelevant peaks. Notably, peaks 3, 4 and 5 are all poorly resolved at the
optimum composition. However, the resolution of the relevant peaks 7,8 and 9 and
the resolution between these peaks and all the irrelevant peaks is very good.

System optimization
When the system-optimization system SOS is consulted for the predicted opti

mum chromatograms, it suggests that much can still be gained in terms of the re
quired analysis time. The system was consulted for all six optima listed in Table IV. A

o

a 2

3

5
8

time (min)

20

b

o

o

2

3

5 6

time (min)

10

10

Fig. 6. Predicted optimum chromatograms for the separation of all ten phenolic solutes. For the mobile
phase composition and the criteria used see Table IV. (a) Optimum predicted by the Diamond system on
the column used to record the ten 3-D chromatograms. (b) Optimum predicted by the SOS system using the
optimum column (see Table V).
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Fig. 7. Location of the different optima listed in Table IV in the isoeluotropic triangle. Closed circles
correspond to situations in which all solutes are considered to be relevant. For the open circles only
components 7, 8 and 9 were relevant.

minimum resolution of 2 and a req uired signal-to-noise ratio of 200 were specified for
all situations. Three "standard" detector cells (8, 2.4 and 1.2 ,ul, as Nos. I, 2 and 3,
respectively) were included in the detector database and time constants of 50, 100,200
and 500 ms were allowed. The maximum distortion factors for extra-column dis
persion in the time and volume domains 12

,14 were allowed to be the 0.5 and 0.2,
respectively. The overall minimum and maximum values for the flow-rate were 0.02
and 10 ml/min, respectively. The overall pressure limits were 10 and 250 bar. A

a 2

4,3

5
8'

r 9'

0 10

0 10 20 30

time (min)

b 2

4,3

5

8'

a 10'

0 5

time (min)

Fig. 8. As Fig. 6, but now only solutes 7, 8 and 9 (indicated by asterisks) are considered to be relevant.
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TABLE V
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SUMMARY OF THE CONSULTATION OF THE "SOS" SYSTEM FOR THE PREDICTED OPTI
MA LISTED IN TABLE IV

Top: summary of the column database. Bottom: results for each of the optima. tD is the required analysis
time for the column and conditions used in the Diamond system (i.e., before SOS); ts is the required
analysis time for the optimum predicted by the SOS system.

maximum amount of 20 ,ul of sample (20 times the initial amount) was allowed. The
column database is summarized in Table V (top). Column I was the column used to
record the 3-D chro,matograms for the Diamond program and the initial plate count
was taken as 10000.

The resulting optimum separations predicted by the SOS system are summa
rized in Table V (bottom). In all situations it can be seen that the predicted analysis
time after system optimization is (much) lower than before. When all peaks need to be
separated, the required number of plates is fairly large, but the analysis time can still
be reduced by about a factor of two. When only peaks 7, 8 and 9 are relevant, the
initial number of plates is higher than needed and the analysis time can be reduced by
factors of 3-5 for the different optima. The initial column was never suggested to be
the optimum choice by the SOS system. The system lists the best possible results that
can be obtained on all (valid) columns. For example, if column I were to be selected,
the analysis time at optimum conditions for a minimum resolution of 2 between
relevant peaks would be 1652, 2073, 746, 1085, 833 and 809 for the six different
optima. A comparison of these values with the numbers listed in the last column in
Table V (bottom) illustrates the benefits of the SOS system.

The predicted optimum separations corresponding to the chromatograms in
Figs. 6a and 8a (and to the optima Nos. I and 3 in Tables IV and V) are shown in
Figs. 6b and 8b. The selectivity does not change on going from Fig. 6a to 6b or from
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Fig. 8a to 8b, i.e., the relative retention times are constant. However, the absolute
retention times are reduced considerably.

CONCLUSIONS

We have tried to demonstrate that different computer programs can be used
coherently for developing chromatographic methods. We have described some care
ful steps on the road towards an integrated system for method development in chro
matography. In this work, different software programs were used as such, while no
attempts were made to actually integrate the software into one program or even one
computer. In fact, the three different programs used required three different comput
ers. Integrating several expert systems into one system is one of the goals of the
"Expert Systems for Chemical Analysis" project2. One of the laboratories involved in
this work (Vrije Universiteit Brussel) is currently trying to develop a connection
between different programs for performing the tasks of method development and
method optimization, including the optimization of retention, selectivity and the
chromatographic system. The overall system will appear to the user as a single com
puter program.

In this work we have demonstrated the value of using a combination of differ
ent computer programs. An expert system was used to select the most appropriate
selectivity-optimization criterion. This system yielded the same advice as the human
expert. A systematic procedure for optimizing the mobile-phase composition in re
versed-phase LC was used in combination with several different optimization criteria.
In some instances, the optimum composition can vary greatly once a different optimi
zation criterion has been selected. The resulting optimum chromatogram can be sub
jected to an expert system for system optimization. This system predicts the best
possible column, instrumentation and operating conditions based on the optimum
chromatogram found during the selectivity optimization.

The use of these three systems together offers great advantages to the user. The
selection of the most appropriate optimization criterion is difficult and only a few
specialists are thought to master this area. Without the best optimization criterion,
systematic selectivity-optimization procedures will not be used correctly and will not
produce the best possible results. The expert system for criterion selection can thus
make selectivity-optimization procedures easier to use and make them yield better
results.

Likewise, the results of the selectivity-optimization process can be much im
proved by consulting the system-optimization system afterwards. This may result in
much shorter analysis times and a much better sensitivity for the proposed method.
The best results can be obtained if the possibilities of the system-optimization system
are borne in mind during the selection of the optimization criterion, illustrating how
the different systems interact together. The system-optimization system may also be
consulted to decide on whether or not selectivity optimization is required. It can be
rapidly consulted to see what kind of separation may be achieved without selectivity
optimization. If this is thought to be adequate, the selectivity optimization can be
forfeited.

There is much work to be done in demonstrating the applicability of the soft
ware programs discussed in this work, in verifying the correctness of the advice
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offered by the expert system and in experimentally validating the methods proposed
by systematic procedures such as ours. For example, the effect of the variability of
retention and selectivity between different column materials will need to be consid
ered. A good deal of work is in progress at the moment, but with the increasing
availability of expert systems for chromatographers we feel that both research and
applications in the area will blossom in the near future.
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SUMMARY

A procedure is described for designing open-tubular liquid chromatographic
(LC) columns with high resolving power, optimized for mass loadability, Large film
thicknesses improve the loadability, but decrease the efficiency owing to the increased
mass-transfer term. Normally an arbitrary upper limit of the magnitude of the contri
bution of the stationary phase mass-transfer term to the overall plate-height equation
of about 20% is accepted. The present approach allows the real optimum value of the
contribution of the stationary phase mass-transfer term to be calculated. The opti
mum was found to occur at about 50% in most instance. This corresponds to a plate
height equation h = 2/v + 0.12v for k' = 3 instead of the expression for very thin films
h = 2/v + O.08v as advocated by Knox and Gilbert (h = reduced plate height, v =
reduced velocity; k' = capacity factor). The maximum column length is about 5 m for
all phase systems with 3 . 105 theoretical plates, dead time of mobile phase 1000 sand
20 MPa pressure drop along the column. The mass loadability of an open-tubular LC
column and a 21-J.lm micropacked capillary were compared and were found to be in
the same range. The optimization procedure uses known and established relation
ships, describing speed, efficiency and mass loadability in chromatographic systems.
The calculations were carried out with a spreadsheet computer program.

INTRODUCTION

Optimum resolving power and speed for open-tubular liquid chromatographic
(LC) columns has been predicted for columns ofI.D. 1-5 J.lm1,2. It has been shown that
the theoretical predicted optimum resolving power can be realized in practice3-

14
.

Various stationary layers or films can now be coated successfully in 5-J.lm (and larger)
fused-silica capillaries with near to the theoretical performance6-

12
. The excellent

performance can only be realized by keeping the external band broadening in these
systems below 1nl. The requirements on the external band broadening can be achieved
by applying on-column detection4 ,5 and split-injection techniques3 ,11. However, these
required extremely small volumes, implying a dramatic decrease in concentration
detectability of the solutes, which limits the dynamic range of the system. Improve-

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers RY.
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ments in this respect can be achieved by increasing the mass loadability of
open-tubular LC columns. This can be achieved by using larger inner diameters, which
would be putting the cart before the horse in view of the increase in the transverse
molecular diffusion term in the Golay equation 15, and by using thicker stationary
phases. The latter also can only be increased to a certain limit, because of the
accompanying increase in the stationary mass-transfer term in the Golay equation.
Normally an arbitrary upper limit (e.g., 20%) to the magnitude of the contribution of
the stationary phase mass-transfer term relative to the overall plate height equation is
accepted. However, whether this percentage represents the correct, i.e., optimum,
value is unkown. Therefore, it is of importance to develop an optimization strategy
procedure in order to design columns with a high resolving power in a reasonable
analysis time with high sample capacity.

We believe that columns optimized from this point of view offers more prospects
in the near future. The better efficiency of open-tubular LC columns compared with
packed columns has been proved, but for more practical use of open-tubular LC in the
future, e.g., outside research and university laboratories, it is necessary to demonstrate
its real power with practical applications. In view of the large differences in
concentrations that occur in such applications, a high dynamic range, and therefore
a high column loadability, are essential. The present procedure gives the chromato
grapher an easy guideline to design such columns.

Many papers l6 ,17 have discussed the influence of various column parameters on
loadability, efficiency and speed. Noy et al. 18 derived some equations which show the
effect of column dimensions on the minimum detectable amount (for a mass
flow-sensitive detector) and the minimum analyte concentration (for a concentration
sensitive detector).

Recently, Ghijsen and Poppe19 reported an optimization procedure for
designing capillary gas chromatographic (GC) columns with maximum loadability at
a given performance in terms ofefficiency and speed ofseparation and compared these
columns with packed GC columns. They used a procedure based on known and
established relationships describing plate height (Golay-Giddings)20, speed (tm
according to Knox and Saleem)2 and an estimate of mass loadability, M p ], which is
equal to the amount of stationary phase in O11.e plate21 . The calculations were carried
out with a spreadsheet computer program, which ensured the user a large flexibility for
selecting different specifications. Especially the flexibility attracted us to use this
procedure to propose a new design of open-tubular LC columns.

The optimization procedure was carried out for three phase systems, the
usefulness of which has been demonstrated in open-tubular LC: a porous silica layer
with a liquid-liquid phase system10-12, a cross-linked silicone phase system6-10 and an
adsorption system on a flat wall, which will henceforth be termed as liquid-liquid
system, silicone system and monolayer system, respectively.

PROCEDURE

The optimization procedure was carried out following the flow chart in Fig.
I (symbols are defined at the end of the paper). It starts with the input of the
specifications (tm, JP, N) and the exprimental constant (qJ, '7) to calculate h, using eqn.
I, which is a rearranged form of the well known equation of Knox and Saleem2. Once
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input specification

IN, t m ' AP..

experimental constants

t-e---r-----I, 77, c" p., I

scanni ng parameter sol ute constants

(1 )

11----+------1 Os ' Om ' k' =3

(2)

h + J h2 - 8 • (F(k')m + F(k')•• 0/)
V = (3)

2 • (F(k')m + F(k')•• 0/)

(4)

(5)

Hpj = II • h • Ps' • de • (de' d, + d/) I (6)

I
m30 l+k' 4 • Hpj

L..-__-j C = ,===.. •
m J N • 2 II ? ll' d
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Fig. I. Flow chart for the optimization procedure.

HW
(7)

h is known, the value of v, and with that the whole set of conditions, would be
accessible, provided that the h-v curve is available. Each value of the dr/de ratio (the
scanning parameter) corresponds to one particular h-v plot, h = 2/v + Cv, where
C = F(k')m + F(k')sbf and be is the reduced film thickness22 ;

(1 + 6k' + Ilk'2)
F1(k') - -------;:--'-

m - 96(1 + k'?

k') _ 2k'
F( s - 3(1 + k')2

Scanning the value of dr/de yields a set of solutions to the problem. The derivation of
the h-v curve in each instance proceeds via be, calculated with eqn. 2 substituting D.,
Dm, k' = 3 and the ratio dr/de. The definition of de and de can be seen in Fig. 2. The
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Fig. 2. Definition of the inner diameter and film thickness as used in the optimization procedure.

value of ()r was then substituted in the rearranged dimensionless Golay-Giddings
equation2o (eqn. 3), to obtain the h-v function and v (taking the larger root). Next de
was calculated with eqn. 4, the Poiseuille equation.

Once a whole set of columns, each with a ()r value, but all of them satisfying the
speed and efficiency requirements, have been found, the one with the highest mass
loadability, Mph can be selected. As a criterion to do that, the amount of stationary
phase (either surface area or volume/mass) was used, in accordance with the
theoretical 21 and the exprimental evidence23

,24, showing that this is a good measure of
loadability. Finally, dr, M p1 and Cm, the eluting concentration which is the outlet
concentration of the solute in the mobile phase, were calculated using eqns. 5, 6 and 7,
respectively.

The dr/de ratio was varied from 0 to 3 in steps of0.05 for the liquid-liquid system
and from 0 to 0.3 in steps of 0.005 for the silicone system. The obtained values of Mph

dc, dr, de + 2dr, Land Cm were plotted against the dr/de ratio for different
specifications, e.g., varying one specification while the others remained fixed.

RESULTS AND DISCUSSION

The optimization procedure in Fig. I was applied to the liquid-liquid system and
the silicone system. The dr/de ratio was used as the scanning parameter and the fixed
input specifications were N = 3 . 105

, 1m = 1000 s and LIP = 20 MPa. For the
monolayer system, where the dr/de ratio cannot be used, LIP was used as the scanning
parameter. The optimization procedure for the different specifications, different phase
systems and the corresponding figures are summarized in Table I.

In the figures some dr/de ratios have been marked with an asterisk; for these
points the specifications can only be realized in the minimum of the h-v curve. Larger
dr/de ratios are inaccessible, because v cannot be calculated in eqn. 3 (Fig. 1) with the
input specifications; the determinant of this equation is negative. The explanation of
this fact is that for the dr/de ratios marked with an asterisk hmin of the corresponding



OPTIMIZATION OF OPEN-TUBULAR LC COLUMNS 189

TABLE I

CHARACTERISTICS OF THE OPTIMIZATION

Phase N·IO' tm tJp Fig. Remarks
systema (s) (MPa)

LL 3 1000 Variable 3a Mp,-dr/d, ratio
LL 3 Variable 20 3b Mp.-dr/d, ratio
LL Variable 1000 20 3c Mpl-dr/d, ratio
S 3 1000 Variable 4 Mpl-dr/d, ratio
M 3 Variable x-axIs 5 Mp,-tJP
LL 3 1000 20 6a Column dimensions
S 3 1000 20 6b Column dimensions
LL Variable 1000 20 7a Cm-dr/de ratio
S Variable 1000 20 7b Cm-dr/de ratio
LLjS x-axis 1000 20 8 Maximum Mpl-N
LLjS x-axis 1000 20 9 C':'-N

a LL = Liquid-liquid system, D, = 5 . 10- 10 m2 js; S = silicone system, D, = 7 . 10-'2 m2 js;

M = monolayer system.

h-v curve is equal to the defined h, calculated with eqn. 1 (Fig. 1). For a larger dr/de
ratio, hmin of the corresponding h-v curve increases, e.g., hmin is larger than the specified
h, and therefore no v can be found on the h-v curve for the specified h. Inaccessible
points are indicated with an asterisk in all figures.

Liquid-liquid system
In Fig. 3a, the calculations were made for various pressure drops in the range

2-100 MPa. It can be seen that the dr/de ratio for the maximum M p1 decreases with
increasing LlP, but for LlP = 40 MPa or higher the optimum dr/de ratio approaches
a value dr/de = 0.485. For the fixed input specifications the plate-height equation is
h = 2jv + 0.I33v; there is an increase in C of ca. 60% compared with columns with
a very thin film. The column dimensions for the maximum M p1 at 20 and 40 MPa are
listed in Table II. From these data it can be seen that doubling LlP from 20 to 40 MPa
hardly changes the column dimensions, but M p1 increase I.4-fold. At high allowed
pressure drops, i.e., when a sizeable film thickness is possible, the loadability is indeed
in general proportional to the square root of the inlet pressure.

In Fig. 3b, the calculations were made for various tm values and it can be seen
that the dr/de ratio for maximum M p1 again increases to 0.485 with increasing tm • The
value of Mpl increases by a factor of 4 on doubling tm , whereas the column dimensions
show an increase of dc, dr, de + 2dr and L (Table II).

In Fig. 3c, the calculations were made for various N values and it can be seen that
the dr/de ratio for maximum Mpl increases only from 0.475 for N = 3 . 105 to 0.495 for
N = I . 105. In this instance Mpl increases 16.5-fold, whereas de and L increase by the
square root of 3 and dr increases 1.8-fold (Table II).

As an example, these calculations show that when a plate number of 3 . 105 is
needed, a pressure drop of 20 MPa can be allowed in combination with a dead time of
1000 s (an analysis time of 4000 s), and with maximum loadability this will result in the
following column system: coat a 3.9 m x 9.6 /lm I.D. capillary with a porous support
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Fig. 3. Mass loadability Mpi (pg) versus dr/do ratio for the liquid-liquid system. (a) N = 3 . 105, 1m = 1000
sandvariousLlPvalues:1:I =2;+ =5;0 =10;6 =20; x =40;'7= 100MPa.(b)N=3·105,LlP =
20 MPa and various 1m values: 1:1 = 250; + = 500; 0 = 750; 6 = 1000; x = 1500; '7 = 2000 s. (e) 1m =
1000 s, LIP = 20 MPa and various Nvalues: EI = 1 . lOs; + = 1.5 . 105; 0 = 2 . 105; 6 = 2.5 . 105; x =
3 . 105; '7 = 5' 105.

layer and generate on this column a liquid-liquid system with a film thickness of 2.3
).lm. The maximum loadability will be 680 pg of a solute with k' = 3. From Fig. 3a--<:
for the liquid-liquid system the following conclusions can be drawn: changes in Nand
tm have a very strong and strong influence, respectively, on M p1; changes in L1P has

a weak influence on Mph approximately by .JL1P; the arbitrary upper limit of a 20%
increase in C is an acceptable limit, but at maximum Mp1 for the liquid-liquid system
a 60% contribution of the mass-transfer term gives a better compromise; the plate
height equation for the liquid-liquid system is h = 2/v + 0.133v; and M p1 increases, as
expected, with a decrease in efficiency or with an increase in analysis time or pressure
drop.

Silicone system
The optimization procedure was also carried out with the silicone system. The

resulting plots were similar to those for the liquid-liquid system. The dependences of
M p1 on N, tm and L1P are identical for both phase systems, only the dr/de ratio and the
obtained M p1 values being different. In Fig. 4, which can be compared with Fig. 3a, it
can be seen that M p( and the dr/de ratios are about ten times smaller for the silicone
system than for the liquid-liquid system. This can be explained by the difference in the
diffusion coefficients in the stationary phase for the two phase systems; in eqn. 2 (Fig.
I), (\ depends on the square root of the diffusion coefficients. In Table II the column
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Fig. 4. Mass loadability M pi (pg) versus dr/do ratio for the silicone system with N = 3 . [0 5 , 1m = 1000 sand
various LlP values: • = 2; + = 5; 0 = [0; 6 = 20; x = 40; 'V = 100 MPa.

dimensions for the maximum M p1 are listed and it can be seen that the main differences
between the two phase systems are found in drand de + 2dr, which amount to a factor
of 10 and 1.7, respectively. The other column dimensions are almost the same. The
plate-height equation for LlP = 20 MPa is h = 2/v + 0.115v, which is an increase in
C of about 50%.

From Fig. 4, it can be concluded that: the use of a phase system with a very small
diffusion coefficient in the stationary phase is, as expected, unfavourable with respect

to mass loadability, roughly in proportion to the expression .J(DsdDsz), and the
dependence of N, tm and LlP on M p1 is identical with that for the liquid-liquid system.

Monolayer system
The optimization procedure shown in Fig. I cannot be used for mass-loadability

optimization for the monolayer system. The flow chart had to be changed, because the
thickness of the monolayer cannot be varied and there is one degree of freedom less.
The pressure drop LlPwas chosen as the scanning parameter with various tm values and
N = 3 . 105

. M pl was calculated using the equation

(8)

In Fig. 5 it can be seen that (i) M pl is about 2 . 106 and 2 . 105 times smaller than in the
liquid-liquid system and the silicone system, respectively, (ii) M pl increases continu
ously with increasing LlP and (iii) doubling tm increases M pl 2.7-fold (Table II). In
Table II, the column dimensions for LlP = 20 MPa and tm = 1000 and 2000 s are
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Fig. 5. Mass loadability M p( (fg) versus I1P for the monolayer systen with N = 3 . 105 and for various 1m :

C = 250; + = 500; 0 = 750; /':, = 1000; X = 1500; V = 2000 s.

listed. L and de increase by the same factor on doubling tm and are hardly different
compared with the other phase systems. Finally, it can be noted that Mpl increases
enormously if a stationary layer or film is applied in the capillary and therefore in our
opinion columns should be prepared with stationary phases with suitable thickness.

Column dimensions
In Fig. 6a and b, the column dimensions for the liquid-liquid and silicone

systems, respectively, are shown. It can be seen that the plots of L and de are almost
identical for the two systems (except for the differing horizontal scales), whereas for dr
and de + 2dr a large difference is observed. The maximum length of the columns is
about 5 m for the fixed input specifications. Fo{ the liquid-liquid system de + 2dr has
a maximum at dr/de = 0.55 and the maximum for dr is at dr/de = 1.2; for the silicone
system these maxima are at dr/de = 0.01 and 0.145, respectively.

Eluting concentration
In Fig. 1, Cm can be calculated with eqn. 7 and in Fig. 7a and b Cm is shown for

the liquid-liquid and silicone system, respectively. The results of our calculations show
that Cm can be influenced only by N and the dr/de ratio, and not by AP and tm . This can
be explained by eqn. 7, in which Cm depends only on the reciprocal square root of
N and the phase ratio, and the latter can be expressed as a function of dr/de. The value
of Cm varies in proportion to the reciprocal of the square root of N, and Cm increases
continuously with increasing dr/de. In Table II, Cm is listed at maximum M pl and it can
be seen that Cm is 14.4 times smaller for the silicone system than the liquid-liquid
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system. This demonstrates again the importance of having a high diffusion coefficient
in the stationary layer. In Fig. 7a the curve of Cmis linear from dc/de = 0 to 0.1, and in
this region the phase ratio can be approximated by 4 times the dc/de ratio, but for larger
dc/de ratios the phase ratio had to be calculated with 4 times dc/de + (dc/de)2. For the
liquid-liquid system only the latter equation for the phase ratio had to be used.

Dependence of Cm and the maximum M p [ on the efficiency
As mentioned above, Cm and the maximum M p1 depend very strongly on

the efficiency. The maximum M p1 and subsequently Cm were calculated for the
liquid-liquid system and the silicone system for N = I . 104-1 . 106

. In Fig. 8 it can be
seen that the two curves are identical for both systems, but M pl for the liquid-liquid
system is about ten times larger than that for the silicone system. In this plot it is
obvious that the loadability is extremely sensitive to the number of plates needed in the
chromatographic system. Increasing N means a decrease in M pI; an increase in N of one
order of magnitude gives a decrease in M p1 of three orders of magnitude.

In Fig. 9 it can be seen that for Cm, at maximum Mph the same conclusion as .
mentioned above can be drawn, except that Cm for the liquid-liquid system is about 15
times larger than that for the silicone system. An increase in N by a factor of 10
decreases Cm by a factor of the square root of 10.

Packed capillaries versus open-tubular columns
It is interesting to compare the loadabilities obtained with those obtained with

the so-called micro-packed capillaries. Such columns, as studied by Novotny and
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Fig. 8. Maximum mass loadability M pl (pg) on a log scale versus N for the liquid-liquid system and the
silicone system, with 1m = 1000 sand LlP = 20 MPa.
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co-workers25- 27 and more recently by Kennedy and Jorgenson 28, aim at the
realization of higher speeds and accessible plate counts by exploiting the smaller
packing density and associated better permeabilities and separation impedances. The
value of the latter may also be significantly improved by the smaller h values [down to
1 (ref. 28)], giving an additional improvement of a factor of 4. Altogether, separation
impedances E = h2 cp as low as 500 have been observed28 ,29. The open-tubular
columns found in this work to be optimum have E values (e.g., the second entry in
Table II) of 32 . h2 = 220, i.e., in the same range.

The mentioned kinetic performance ofmicro-packed capillary columns can only
be realized if the ratio of the particle to the tube diameter is very low, of the order of 5.
As particle sizes of about 5 J1m are indicated, a tube diameter of 25 J1m is a good
average ifE values of 500 are to be obtained. The sample capacity is therefore also very
low and it will be compared with our results.

The first point is to find the operating point generating 3 . 105 plates in 1000
s (tm)' With dp = 5 J1m and Dm = 10- 9 m2(s, this condition indicates that H(v =
0.0033 s = d~(Dm . h(v, i.e., h(v = 0.132. Taking one of Kennedy and Jorgenson's
columns (Fig. 3a in ref. 28), one can intersect the h = 0.132 vline with the observed h-v
dependence. One then finds hoper ~ 1.3, voper = 10 (21-J1m de column). In such
a column, having the required kinetic performance, the volume of porous silica in one
plate is

n(4'd;Hf,si02= n(4'd~hdpf,Si02 = 1.4" 1O- 15 m 3

(with de = 21 J1m, dp = 5 J1m and CSi0
2

= 0.6).
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In the open-tubular LC column, the second entry in Table II, we have a volume
of porous silica in one plate of

(with H = 12.9 pm, db = 9.56 pm and de = 4.90 pm).
It follows that the mass loadability when the surface areas in both types of silica

are the same differ by only a factor of two. The conclusion is that the range of
application, detection and injection problems, etc., will be virtually the same for both
types of chromatography. A similar conclusion was also drawn by Guiochon30

.

However, open-tubular LC colunns have much greater potential for further kinetic
improvements on further miniaturization. On the other hand, it has to be admitted that
Kennedy and Jorgenson 28 demonstrated their type of columns experimentally, while
the thick-film 5-pm open tube, entry 2 in Table II, has not yet been realized.

CONCLUSIONS

Changes in Nhave a very strong influence on Mpb whereas changes in tm and L1P
have a strong and a weak influence, respectively, on M pl ' A lO-fold increase in Nmeans
a decrease of a factor of 1000 in Mpl '

The maximum column length for the fixed input specifications is about 5 m for
all the mentioned phase systems.

The dr/de ratio at maximum loadability for the liquid-liquid system IS 10 times
larger than for the silicone system, which can be explained by the expression

.J(DstiDd. The use of a phase system with a very small diffusion coefficient in the
stationary phase is unfavourable with respect to mass loadability.

The plate-height equation for the liquid-liquid system at maximum M pl is h =
2jv + 0.133v and for the silicone system h = 2jv + 0.115v. This is an increase in C of
60% (the liquid-liquid system) and 50% (the silicone system) compared with C for
very thin films (h = 2jv + 0.08v).

The monolayer system has a Mpl which is about 2 . 106 smaller than that for the
liquid-liquid system.

Cm can only be influenced by the dr/de ratio and N. For the liquid-liquid system
Cm is about 15 times larger than for the silicone system.

The calculated Mpl of a 21-pm I.D. micro-packed capillary column and an
open-tubular LC column (second entry in Table II) are in the same range. However, it
should be pointed out that the thick-film 5-pm open-tubular LC column has not yet
been realized.

SYMBOLS

diffusion coefficient in the mobile phase (Dm = I . 10- 9 m2 js)
diffusion coefficient in the stationary phase (liquid-liquid system,
D s = 5' 10- 10 m2 js; silicone system, D s = 7' 10- 12 m2 js)
diameter of the cross-section of the mobile phase in the column (pm)
film thickness of the stationary phase (pm)
reduced plate height
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N
t1P
v

C(OH(s)

F(k')m, F(k')s
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correlation chromatography

M. ENGELSMA, W. Th. KOK and H. C. SMIT*

University of Amsterdam, Laboratory for Analytical Chemistry. Nieuwe Achtergracht 166, 1018 WV Am
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SUMMARY

Electrochemical concentration modulation (ECM) was used as a sample in
troduction technique in the correlation chromatographic (CC) trace determination of
phenol in water. The linearity and sensitivity of the method were tested and detection
limits were calculated. The selectivity of the technique was confirmed by comparison
with loop injection experiments using several detection methods. In preliminary ex
periments is was found that ECM-CC, in combination with fluorescence detection, is
selective and sensitive enough to be used for the monitoring of the phenol concentra
tion in river water at the draining points for drinking water production.

INTRODUCTION

Water from polluted rivers, such as the Rhine, is used to feed buffer reservoirs
as a first step in the production of drinking water. As the quality of river water is not
constant, continuous monitoring at the draining point is necessary to maintain an
acceptable initial purity. Phenols are important pollutants of river water, being degra
dation products of many organic compounds, such as pesticides used in agriculture,
and waste products from a variety of chemical industries!

A large number of high-performance liquid chromatographic methods for the
determination of phenols have been reported. However, most of them circumvent
phenol itself and otherwise detection limits for phenol are relatively high. In general,
this is caused by the inability to effect a satisfactory preconcentration of the polar
phenol on apolar materials. Additionally, the fast-eluting phenol will often coelute
with other polar compounds. EEC regulations2 require phenol concentrations in
water intended for human consumption to be less than 5.3· 10- 9 mol/I. A method for
phenol monitoring at the draining point in a river should therefore have a sufficiently
low detection limit in addition to allowing continuous analysis. Because of the com
plexity of environmental water samples it should also be selective.

Nielen et al. 3 reported a sophisticated method involving two successive pre
concentration and clean-up steps on a large hydrophobic precolumn and an ion-

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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exchange column, after which the actual separation took place on a reversed-phase
column employing fluorescence detection. The limit of detection (LOD) for phenol
was 1.1 . 10- 10 molil. Although the experimental setup used was fairly complicated
(two pumps, three electrically actuated valves, three precolumns, a switching unit, a
programmer), it was fully automated and reasonably selective. Laeven et al. 4 report
ed a correlation chromatographic method using fluorescence detection for the deter
mination of phenol, achieving an LOD of 3.2· 10- 11 molll in a 80-min experiment.
The equipment was not very suitable for routine analysis, however, and the selectivity
was only determined by the fluorescence detector.

Rennie and MitchellS proposed an elegant method involving dual-electrode
electrochemical detection without preconcentration, with a detection limit of 3.6 .
10- 10 molll for phenol. Here the detection method provides the selectivity and the
method can be automated. Borra et a/. 6 combined preconcentration on a graphitized
carbon black cartridge column and not very selective UV detection at 280 nm, which
produced an LOD for phenol of 2.7· 10- 9 molil. Bigley and Grob 1 used a selective
post-column reaction with 4-aminoantipyrine with UV detection at 509 nm and re
ported an LOD of 5.3 . 10- 6 molll without preconcentration. Another reaction
detection method was proposed by de Ruiter and co-workers7,8, involving off-line
dansylation, post-column photolysis and fluorescence detection.of the reaction prod
ucts, which gave a lO-fold gain in fluorescence intensity compared with phenol itself.
However, the method is difficult to automate.

This paper describes a method that can be used for the continuous selective
monitoring of phenol in river water. A relatively simple experimental set-up is needed
and the method has sufficient sensitivity and high selectivity compared with the meth
ods mentioned above. Further, the method can be automated without much effort.

Electrochemical concentration modulation
The principle of electrochemical concentration modulation (ECM) correlation

chromatography (cq was described previously9,lO. A coulometric cell is placed in
front of the separation column (Fig. 1). Using computer control, an alternating po
tential is applied to the working electrode while the sample-eluent mixture flows
through the system continuously. When the upper and the lower potential are chosen
to be above and below, respectively, the half-wave potential of the compound of
interest, sample introduction takes place when the electrode potential is at the lower
level, whereas the compound is completely oxidized at the upper level. The resulting
detector signal will be a superposition of a number of chromatograms shifted in time.
As the method is basically a correlation chromatographic method 11, the potential is
modulated according to a pseudo-random binary sequence. In that case the detector
signal can be deconvoluted by cross-correlating with the modulation pattern. The
resulting correlogram resembles the corresponding chromatogram but will have a
better signal-to-noise ratio because of the multiplex advantage12

,13. The selectivity,
however, is also enhanced as only compounds having half-wave potentials in the
modulation region will appear.in the correlogram. So far the selectivity of the method
is the same as that of a dual-electrode determination. However, an additional selec
tivity dimension is provided by the detector. The only constraint is the detectability of
the compound of interest or of an electrochemical reaction product. Amperometric
and fluorescence detection were compared in this work.
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Fig. I. Experimental set-up for ECM-CC. The eluent contains the sample. M is the modulator-potentio
stat combination.

EXPERIMENTAL

Modulation CC
An ESA Model 5021 conditioning cell, capable of withstanding 80 bar back

pressure, was used as the modulator cell. A potentiostat (Princeton Applied Re
search, Model I74A) supplied the potential to the porous graphite working electrode.
The potentiostat was externally controlled by an intelligent ADC/DAC interface
(Cambridge Electronic Design, Model 1401) connected to a microcomputer (Acorn,
Model BBC Master). The detector signal was sampled synchronously with the same
interface. The control software was developed in our laboratory. Cross-correlations
were performed off-line on a Hewlett Packard HP 9000 Model 300 computer.

Injection sequences consisting of63 or 511 clock periods (cp) of 10 s each were
used to modulate the electrode potential. The modulation interval was selected by
monitoring the fluorescence intensity as a function of the modulator cell working
electrode potential after 20-pl loop injections of 10 - 6 mol/l phenol dissolved in the
eluent. The fluorescence intensity decreased to half its original value when the elec
trode potential was 0.4 V with respect to the reference electrode of the modulator cell.
A modulation interval of - 0.1 to 0.9 V was used although a smaller interval was
equally applicable.

Chromatography
An Applied Biosystems Model SF400 pump equipped with a liquid pulse

damper delivered a constant eluent/sample flow of 0.60 ml/min. A Rheodyne in
jection valve with a 60-plloop was used for the loop injection experiments. A 0.2-pm
carbon filter (ESA) and a 0.5-pm metal in-line filter (Upchurch Scientific) preceded
the modulator cell to prevent clogging of the porous working electrode. The metal frit
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was placed between the carbon filter and the ceJl because the carbon filter was found
to release smaJl particles of carbon in an eluent containing acetonitrile.

A 100 mm x 4.6 mm J.D. stainless-steel column was used, fiJled with Hypersil
ODS (5 /lm) particles. The plate number was ca. 2000.

Chemicals and solutions
Analytical-reagent grade chemicals were used unless indicated otherwise.
The eluent was acetonitrile (Rathburn, HPLC-S grade)-aqueous buffer (pH 4)

(30:70, v/v). The buffer solution contained 0.05 molll acetic acid (Merck), adjusted to
pH 4 with concentrated sodium hydroxide solution (Baker, Analyzed Reagent), and
0.05 molll potassium nitrate (Janssen Chimica). Acetonitrile was filtered before mix
ing with the buffer using a 0.5-/lm PTFE membrane filter (MiJlipore, type FH). The
buffer solution was filtered over a 0.2-/lm membrane filter (Sartorius, cel1ulose ace
tate, type 11107).

Canal water, obtained from the Nieuwe Achtergracht in Amsterdam, was fil
tered over a 0.5-/lm membrane filter (Millipore type AA), acidified with glacial acetic
acid up to 0.05 molll and adjusted to pH 4.0 by addition of concentrated sodium
hydroxide solution. Potassium nitrate was dissolved (0.05 mol/l) and the solution was
filtered a second time using the O.22-/lm ceJlulose acetate filter. For the recovery
experiment the canal water was spiked with phenol up to a concentration of 1.38 .
10- 8 moili. Stock solutions for the calibration experiments were made starting from a
10- 3 molll phenol solution in acetonitrile. Subsequent diluted solutions were made
using the standard eluent.

Detection
A Perking Elmer LS-4 fluorescence detector, equipped with a 3-/l1 flow cell,

operating at an excitation wavelength of 270 nm and an emission wavelength of 299
nm with 10-nm slits, was used. Optimum excitation and emission wavelengths were
obtained by measuring the excitation and emission spectra of a 10- 6 molll phenol
solution in the eluent.

Electrochemical detection was performed using a cell (Bioanalytical Systems)
equipped with a glassy carbon working electrode and an AgiAgCl reference electrode.
The detection potential of 1.1 V was applied by a potentiostat (Bioanalytical Systems,
Model LC-4). The optimum detection potential was obtained by measurement of a
hydrodynamic voltammogram. The electrochemical detector was equilibrated over
night at the detection potential, allowing for the background current to settle. The
UV detector (Waters Assoc., Model 441) used during the loop injection experiments
was operated at 254 nm.

RESULTS AND DISCUSSION

Time constant and ghost peak
In a previous paper it was reported that the use of a chemical concentration

modulator in CC can result in the appearance of ghost peaks in the correlogram 1o.

Theoretically, ghost peaks are caused by reproducible injection errors resulting in
erroneous injection patterns decomposable into shifted andlor inverted versions of
the ideal injection pattern14

. Physico-chemicaJly the origin lies in the symbiotic action
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of the time constant of the modulator and the position and size of the modulation
interval relative to the response of a particular compound as a function of the mod
ulation force.

In ECM-CC, the RC circuit constructed by the double-layer capacitance at the
surface of the working electrode and the residual resistance between the working
electrode and the reference electrode are responsible for the time constant of the
modulator cell. The relative position of the half-wave potential of the analyte in the
potential interval used is the other part of the potential ghost peak generator.

This problem can be solved in a number of wayslS. In this work we used used a
fast modulator cel1 and favourable eluent conditions such as a low viscosity (aceto
nitrile as modifier), a substantial salt concentration (0.1 mol/I) and a background
electrolyte consisting of ions with a high mobility (potassium nitrate).

In the ESA Model 5021 conditioning cel1, counter and reference electrodes are
placed on both sides of the porous graphite electrode, which results not only in a more
homogeneous working electrode potential but also in a smal1er residual resistance.
This should lead to an appreciable decrease in the time constant of the cel1 relative to
the ESA Model 5020 guard cel1 used in the previous investigation, where the counter
and reference electrodes are positioned on the upstream side of the working electrode.

In our previous work, the best fit to the decay rate of the current response after
the application of a potential step was accomplished using the sum of two exponen
tials as a fit function. Although the physical meaning of the two associated time
constants is not clear, their values can be used as a measure of the speed of the
modulator cell.

The time constants for both cells were determined using the same experimental
conditions. We found for the conditioning cell values of 0.11 and 0.98 s and for the
guard cell 0.16 and 3.9 s. The weight factors of the corresponding exponentials were
almost the same for both cells. The lowest time constants are probably limited to
some extent by the electronic circuits used in collecting the data. It is clear that the
conditioning cell is considerably faster. Fig. 2 shows the charging currents for both
cells as a function of time after the potential step. In the correlogram only a tiny,
so-called A3 ghost peak could be detected at a "retention time" of 170 s when a
63-unit injection sequence was used. This type of ghost peak disappears after sub
traction of a correlogram originating from the inverted (high-level potential becomes
low-level potential and vice versa) modulation pattern. This is shown in Fig. 3. Fine
tuning of the modulation interval would also result in the disappearance of this ghost
peak 10

. The standard modulation pattern results in a negative phenol peak because a
high electrode potential corresponds to a negative injection.

Sensitivity
Calibration graphs were recorded for loop injection and ECM-CC experiments

using both electrochemical and fluorescence detection. The standard deviation of the
baseline noise in the resulting chromatograms and correlograms was used as a mea
sure of the uncertainty in the determinations. The calibration graphs are shown in
Fig. 4. The dashed lines represent three times the standard deviation (30') of the
baseline noise. The crossings of the dashed and solid lines are a measure of the
detection limit according to the 30' criterion.

Al1 points on the calibration graph for the ECM-CC experiment with electro-
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Fig. 2. Decay curves of the charging current after the application of a - 0.2 to 0.8 V potential step to the
Model 5020 guard cell (solid line) and the Model 5021 conditioning cell (dashed line). Experimental
conditions as described.

chemical detection in Fig. 4c result from a 63 cp injection sequence. Each injection
period lasts lOs. The result for the standard solution containing the highest phenol
concentration (8.48 . 10- 6 mol/I) is not plotted on the calibration graph because
during the measurement the surface of the glassy carbon working electrode became

0
~
<Il
C
.l!l

200.~

8 -50
c
Q)
0
<Il

~150~
0

-E-l00 c
.l!l
.~

a 100 200 400 500
Q)

0 300 600 0

time [5] c
8 100
<Il
~

~100
0
:J

'0; q:::

c
50

~
Q)
0
Iii 50
0
<Il

0~
0

I:J
q:::

0 0 100 200 300 400 500 600

b 0 100 200 300 400 500 600 C time [5]
time [5]
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modulation pattern. (c) Subtraction of (a) from (b); the ghost peak disappeared.
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Fig. 4. Log-log calibration graphs using (a) loop injection and electrochemical detection; (b) loop injection
and fluorescence detection; (c) ECM-CC and electrochemical detection; (d) ECM-CC and fluorescence
detection. Solid lines are the calibration graphs. Dashed lines are 3"b,,";no no;" curves. Solid symbols in the
ECM-CC experiments were from 63 cp injection sequences (II min); open symbols from 511 cp sequences
(80 min). Statistical data are given in Table 1.

covered with a polymeric phenol film, causing a rapid decrease in sensitivity. The
polymeric film had to be removed by polishing the surface with a diamond powder
slurry.

The points denoted by the open circles on the calibration graph for the ECM
CC experiments with fluorescence detection were measured using a 511 cp injection
sequence to lower the detection limits. For higher concentrations it is not necessary to
use long injection sequences and for the highest concentrations loop injections will do
as well in terms of signal-to-noise ratio. The points with the solid symbols were
recorded using a 63 cp injection sequence.

ECM-CC results were normalized to give peak heights comparable to those in
loop injection experiments; only the noise is significantly reduced, as can be seen from
the figures.

Table I lists the statistical data for the calibration graphs shown. The cali
bration graph obtained for the ECM-CC experiment using electrochemical detection
is reasonably straight over three orders of magnitude. With fluorescence detection the
linear range spans four orders of magnitude. Table II lists the detection limits for
ECM-CC and loop injection experiments. Also, a factor describing the measured and
theoretical values for the gain in signal-to-noise ratio at phenol concentrations near
the detection limit is given for the correlation experiments with respect to the corre
sponding loop injection experiment.
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TABLE I

STATISTICAL DATA ON LOG-LOG CALIBRATION GRAPHS

Regression Experiment"
analysis

L/EC L/FI CC/EC CC/Fl

Lowest concentration (mol/I) 1.4· 10- 8 1.4 . 10- 8 6.8' 10- 9 1.4 . 10- 9

Highest concentration (mol/I) 8.5' 10- 6 8.5 . 10- 6 4.2' 10- 6 8.5 . 10- 6

Number of points 7 7 7 9
Intercept 7.41 7.18 7.14 7.20
Slope 0.99 0.98 0.93 0.96
Coefficient of determination 0.999 0.999 0.999 0.998
Standard error of y estimate 0.04 0.03 0.02 0.05
Standard error of slope 0.02 0.01 0.01 0.01

" L = loop injection; CC = correlation chromatography; EC = electrochemical detection; FI =
fluorescence detection.

As the long-term baseline stability of the fluorescence detector was much better
than that for the electrochemical detector, the former was chosen for the 511 cp
ECM-CC experiment. As can be seen in Table II, an 80-min ECM-CC experiment
with fluorescence detection results in a lowering of the detection limit by a factor 11,
which is in agreement with the theoretical value.

The detection limit achieved is sufficient for the desired determination of phenol
in river water. It is striking that the noise in both the loop injections experiments and
the ECM-CC experiments increases when higher concentrations of phenol are used.
This means that the signal-to-noise ratio becomes constant at higher phenol concen
trations.

TABLE II

ESTIMATED DETECTION LIMITS" AND SIGNAL-TO-NOISE GAIN FACTORSb

Experiment' Sequence No. of LODd Gain factor
length (cp) injections (mol/I)

Experimental Theoretical

L/EC I 1.0· 10- 8

L/FI I 1.4· 10- 8

CC/EC 63 32 2.3' 10- 8 4 4
CC/Fl 63 32 3.2. 10- 9 4 4
CC/FI 511 256 1.2 . 10- 9 II 11

" Three times the standard deviation of the baseline noise, calculated over 300 points.
b Ratio of estimated detection limits of loop injection experiments and corresponding CC experi

mental values. Theoretical values are calculated using signal-to-noise gain = '12)n, where n = sequence
length16

, See Table I.
d Concentrations in the eluent.
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Selectivity
The selectivity enhancement achieved when using ECM for sample introduc

tion was tested using ECM-CC with fluorescence detection and comparing the results
obtained for canal water with those obtained by loop injection using various detec
tors. As the canal water contained a trace of phenol there was no need to spike the
sample solution at this point. Fig. 5a--e show the chromatograms after injection of 60
,ul of filtered canal water prepared as described under Experimental, using (a) UV
detection (b), electrochemical detection and (c) fluorescence detection. The last meth
od is obviously the most selective but not the most sensitive. Fig. 5d shows a corre
logram of the same sample-eluent solution, obtained using ECM-CC with fluores
cence detection. Clearly the phenol peak at 225 s is enhanced with respect to the signal
at 70 s when the intensities are compared with the chromatogram in Fig. 5c. Further,
the decrease in baseline noise is clear.

Phenol in canal water
As was observed previously, the canal water contained a trace amount of phe

nol. To check for the losses during the filtration steps, the canal water was spiked with
phenol such that the additional concentration became 1.38 . 10- 8 mol/I. After the
correlation experiments the difference between the peak heights of the unspiked and
the spiked correlograms was used to calculate the phenol recovered. The recovery was
78% (single experiment). The phenol concentration in the sample-eluent when cor
rected for the recovery was 2.1 . 10 - 8 mol/I. As only 70% of the eluent consisted of
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Fig. 5. (a-e) Chromatograms and (d) a correlogram for a canal water sample. Phenol elutes at 230-240 s.
The selectivity increases in the order (a) UV detection, (b) electrochemical detection, (c) .fluorescence
detection and (d) ECM-CC with fluorescence detection.
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canal water, the phenol concentration in the pure canal water sample was calculated
to be 3.0 . 10- 8 mol/I.

CONCLUSION

The selectivity of the method compares well with those of the methods men
tioned in the Introduction. The sensitivity is sufficient but certainly not the best. The
reason for this is partly that almost no optimization was attempted. The column used
was not very efficient (2000 plates), the excitation source of the fluorescence detector
was old and noisy and the electrochemical detector used was not very sophisticated. A
coulometric detector would be preferable in phenol determinations because of the
formation of a polymeric layer on the electrode surface. However, in comparison with
the loop injection experiments the gain in signal-to-noise ratio is according to the
theory in most instances, so the use of more sensitive detectors may lower the detec
tion limits even more. Although the ECM-CC technique was used here to determine
only phenol, it can also be used for substituted phenols provided that their half-wave
potentials are compatible with the modulation interval used.
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SUMMARY

A prototype expert system was built which gives advice on the liquid chroma
tographic conditions for the analysis of basic compounds. In the validation process,
the correct implementation of the knowledge and the advice' of the expert system on
real samples has been checked. For more than 50 compounds, the consultation of the
expert system resulted in 75% correct proposals. Rules have been implemented to
guide the operator in case the first proposal results in retention times that are not in
the desired range.

INTRODUCTION

Several groups are working on the applicability of expert systems in (liquid)
chromatographyl-7, which indicates a broad interest both from industry and uni
versities in these types of computer systems. Within ESPRIT (European Strategic
Programme for Research and Development in Information Technology), a pro
gramme supported by the EEC, a group of scientists is working on a joint project,
"Application of Expert Systems in Chemical Analysis" (ESCA)8. The aim of this
project is to demonstrate the applicability of expert systems in high-performance
liquid chromatography (HPLC), particularly applied to pharmaceutical analysis.
This project covers the whole field of method development. The scheme shown in Fig.
I became the basis of our work within ESCA. Based on this scheme, four different
stand-alone expert systems were developed9-12.

The selection of the initial HPLC conditions, which is the first step in method
development (Fig. 1), requires specific knowledge and expertise. For example, several
studies 13 are directed at finding the relationship between chemical structure and chro
matographic retention. Further, the chromatographic behaviour of basic pharmaceu
tical substances in HPLC is strongly influenced by the type of column packing, the

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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Fig. I. Outline of an integral expert system for method development in HPLC. This paper concerns the
initial method selection and retention optimization.

pH of the mobile phase and the concentration and type of buffer ions. This results in
many choices to be made by the chromatographer.

In order to assist the chromatographer, an expert system has been developed
for the selection of initial HPLC conditions ll . On the basis of HPLC data for about
600 different Organon compounds and literature data, rules were defined and a
knowledge base was built. The knowledge was implemented in KES (Knowledge
Engineering System; Software A&E Architecture), a mid-sized expert system shell
which runs on an IBM-PC.

In this paper we present details on the implementation of chemical knowledge
and the validation of the expert system. Attention is also focused on the necessity to
expand the chemical knowledge. This will be required when this expert system has to
be combined with the expert systems on selectivity and system optimization to form a
single, integrated expert system for method selection.

DESCRIPTION OF THE EXPERT SYSTEM

The present expert system, also called DASH (Drug Analysis System in HPLC)
was originally developed as a first-guess system for method selection and retention
optimization of basic drugs. The system is used in the purity control of drugs, syn
thesized within Organon, and predicts conditions for isocratic elution only.

In the first step of drug development, a large number of compounds are syn
thesized. Before these compounds are screened in pharmacological tests, they are
subjected to HPLC analysis to check their purity. As most of these compounds are
submitted for analysis only once, optimization of either the selectivity or the analysis
time is not required. However, the "first-guess" HPLC conditions should preferably
result in capacity factors (k') between 3 and 10 in order to obtain optimum resolution
in an acceptable time.

In a previous paper!!, data-flow diagrams are shown outlining the reasoning
process of this expert system. In the expert system rules are implemented on the
selection ofthe column dimensions, flow-rate, pH and detection wavelengths. Anoth
er important part of the chemical knowledge is the calculation of the percentage of
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methanol in the mobile phase in order to obtain a k' of about 5. To do so, the
chemical structure of a compound has to be broken down into structural elements.
Each element is linked to a percentage of methanol which can be positive or negative
and which can be pH dependent. The proposed mobile phase composition is based on
the calculation of the polarity of structural fragments that are not affected by the pH
and of fragments for which the polarity depends strongly on pH, viz., N-containing
groups. The final percentage of methanol is calculated by summing all contributions
which correspond with the structural elements. In order to prevent the expert system
from suggesting unrealistic percentages of methanol, constraining rules are also im
plemented.

IMPLEMENTATION, PROBLEMS AND SOLUTIONS

DASH is implemented in the expert system shell KES (Knowledge Engineering
System, Software A&E Architecture, release 2.4). The knowledge base operates on an
IBM PS/2 computer. No major difficulties were met in the implementation of the
knowledge of DASH.

However, some problems were observed in the use of the tool KES. Most of the
attention was focused on building classes, each with the appropriate variables, result
ing in a clear, frame-like structure. KES does not really allow splitting up the rule
base into different parts. By using clearly arranged classes and by defining the class to
which each rule applies, a splitting up of the rules has been achieved to a certain
extent.

The major difficulty is to provide a good user interface. Some questions, auto
matically introduced by KES, may result in some confusion for the user. It is not
possible to avoid this and the only way to make the output as clear as possible is to
choose understandable variable names.

Another disadvantage is that an answer given by the user cannot easily be
changed afterwards. When mistakes have been entered, the user has to stop the
consultation and to start it all over again. He can only change/correct previous an
swers when he knows the attribute names of the variables. In situations in which this
is really necessary, some actions can be defined so that control of the answers is
performed and questions can be reanswered. It is not a feature provided by KES, but
it must be built-in by the knowledge engineer.

TEST PROCEDURE

The advice of the expert system concerns the following items: column type,
column size (conventional or microbore), mobile phase (type and composition), flow
rate and detector. Ideally, the system should respond in such a way that a capacity
factor in the range 3-10 is obtained for the compound.

In order to consult the expert system, the following input is required: (i) charac
ter of the main component (e.g., quaternary N compound, salt), UV activity of the
counter ion; (ii) polarity of the (main) component; this information is obtained by the
expert system through a list of structural elements, which together comprise the mole
cule; (iii) impurities present (if applicable); this information can be obtained either
from the chemist or from an analysis with other techniques, e.g., NMR; (iv) availabil
ity of detector types.
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The following features are tested: (i) completeness, applicability and robustness
of the system (capability of handling incomplete or poor-quality data); (ii) quality
and consistency of the expert system advice; (iii) accuracy of the chemical knowledge
for the analysis of specific basic compounds in the estimation of the percentage of
methanol.

VALIDATION PROCESS

Approach
The validation procedure consisted of two processes: (i) validating the software,

i.e., the completeness and the robustness of the system, and (ii) validation of the
chemical knowledge by following the advice of the expert system for a large number
of CNS-active drugs. An expert system which is only suitable for specific Organon
compounds is limited. Therefore, in a later stage, during the evaluation process, the
suitability of the expert system for a broader range of compounds, viz., compounds
with pKa values between 3 and 10 (measured for the protonated compound), will be
tested.

The expert system was initially tested by the consultation of the system with
twenty reference compounds. It was verified whether the system gave the same advice
as the expert intended it to. In other words, the correct implementation of all the rules
and the correct functioning of the inference engine is controlled. The expert system
has been validated further by the analysis of more than 50 basic compounds. These
compounds are mainly CNS-active drugs and varied in pKa value from 5 to 9. Also,
some compounds were tested for which the chemical knowledge in DASH was ex
pected to be inadequate to give a correct first guess. The compounds were analysed on
a Nova-Pak CIS or a ,uBondapak CIS column at both pH 7.4 and 4.0. The buffer
consisted of a 0.05 M tetramethylammonium hydroxide buffer solution acidified with
concentrated phosphoric acid to pH 7.4 or 4.0. In order to obtain more analytical
information, the compounds were analysed preferably at three methanol percentages.
In this way, plots of log k' versus percentage of methanol could be drawn for all
compounds.

Pass/fail criteria
The system is considered to fail if: (1) no answer is obtained (software/hardware

failure); (2) a clearly incorrect answer is obtained, e.g., percentage of methanol out of
range; (3) the experimentally obtained capacity factor is outside the range 3 ~ k' ~
10.

In the first instance, the reason for the failure should be identified. If it is the
software, it should be identified whether it is due to a bug or to incorrect or missing
knowledge. In the second and third instances incorrect and/or missing knowledge
should also be identified. If possible, the system should be modified and, eventually,
rules should be altered and/or added.

RESULTS AND DISCUSSION

Validation of the implementation-
The c'orrect implementation of all the rules was tested in DASH (version 1.1) by
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checking all the possibilities suggested by the expert system and by entering wrong
and/or incomplete data. A few reasoning mistakes were found and, therefore, some
rules were changed. A general problem remains that when a wrong answer is entered,
the complete consultation has to be carried out again.

The consistency of the advice of the expert system was found to be good. In
order to improve the clarity of the advice, extra text was added in two parts of the
output. For example, when the user has only a refractive index detector available, a
suggestion is added on the necessary sample concentration.

Calculation of the percentage of modifier
The rules for calculating the percentage of methanol were implemented correct

ly. This was checked by consulting the expert system for twenty, nitrogen-containing
compounds, the structures of which varied considerably. We found that when an LC
expert, who is not familiar with organic chemical structures, consulted the system,
more than 50% of the structures were incorrectly translated into the structural ele
ments. Three suggestions were made which have already been implemented: (I) after
entering the structural elements, the total number of N, C, 0, Sand CI atoms is
shown on the screen; the number of H atoms will not be shown, because this cannot
be calculated; (2) if the user notices that a mistake has been made, e.g., when the
chemical formula is not correct (see 1), then it must be possible to reintroduce the
structural elements; (3) a concise user manual is necessary, in which it is explained
how a structure can' be translated into the structural elements.

The number ofstructural elements is still the subject of discussion. On the one
hand, it was found that some structural elements or groups were missing, e.g., F, Br
and C = S. Moreover, there is also the need for more structural elements to express
differences in types of nitrogen-containing moieties (see below). On the other hand,
the system should remain practical. This means that all structural elements must
preferably be shown on one screen and the user should not become confused by too
many choices. In conclusion, the number of structural elements must be restricted to
(i) the possible atoms, (ii) regularly appearing small groups and (iii) small groups
which strongly influence the polarity of a compound.

The best alternative would be to use a system by which the complete chemical
structure can be entered. We are now studying the use of DARC, a computer pro
gram for the storage and retrieval of chemical structures developed by TeJesysteme
(Paris, France). A small additional program was written for DARC, in which the
available structural elements are defined. The link between DARC and DASH is now
off-line, i.e., the DARC system only generates a list of structural elements, and not yet
on-line. Using a DARC-DASH coupling there is no obvious limitation to the avail
able number of structural elements while the user-friendliness is clearly improved.

Accuracy of the chemical knowledge
The accuracy of the chemical knowledge for calculating the percentage of meth

anol was investigated by analysing more than 50 compounds synthesized at Organon
(most of them both at pH 7.4 and 4.0). The compounds were all analysed at least at
two different percentages of methanol, so that two or more data points were obtained
with k' values larger than 3. The percentage of correct answers, the average difference
in the percentage of methanol found experimentally for k' = 5 and the percentage
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suggested by the expert system, and the slope of log k' versus percentage of methanol
are shown in Table 1.

Most of the compounds studied were analogues of the compounds shown in
Fig. 2A. For these types of compounds a good score of more than 75% was obtained
in all instances. Generally, the results were slightly better at pH 7.4 than at pH 4.0.
Also, compounds were analysed with structural moieties such as those shown in Fig.
2B. For these types of compounds additional nitrogen-containing structural elements
have to be defined in order to improve the accuracy of the expert system advice,
especially at pH 4.0.

More meaningful are the data on the differences between the experimental
percentages of methanol and the results of DASH. The average difference can, if
necessary, be reduced by changing the starting level ("zero level") of the methanol
percentage. The standard deviation on the average difference illustrates the accuracy
of the expert system. These data can also be translated into selectivity (IX) values.
Using the average slope of the log k' versus methanol percentage curve for a Nova
Pak Cts column at pH 7.4, an average k' of 5.2 is calculated. Further, it can be
calculated that the criterion 3~ k' ~ 10 corresponds to an allowable variation in the
percentage of methanol of + 5 and -7%.

Limitations to the accuracy of retention optimization
Although this is not really part of the validation process, it is important to

describe the expected accuracy of the system. There are some factors which cause
small changes in retention behaviour, such as (i) column-to-column reproducibility,
(ii) changes in the pH of a solution when methanol is added and (iii) shifts in pKa

values of compounds with variation in the percentage of methanol. However, these
factors can usually be kept under control in practice.

More serious problems are encountered with isomers, e.g., cis-trans isomers.

TABLE I

VALIDATION OF THE CHEMICAL KNOWLEDGE FOR THE CALCULATION OF THE PER
CENTAGE OF METHANOL (%M) IN THE MOBILE PHASE

Column No. of % good score % M expo - DASH Slope of log k' Vol.

compounds (3~X~JO) ± S.D.' %M ± R.S.D.'

Nova-Pak C,8

pH 7.4 24 87 0.5 ± 4.3 -0.044 ± 12%
pH 4.0 23 78 1.6 ± 4.8 -0.041 ± 18%

IlBondapak C,8

pH 7.4 [7 88 0.3 ± 4.7 -0.036 ± 10%
pH 4.0 17 76 0.3 ± 8.6 -0.030 ± 11%
pH 4.0 15" 87 -2.1 ± 4.8

Nova-Pak CI8

pH 7.4 12' 75 -0.5 ± 5.1 -0.044 ± 16%
pH 4.0 5' 40 9.2 ± 8.5

" Deleting two outliers from the previous result.
• Miscellaneous drugs with N-containing moieties as shown in Fig. 2B.
, S.D. = Standard deviation; R.S.D. = relative standard deviation; %M expo - DASH = differ

ence in %M found experimentally for k' = 5 and suggested by the expert system.
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Fig. 2. Chemical structures of (A) three Organon compounds and (B) three structural elements.

The expert system does not take stereochemical effects into account, although differc

ences in the required methanol percentages can easily amount to 5% for cis-trans
isomers.

A second limitation is inherent in the method chosen for calculating the per
centage of methanol. When, for example, a chlorine atom is added to an aromatic
ring of a molecule, the influence of the chlorine on the overall polarity will depend on
the polarity of that molecule. This effect is not considered by the expert system. For
both polar and non-polar compounds, the advice is obtained to increase the percent
age of methanol by 7%.

During the development of the expert system, several compounds which differ
ed only in one atom were analysed. These "pairs" ofcompounds were analysed at pH
7.4, 6.0 and 4.0. The variation in pH results in a variation of the polarity and, there
fore, of the retention behaviour. To compensate for this the percentage of methanol
has to be changed. The results are give in Table II. It can be seen that the largest
contribution of an atom that reduces the polarity, such as chlorine, is at a low pH.
For an atom that increases the polarity, such as oxygen, the effect is largest at a high
pH.

For calculating the percentages of methanol, DASH uses the average contribu
tions listed in Table II. However, this will generally result in a predicted percentage of
methanol that is too high for very non-polar compounds and too low for very polar
compounds. If necessary, a rule can be formulated to correct for this effect.

TABLE II

CONTRIBUTION OF SOME STRUCTURAL ELEMENTS AT DIFFERENT pH VALUES EX
PRESSED AS A PERCENTAGE OF METHANOL AT k' = 5

Moiety

Cion aromatic group
o in ether; positioned

between two aromatic groups
S atom; positioned between

two aromatic groups
CH3

No. of "pairs" pH 7.4 pH 6.0 pH 4.0

7 5 5 9
3 -8 -8 -3

2 4

3 5 5 7
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The third, and most important, limitation is the exact pKa value of a com
pound. The pKa value determines the degree of protonation at a certain pH. In turn,
the degree of protonation strongly influences the polarity of a compound. A separate
expert system would be necessary to calculate or estimate the pKa value. Even when
this would be possible, it remains questionable whether it is possible to translate the
pKa value into the percentage of methanol needed in the mobile phase. Therefore, in
our opinion, it is more straightforward to define additional types of nitrogen-contain
ing moieties in order to enhance the applicability of the expert system to other classes
of drugs.

Generally, it can be concluded that most of the emphasis must be directed at
avoiding serious mistakes in the calculation of the percentage of methanol and not at
improving the accuracy further within the range of 3:;:;;. k' :;:;;'10. For instance, great
improvements can be obtained for the two outliers in Table I, for which the "error" of
DASH in calculating the percentages of methanol was 11 and 22%.

Limitation of stationary phases
In most instances, the expert system suggests the use of either a Nova-Pak or a

j.lBondapakC18 column. However, several other CI8 phases are also available for the
analysis of basic substances. From the literature14 rules can be derived, e.g., using
data on the loading ofC18 phases and the silanol activity of the stationary phases, by
which the percentages of methanol can be roughly translated from one column to
another.

Expected impurities
When impurities are expected, there is one variable available in DASH to influ

ence the separation, viz., the pH of the mobile phase. When the user has to separate
cis-trans isomers, the expert system recommends the use of a pH of 7.4. When other
impurities are expected, the reasoning is that when the impurity is slightly more polar
the best separation can be obtained at a pH where the major compound is not prot
onated and, therefore, relatively non-polar. For basic compounds this can be
achieved at a high pH. When the impurity is much more polar than the major com
pound, the resolution should not become too large and, therefore, a low pH is recom
mended. The opposite reasoning process is followed when the impurity is slightly or
much less polar than the compound of interest.

A limiting factor is that the user has to decide on the differences in polarity. As
an alternative, the expert system can calculate the differences in polarity. The expert
system must then be able to judge, based on additional rules, which pH should be
preferred. Especially for structurally related compounds, this option can be very
powerful. When at both pH values the differences in polarity (methanol percentage)
are too large, gradient elution can be suggested.

Retention optimization: DASH'
During the validation of DASH, it was found that in more than 75% of the

consultations a correct advice was given by the expert system. However, we expect
that the results will be less satisfactory when the range of compounds is enlarged
during the evaluation. Therefore, an extension of the expert system is desirable, so
that a bad first guess can easily be transformed into a good second guess. This exten-
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Stop c.•
Stop C.2

Stop C.3

Fig. 3. The decision process in DASH' for a next guess. The rules for a next experiment (A and B) and to
stop (C) are given in Table III. For further information, see text.

sion of DASH, specifically meant for retention optimization, is called DASH'.
A flow diagram of DASH' and the rules implemented in DASH' are shown in

Fig. 3 and Table III, respectively. A consultation of DASH can yield up to a maxi
mum of six guesses. This does not seem to be very effective, but the maximum number
will only be reached in exceptional cases. In principle DASH' can also be consulted
when a reversed-phase LC first-guess method taken from the literature failed.

TABLE III

RULES FOR THE CALCULATION OF A NEXT GUESS

A. After first guess:
I. No peak is recorded; increase % methanol by an absolute amount of 20%.
2. The compound of interest has:

2.1. k' < 3; decrease % methanol with an absolute amount of 10 x (5-k')%
2.2. k'> 10;

Nova-Pak CIS; pH 7.4 and pH 4.0: calculate % methanol for k' = 5 from the curve obtained by
the first-guess data point (% methanol, k') and the fact that the slope of the % methanol-log k'
curve is expected to be -0.044 (pH 7.4) and -0.041 (pH 4.0).
/lBondapak CIS; pH 7.4 and pH 4.0: calculate % methanol for k' = 5 from the curve obtained by
the first-guess data point (% methanol, k') and the fact that the slope of the % methanol-log k'
curve is expected to be - 0.036 (pH 7.4) and - 0.030 (pH 4.0).

2.3. 3 ~k' ~ 10; retention optimization is finished.

B. After second, third, etc., guess:
1. StiU no peak is recorded; increase sample amount by a factor of 10.
2. The compound of interest had k' < 3 or > 10:

2.1. If during first guess no peak was recorded, then go to A.2.
2.2. Use both.data points and fit a linear curve through the % methanol-log k' points; calculate %

methanol for k' = 5.

C. Rules to stop:
I. If after third guess still no peak is recorded, then the method is not suitable for this compound. When

only a UV detector was used, the expert system will suggest the use of a refractive index detector, a
sample concentration of > 5 mg/ml and the first-guess conditions.

2. If three successive guesses result in k' < 3 or > 10, then the method is not suitable for this compound.
An alternative method can be suggested, e.g., when k' <3, use a PIC reagent.

3. When 3~k'~ 10, the retention optimization is finished. If two or more peaks are observed, then
calculate the resolution.
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Knowledge on the average slope of the log k' versus percentage of methanol
lines is important for obtaining an accurate second guess. The slopes listed in Table I
are used in DASH' (rules A.2.2 in Table III). Another option is that the user can ask
for a certain k', and DASH' will calculate the percentage of methanol. Because gener
ally log k' versus percentage of methanol curves are only linear for k' values higher
than 2 or 3, the calculation can only be expected to be accurate for k' values of 2 and
higher.

CONCLUSIONS

From this validation, it can be concluded that the knowledge base is correctly
implemented in the expert system. Improvements made in DASH, partly as a result of
the validation, are (i) the presentation of a formula for the chemical composition
combined with a possibility of correcting the answers and (ii) a system for further
retention optimization when the first guess is not successful. This second extension
called DASH, will also give the user the possibility to obtain capacity factors other
than 5.

A problem was observed with the currently available structural elements. In
order to keep the expert system practical, the number of structural elements is limited
in the present set-up of the consultation. Investigations are in progress to combine
DASH with a system in which the total chemical structure can be entered.

The accuracy of the advice based on the chemical knowledge for the method
selection of the tested compounds is acceptable. Improvements can be obtained for
compounds with other types of nitrogen-containing groups, the retention of which
cannot be predicted accurately by the present system.

One of the problems with DASH, when it is to be combined with the expert
systems for system optimization and selectivity optimization, is that DASH in princi
ple only calculates the best LC conditions for one compound at a time. Probably
some kind of repetitive consultation with a possibility of comparing the results will
lead to a system which can also predict the initial LC conditions for a mixture of
compounds.
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SUMMARY

A method for the resolution of unresolved peaks obtained by high-performance
liquid chromatography with multi-wavelength detection was developed. The method
estimates the elution profiles and absorption spectrum of a component eluting at the
rising edge or trailing edge of the unresolved peak and estimates the relative intensity
of the derived three-dimensional chromatogram of one component by rank annihila
tion.

Artifical unresolved peaks and actual unresolved three-component peaks were
resolved by the developed method. The results showed that the method can estimate
peak area with errors of less than about 10% when the resolution Rs of the compo
nents is greater than about 0.4. The accuracy of estimation is considered to be superi
or to that of the method based on principal component analysis followed by multiple
regression analysis, especially if the elution profiles of components are distorted from
a Gaussian shape such as with tailing, where the estimation of elution profiles by
principal components analysis seems erroneous.

INTRODUCTION

Several methods that resolve unresolved peaks in chromatograms only by data
analysis of three-dimensional chromatograms obtained by high performance liquid
chromatography (HPLC) with multi-wavelength detection such as with diode-array

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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detectors have been reported. In these methods, the multivariate analysis technique is
applied to the analysis of an unresolved peak in a three-dimensional chromato
gram l

-
7. In one of these methods, the spectrum ofa component that elutes at the rising

edge of an unresolved peak and that of a component at the trailing edge are estimated
by extrapolation of observed spectra, and the elution profiles of two components are
estimated by means of multiple regression analysis (curve fitting)4. However, the
application of this method is limited to the resolution of two-component unresolved
peaks.

For the resolution of unresolved peaks containing more than three components,
principal component analysis (factor analysis) is used, where the data matrices
obtained are decomposed into the orthonormal vectors calculated by principal
component analysis, and the elution profile or spectrum of each component present is
estimated as a linear combination of these orthonormal vectors (the first step).
Generally, only the elution profile or absorption spectrum is estimated. Thereafter, the
remaining spectra or elution profiles are estimated by curve fitting of the estimated
value to the observed data matrix (the second step)1-3,6,7. However, in these methods,
errors in the first estimation step have direct influences on the estimation results of the
second step. Consequently, the precision of the qualitative and quantitative estimation
of each component's spectrum and elution profile may deteriorate.

In this study, a new method was developed that estimates both the elution profile
and the absorption spectrum of each component in an unresolved peak and estimates
the shapes and intensities of the three-dimensional chromatograms of components in
the unresolved peak. The performance of the developed method in unresolved peak
resolution was evaluated and compared with that of the conventional peak resolution
method.

EXPER1MENTAL

Estimation oj' elution profile
Details of the theoretical aspects of the estimation method using principal

component analysis are available in several references 8
-

1o. A brief description of
algorithm is presented here. A multi-wavelength absorption detector can simul
taneously monitor several chromatograms at N different wavelengths Ai (i = 1,2, ... ,
N). Let dij be the measured absorbance of an unresolved peak at wavelength Ai and
time t j (j = 1,2, ... , M); three-dimensional chromatographic data can be expressed as
an N x M matrix as follows:

C'
d12

D
_ dZl dzz

dNl dNZ

(1)

The ith-row vector is an observed chromatogram at wavelength Ai and thejth-column
vector is an observed spectrum at time tj •

Here we assume that an unresolved peak consists of L components, and the
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spectrum Sk and elution profile (chromatogram) Ck are expressed as the following
vectors:

where Ski is the relative intensity of the spectrum of the kth component at wavelength Ai
and Ckj is the relative intensity of the elution profiles of the kth component at time lj.

If the detector output is proportional to the concentration of a sample, and the
principle of superposition is valid for both the absorption spectra and elution profiles
of sample mixtures, the observed data matrix D can be expressed as

L

D = L ek Sk cT + R
k=l

(4)

where the superscript T denotes the transposed matrix (vector), ek is a value
proportional to the concentration of the kth component and R is the noise matrix. If
we neglect R, the rank of the matrix D is equal to the number of components L, as the
spectra and elution profiles of different components are linearly independent. Hence
the data matrix D can be decomposed by L sets oforthonormal vectors Uk and vk(k = 1,
2, ... , L) as follows:

L

D = L (k Uk vT
k=l

The (k are coefficients in the linear combination. As Uk and Vk are orthonormal,

uT D = (k vT

It follows that:

(5)

(6)

(7)
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These relationships mean that Uk and Vk are the eigenvectors of second moment matrix
DTD or DDT and ~k2 is its kth eigenvalue. In other words, Uk and Vk ar principal
components of multivariate data D. In a real data matrix, because of the existence of
noise the rank of the data matrix D is greater than the number of components L.
However, eigenvalues of the matrix DTD contain the information about the number of
component in the unresolved peak. By analysing the eigenvalues, we can estimate the
number of components, as described by Malinowski 11 ,12.

On the other hand, comparing eqns. 4 and 5, we can see that the elution profile
and spectrum of the kth component can be expressed as a linear combination of
eigenvectors Uk and Vk:

(8)

(9)

where the Xkl and Ykl (k = 1, 2, ... , L; I = 1, 2, ... , L) are the coefficients in the linear
combination that must be determined for each component k.

As Vk can be calculated from a given data matrix Dusing eqn. 7, and the elution
profile of each component is expressed as eqn. 9, we can estimate the elution profile of
each component by estimating the coefficients hi in eqn. 9.

In the estimation ofYkl, two natural constraints and one evaluation function are
assumed:

(1) the elution profile ofeach components is not negative, which can be expressed
as

(10)

(2) the spectrum of each component is not negative; after estimating the elution
profiles of all the components in the unresolved peak, we can estimate the spectrum
(spectra multiplied by the relative concentration) of each component Sk, which can be
expressed as

(11)

(3) under the above two constraints, the elution profiles have an ideal shape as
a chromatographic peak. To express unimodality of a chromatographic peak, the area
to norm ratio is generally used2

,6. However, in this study, to express other properties of
chromatographic shape (smoothness and stability of the baseline in addition to
unimodality), the following function expressing the entropy of time derivatives of
elution profiles are adopted 13-15:

L M

H = - L L P1j log (P,)
1=1 j=l

(12)
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M

Plj = I Clj I / ( L I Clj I)
j= 1

227

(13)

where C,j is the first or second derivative of the lth component's elution profiles at time
tj • By minimizing eqn. 12, ideal elution profiles of components are estimated under the
constraints of eqns. 10 and 11. In order to avoid ambiguity in the relative intensities of
the elution profiles, the area of each elution profile is set to unity in the actual
estimation process.

Estimation of spectrum
By the same discussion as for the spectra, the observed spectrum at time t j can be

expressed as a linear combination ofeigenvectors Uk in eqn. 7. Let d j be the jth column
vector of the data matrix expressing the spectrum at time t j ; dj can be also expressed as
a linear combination of Uk as follows:

(14)

trajectory of
the observed spectra

--

To discuss changes in the coefficients Wjl as time advances, let us consider the
two-component case. Fig la shows a schematic diagram of three-dimensional
chromatogram of a two-component unresolved peak. Using eqn. 14, each observed
spectrum must be located on the plane determined by two eigenvectors Ul and Uz.
Considering eqn. 14, the coefficients Wjl are considered to be coordinates in the plane
determined by Ul and Uz. They also express the direction of the observed spectrum in
this plane as Fig. 1b shows. We can plot the trajectory of the observed spectra (Fig. 1b).
Consider that the spectra at the rising edge of unresolved peak resemble the spectrum
of the component which elutes at the rising edge; the direction determined by
Wlj converges to the direction of the pure spectrum of the first-eluted compounds in the

THE OBSERVED SPECTRA ARE
SIMILAR TO THE FIRST
COMPONEIIJT'S SPECTRUM

(a)

THE OBSERVED SPECTRA ARE
SIMILAR TO THE LAST
COMPONEIIJT'S SPECTRUM

0"""'--------

Ui : principal component

2 components case

Fig. I, Estimation ofa spectrum by extrapolation, (a) Three-dimensional chromatogram of two-component
unresolved peak. (b) Trajectory of observed vectors in the space determined by the two principal
components.



228 I. SAKUMA et al.

initial part of the trajectory. Thus, by extrapolating the wlj in the reverse direction of
time, the spectrum of the first-eluting compounds can be estimated as a convergence
direction of the observed spectra in the plane determined by U1 and U2' The
convergence direction can be calculated numerically by approximating the trajectory
of the tip of the observed spectrum vectors by a polynomial of parameters such as the
length of the trajectory from the origin. Similar argument can be used for more than
three-component cases. Hence one can at least estimate the spectrum ofthe component
which elutes first at the rising edge of an unresolved peak and that of the component
which elutes at its trailing edge.

Estimation of relative intensity of an estimated three~dimensional chromatogram
In the above methods, elution profiles Ck ofall the components in an unresolved

peak and spectrum S1 of the component that elutes at the rising edge or trailing edge of
the unresolved peak can be estimated. Hence we can determine the shape of the
three-dimensional chromatogram PI of the components eluting at the rising (or
trailing) edge of the unresolved peak:

(15)

To resolve an unresolve peak into each component, the relative intensity of this
three-dimensional chromatogram PI must be estimated. In this estimation, rank
annihilation is adopted 16

-
18

.

Let IX be the best estimate of relative intensity of Pl' As the data matrix after
subtracting the three-dimensional chromatogram of the first-eluting component
contains only L - 1 components, the degrees of freedom of the matrix (D -IXP1)
decreases from the original number of components L to L-l. This condition can be
expressed as

(16)

The analytical solution of eqn. 16 was given by Lorber19
. Let V and V be matrices

constructed by Uk and Vk in eqn. 7 as follows:

V = [U1' U2, •.. , UL]

V = [VI, V2 , ... , VL]

Define a and b as

a
b

(17)

(18)

Note that a and bare L-dimensional vectors. Let ai and bi be the ith element ofa and b,
then the estimated IX is calculated as follows:

L

1jIX = I aibd~i
i= 1

(19)
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Note that (i is the square root of the kth eigenvalue expressed as enq. 7.
D - r:x P1 contains only L - I components. By iterating these procedures, we can

resolve an unresolved peak into three-dimensional chromatograms of existing
components.

Computer program
Programs performing the above-described algorithm were developed on an

NEe PC-9801 personal computer. The programs were written in C language.
A brief description of the flow of operation is as follows:
(I) Determine the area of an unresolved peak using the cursor displayed on the

CRT of the computer together with the contour plot of the three-dimensional
chromatogram.

(2) Calculate eigenvectors and eigenvalues of the second moment matrix DTD.
(3) Determine the number of components contained in the unresolved peak by

analysing the eigenvalues calculated in step 2.
(4) Estimate the elution profiles ofeach component by minimizing eqn. 12 under

the constraints.
(5) Determine the region of the rising edge using the displayed cursors together

with a three-dimensional chromatogram or contour plot of an unresolved peak
displayed on the CRT of the computer. After setting the region, the computer
automatically extrapolates the observed spectra and calculates the estimated spectrum
of the first- (or last-) eluting component.

(6) Calculate the relative intensity r:x of the three-dimensional chromatogram P 1

in the given unresolved peak data using eqns. 17-19.
(7) Subtract the estimated three-dimensional chromatogram of the component

eluting at the rising edge or trailing edge of the unresolved peak.
(8) If the remaining unresolved peak contains more than two components repeat

steps 2-7.
In the estimation of elution profiles, non-linear programming with constraints

must be performed. An augumented Lagrangian algorithm was adopted for that
purpose20

.

Procedures
Unresolved peak data were prepared both by numerical calculation of artificial

chromatograms and by the actual measurement of unresolved peaks by HPLC with
multi-wavelength detection. The developed algorithm was tested in the resolution of
artificial and actual unresolved peak data. In order to investigate the performance of
the developed method compared with the method based on principal component
analysis followed by multiple regression analysis, the same data were analysed using
multiple regression analysis where the spectrum of each component was estimated by
curve fitting of the estimated elution profiles by multiple regression analysis.

The artificial three-dimensional chromatograms were generated assuming that it
contained two or three components, that the three components had the spectra shown
in Fig. 2 and that each chromatogram was Gaussian with the same variance (peak
width). Several three-dimensional chromatogram data were calculated at different
resolutions, R" and peak-height ratios. Also, random noise of the order of I% of the
standard deviation ofthe chromatographic data were added to the data. The size of the
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wavelength wavelength wavelength

Fig. 2. Spectra of three components used in artificial unresolved peak calculation.

data matrix was 30 x 30, which meant that 30 chromatograms were measured at 30
different wavelengths and the intensities (absorbances) of the chromatograms were
measured at 30 different points of time.

In the experiment on unresolved peaks of actual samples, the three-components
sample mixtures shown in Table I were separated by reversed-phase HPLC under the
conditions shown in Tabe II. The areas to be analysed by the algorithms were
determined by manual operation using cursors displayed on the CRT display of the
computer system together with the contour plot of the three-dimensional chromato
gram obtained. The data matrix size was 30 x 40, which meant that the chromato
grams were measured at 30 different wavelengths and at 40 different points in time.
Caffeine eluted first, N-methylaniline second and o-tert.-butylphenol third in this
separation system. The measured resolutions were as follows: (i) with 84.0%

TABLE I

SAMPLES USED IN THE EXPERIMENTS

Samples were dissolved in acetonitrile.

Sample

A
B
C
D
E
F
G

Caffeine
concentration
(\1It.-%)

0.043
0.051
0.064
0.073
0.128
0.000
0.000

N-Methylaniline
concentration
(vol.-%)

0.0033
0.0040
0.0025
0.0029
0.0000
0.0100
0.0000

o-tert.-Butylphenol
concentration
(vol.-%)

0.033
0.020
0.025
0.014
0.000
0.000
0.100

TABLE II

HPLC SEPARATION CONDITIONS

Packing
Column
Eluent
Flow-rate
Injection volume
Detector

Hitachi 3056 (ODS)
50 mm x 4 mm I.D.
acetonitrile-water: (I) 84.0:16.0 (v/v); (2) 80.6:19.4 (v/v)
1.0 ml/min
10 pI
MCPD-350 diode-array detector (Otsuka Electronics, Osaka, Japan) with
laboratory-made data acquisition system21
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acetonitrile as the eluent, Rs (caffeinejN-methylaniline) 0.33 and Rs (N-methyl
anilinejo-tert.-butylphenol) = 0.22; and (ii) with 80.6% acetonitrile as the eluent, Rs

(caffeinejN-methylaniline) = 0.46 and R s (N-methylanilinejo-tert.-butylphenol)
= 0.33.

The results of the unresolved peak separation were evaluated using the spectrum
shape similarity, defined as the correlation coefficients between the actual spectrum
and the estimated spectrum for qualitatiYe aspects and the peak area of the estimated
elution profile compared with the actual peak area for quantitative aspects.
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Fig. 3. Example of peak resolution of artificial three-component unresolved peak. (a) Subtraction of the first
component; (b) subtraction of the second component.
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Fig. 3 shows an example of peak resolution by the proposed method. Fig. 3a
shows subtraction of the first components from the original three-dimensional
chromatogram and Fig. 3b subtraction of the second components from the residual
two-component three-dimensional chromatogram.

Table III shows the estimated peak area (peak volume summation of the peak
area at every wavelength) of each component of a two-component unresolved peak
with various resolutions. For an unresolved peak with resolution Rs < 0.4, the
estimation errors were larger than 10% and for Rs > 0.5 they were less than 10%.
Table IV shows the results obtained by multiple regression analysis. In the resolution
of those artificial unresolved peaks with Rs < 0.4, the developed method was not as
efficient as the method using multiple regression analysis. However, in the analysis of
those artificial unresolved peaks with Rs > 0.5, the results obtained by the two
methods did not show clear differences.

TABLE III

RESULTS OF PEAK RESOLUTION OF ARTIFICIAL TWO-COMPONENT UNRESOLVED PEAK
BY THE DEVELOPED METHOD

The values in parentheses represent the actual peak volumes.

Peak-height Resolution, Component I Component 2
ratio R,

Total Error (%) Total Error (%)
peak area peak area

(4701 ) (5180)
1:1 0.1 6889 46.5 2990 -42.3

0.2 5340 13.6 4539 -12.4
0.3 4014 -14.6 5866 13.2
0.4 5311 13.0 4570 -11.8
0.5 5059 7.6 4823 -6.9
0.6 4935 5.4 4948 -4.5
0.7 4991 6.2 4892 -5.6

(4701) (2573)
2:1 0.1 5738 22.1 2694 -39.7

0.2 5020 6.8 2697 -11.8
0.3 3987 -15.2 3155 +28.4
0.4 5171 10.0 2395 -17.6
0.5 4962 5.6 2664 -9.4
0.6 4892 4.1 2757 -6.7
0.7 4842 3.0 2788 -4.9

(7522) (2058)
4:1 0.1 8381 11.4 2213 -41.2

0.2 5769 -23.3 3345 -85.8
0.3 6647 -11.6 2363 +43.1
0.4 7083 -5.8 2313 +22.0
0.5 7434 -1.2 1734 5.0
0.6 7623 1.3 2000 -4.2
0.7 7668 1.9 1717 -6.4



Table V shows the correlation coefficients between the estimated spectrum and
actual spectrum of the first and the second components in artificial three-component
unresolved chromatograms. Table VI shows the results of the estimated peak volume.
As shown in the two-component case, the peak areas of the component having the
highest intensity in those unresolved peaks with Rs > 0.4 were estimated with errors of
about 10%. Table VII shows the results by multiple regression analysis on the same
data and it is clear that the developed system did not show any superiority.

However, the results for the unresolved peaks of an actual three-component
mixture showed differences between the proposed method and the method with
multiple regression analysis. Fig. 4 shows the actual elution profiles of the three
components using 84.0% and 80.6% acetonitrile as the'eluent. The peaks of caffeine
and o-tert.-butylphenol were relatively wide and all the peaks showed tailing. Fig.
5 shows an example of the resolution of the unresolved peak of an actual sample
mixture. The three-dimensional chromatogram of caffeine was subtracted from the
originally observed three-dimensional chromatogram.
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TABLE V

CORRELATION COEFFICIENTS BETWEEN ACTUAL SPECTRUM AND ESTIMATED SPEC
TRUM OF THE FIRST AND SECOND COMPONENTS FOR PEAK RESOLUTION OF ARTI
FICIAL TWO-COMPONENT UNRESOLVED PEAK BY THE DEVELOPED METHOD

Resolution Peak-height ratio Component 1 Component 2

0.4 1:1:1 0.9996 0.9995
0.5 1:1:1 1.0000 0.9989
0.6 1:1:1 1.0000 0.9996
0.7 1:1:1 1.0000 1.0000
0.4 2:2:1 0.9999 0.9893
0.4 4:4:1 0.9999 0.9853
0.4 2:1:1 1.0000 0.9696
0.4 4:2:1 1.0000 0.9706
0.4 4:1:1 1.0000 0.9518
0.5 2:2:1 1.0000 0.9990
0.5 4:4:1 1.0000 1.0000
0.5 2:1:1 1.0000 0.9999
0.5 4:2:1 1.0000 0.9997
0.5 4:1:1 1.0000 0.9971

Figs. 6 and 7 show the results of concentration estimation by the proposed
methods and Figs. 8 and 9 those obtained by multiple regression analysis. The
estimated concentration was calculated from the estimated peak area of each
component and the peak area of a standard one-component sample with known
concentrations. Figs. 6 and Fig. 8 show the results of peak resolution where Rs

(caffeinejN-methylaniline) = 0.33 and Rs (N-methylanilinejo-tert.-butylphenol)
= 0.22. Figs. 7 and Fig. 9 show the results of peak resolution Rs (caffeinejN
methylaniline) = 0.46 and Rs (N-methylanilinejo-tert.-butylphenol) = 0.33.

For the unresolved peak resolution of actual three-component mixtures, the
correlation coefficients between the estimated and actual concentrations were 0.916
and 0.976 by the proposed method and 0.803 and 0.952 by the method of principal
component analysis followed by multiple regression analysis. These results showed
that the proposed method was superior for the estimation of components in actual
unresolved peaks.

2 3 2 3
<Ii

..c
<l:

100 110 120 130
TIME(s)

(a)

100 110 120 130
TIME(s)

(b)

Fig. 4. Actual elution profiles of (1) caffeine, (2) N-methylaniline and (3) o-tert.-butylphenol. Eluent:
acetonitrile-water, (a) 84.0:16.0 (v/v) and (b) 80.6:19.4 (v/v).
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Fig. 5. Example of peak resolution of actual three-component unresolved peak to illustrate elution profile
estimation and observed spectra extrapolation followed by rank annihilation. (a) Estimated spectrum of
caffeine. (b) Estimated elution profiles of (I) caffeine, (2) N-methylaniline and (3) o-tert.-butylphenol. (c)
Three-dimensional chromatogram of caffeine, N-methylaniline and o-tert.-butylphenol. (d) Three-dimen
sional chromatogram after subtraction of caffeine. Sample: 0.043% (w/w) caffeine, 0.033% (v/v)
N-methylaniline and 0.033% (v/v) o-tert.-butylphenol (10 Ill). Eluent: acetonitrile-water (84.0:16.0, v/v).
Resolution: R, (caffeine/N-methylaniline) = 0.33; R, (N-methylaniline/o-tert.-butylphenol) = 0.22.

DISCUSSION

Effects of peak resolution on the estimated results
The results of the resolution of unresolved peaks on both artificial unresolved

chromatograms and actual chromatograms showed that when Rs > than 0.4, the
dominant component in the unresolved peak can be determined with a maximum error
ofabout 10% by the developed method. Computer simulations were performed for the
two-component case where unresolved peaks with Rs < 0.3 were resolved. The
estimation errors were larger for an unresolved peak with Rs < 0.4.

The results for the actual unresolved peaks also showed that the peak areas of
three components could be estimated with a correlation coefficient of 0.976 when Rs

= 0.46 and 0.33. On the other hand, when Rs = 0.22 and 0.33, the correlation
coefficient between the estimated peak areas and the actual peak areas decreased to
0.916. These results also showed that the developed method could separate unresolved
peaks with Rs ?' 0.4. These results coincided with those for the artificial unresolved
peaks. Hence it is considered that Rs = 0.4 is a certain criterion that determines the
limits of the ability of the developed peak resolution method. The main factor
determining this limitation is considered to be errors in spectrum estimation. The
results of the experiments on peak resolution by multiple regression analysis showed
that the elution profiles were well estimated, so that the estimation errors under the
condition of small Rs were relatively small, as shown in Table IV. It is considered that
the errors in estimation using the developed method mainly came from errors in
spectrum estimation in the experiments on the artificial unresolved peaks. It is difficult
to extrapolate the observed spectra only by curve fitting to a polynomial in the case of
small resolutions because the observed spectra suffer from distortion by several



<r- - caffeine
..-- N-methylaniline
0- - - o-tert.-butylphenol

I. SAKUMA el ai,

0.1 0.2 0.3 0.4 0.5 0.6 Relative Concentration
to Standard Sample

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 caffeine

I I I I I , Concentration(weight%)

0.001 0.002 0.003 0.004 0.005 0.006 N-metylaniline
Concentrationlvolume%l

I I , I , I
o-tert.wbutylphenol

0.01 0.02 0.03 0.04 0.05 0.06 Concentrationlvolume%)

Concentration in the Samples

/ v=O.85~X
// (R=O.916)

// 0
/,,/ 0

B // 0
• // C

/
/

A //
D 0/ 0

C e//-: B

ctJ/
g /// ~

/
/

/
o /

/,0""

/
/

/
/

/

//

o'----~--..J....--.......----L,.---......J'-----J

238

~ ~ ~ C

'" 0
E E .s:; '~Q)

-~ ~ Ol EO.
~1

"0 '0;
~E

",Z ~ c ..
.s:;c C C c flUl
0.0 :=0 0 c">.";:; "i;"" '" o~
~ .. ....

~
u ..

~~ >~ ~-g.01: .s:;C C

tB ~'" '" '+:'~",,, "
~8

E C C .. Ul
,0 0 0;0zu U a:~

0,08
006 0,006 0,6

0,07

0,05 0,005 0,5
0,06

<:
0.;::;

0,04 0.004 0,4~ 0.05...
<:
<Il

"<: 0,040 0,03 0.003 0,3t.l
"0
<Il... 0.03
'"E 0.02 0,002 0.2.;::;
III
w 0,02

0,01 0.001 0.1
0.01

0
0

Fig. 6. Results of quantative analysis by the developed method. Eluent: acetonitrile-water (84.0:16.0, v/v).
Resolution: R, (caffeine/N-methylaniline) = 0.33; R, (N-methylaniline/o-lerl.-butylphenol) = 0.22.
Quantitation: (0) caffeine, peak area at 262 nm; (e) N-methylaniline, peak area at 246 nm; (D)
o-terl.-butylphenol, peak area at 227 nm. A, B, C and D correspond to the sample shown in Table I.

co-eluting components. Hence it is considered that the present method was not suitable
for the resolution of strongly overlapped peaks with small resolutions.

Effects ofpeak-height ratio on the estimated results
The results of computer simulation on the artificial unresolved peaks showed

that if the peak height of one component is much smaller than those of co-eluting
components, the errors in its area estimation were relatively large in comparison with
those for the dominant component in the unresolved peak. However, those com
ponents which had the largest intensities in a unresolved peak could be well determined
with small errors when there were large differences in peak height between the
co-eluting compounds. Hence it is considered that the developed method can be
applied to the quantitative analysis of the main component's peak area in an
unresolved peak with estimation errors < 10% provided that Rs ~ 0.4.
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Fig. 7. Results of quantative analysis by the developed method. Eluent: acetonitrile-water (80.6: I9.4, vjv).
Resolution: R, (caffeinejN-methylaniline) = 0.46; R, (N-methylanilinejo-tert.-butyl phenol) = 0.33.
Quantitation as in Fig. 6. A, B, C and D correspond to the samples shown in Table I.

Comparison ofthe developed peak resolution method and the conventional method based
on principal component analysis and multiple regression analysis

In this work, the two methods for unresolved peak resolution were compared by
resolving the same unresolved peak data obtained through computer simulations and
HPLC separations of actual three-component mixtures.

One method was the developed method where elution profile estimation based
on principal component analysis, spectrum estimation by extrapolating the observed
spectra and rank annihilation to estimate the amount ofa component were performed
(method 1). The other was the conventional method where elution profile estimation
based on principal component analysis followed by multiple regression analysis was
performed (method 2).

The results for the artificial unresolved peaks showed that the performance of
method 1 was almost the same in the two-component case and slighty poorer in the
three-component case compared with that of method 2. In the computer simulation of
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Fig. 8. Results of quantative analysis by the method of principal component analysis followed by multiple
regression analysis. Eluent: acetonitrile-water (84.0:16.0, v/v). Resolution: Rs (caffeine/N-methylaniline)
= 0.33; Rs (N-methylaniline/o-terl.-butylphenol) = 0.22. Quantitation as in Fig. 6. A, B, C and
D correspond to the samples shown in Table I.

artificial unresolved peak resolutions, the elution profiles of three components were
assumed to have the same simple Gaussian profiles with the same peak width. They did
not show any tailing. The elution profiles were assumed to be ideal. Hence the
condition of minimizing the entropy of time derivatives ofelution profiles expressed as
eqn. 12 was well satisfied. As a result, elution profile estimation was performed with
good accuracy. The correlation coefficients between the estimated elution profiles and
the true ones were greater than 0.99 except for three cases, (where they were 0.98). It is
considered that if the elution profile of each component in the unresolved peak has an
ideal shape, and the estimation can be made with good accuracy, we can obtain good
qualitative estimations even by method 2. This was the case for the three-component
artificial unresolved peaks. In method I, the estimation errors come from the elution
profile estimation and the spectrum estimation. Because the elution profile estimation
was fairly good, errors in spectrum estimation were dominant in the total quantitative
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estimation errors in the three-component case. As a result, we could not estimate the
peak areas of each component by method I with smaller errors than by method 2.

On the other hand, in HPLC separations of actual samples, the elution profiles
of caffeine. N-methylaniline and o-tert.-butylphenol showed extensive tailing and the
shapes of the elution profiles differed from each other, as shown in Fig. 4. They differed
from the ideal elution profiles such as Gaussian. Minimization of eqn. 12 leads to
localization (sharpening) of the elution profiles. In these situations, the method
overestimates the elution profiles. The band width of the estimated elution profile of
caffeine in Fig. 5 was narrower than that of the actual elution profile in Fig. 4. To
express the tailing of real data, unrealistic peak tailings appeared in the estimation
result. This result showed the problems that arise in elution profile estimation based on
principal component analysis. In that method, a function expressing the ideal
characteristics of elution profiles was introduced to estimate the elution profiles of
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components. However, in the actual HPLC separation, the elution profiles sometimes
differ from the ideal elution profiles. In this situation, the estimation method is not
consistent with the actual elution profiles. 'Hence errors in the elution profile
estimation directly affect the spectrum estimation in method 2, as it uses estimated
elution profiles in the subsequent multiple regression analysis for spectrum estimation.

On the other hand, in method I, the elution profiles and spectra are estimated
independently. Even if the result of elution profile estimation is erroneous, this error
will not directly affect the results of spectrum estimation. If the spectrum of the
component in the unresolved peak is well estimated, the errors in quantitative
estimation mainly come from the elution profile estimation. For actual sample
mixtures, the elution profile estimation was not so good because of the existence of
tailing, but the spectrum estimation was considered to have only small errors.
Consequently, it is considered that the errors in the total estimation were smaller than
those by method 2. Even when Rs = 0.46 and 0.33 and the elution profiles were
estimated with smaller errors, the results showed an improvement in the accuracy of
estimation by the developed method, as shown in Figs. 7 and 9.

When elution profile distortion such as peak tailing is observed, where the
elution profile estimation by principal components analysis might be erroneous, the
proposed method is considered to be superior to conventional methods.

An additional advantage of the developed method over the conventional method
is that we can easily take the spectrum information into consideration when the
absorption spectra of components in an unresolved peak are available before peak
resolution. Although the elution profile stability is not so good in HPLC, as the elution
profiles differ slightly in each separation and are affected by deterioration of the
analytical column, it is often capable ofobtaining reliable spectrum information about
components in unresolved peaks. If we can obtain a standard spectrum of a com
ponent in an unresolved peak beforehand, we can utilize it immediately by the
proposed method.

Feasible application area of the developed method compared with the experimental
method for optimization of HPLC separations

Generally, optimization ofHPLC separations by experimental approaches such
as selection of columns and eluents and adjustment of flow-rate and gradient
sequences are performed in order to obtain good chromatographic separations. We
must first try these experimental methods before using the developed peak resolution
method. There is no need to resort to the chemometric approach when we obtain good
data by actual experiments. Chemometric approaches such as the developed method
are only useful when these experimental approaches are impossible or very difficult to
use. It is considered that this condition is often encountered in the analysis ofbiological
fluids. In the HPLC separation of biological fluid samples such as urine and serum,
there are many co-eluting compounds together with the compound of interest. The
amounts of the co-eluting compounds fluctuates widely from sample to sample, or
different kinds of co-eluting compounds may be present in different samples. The
degrees of overlap may differ from sample to sample. As a result, even if one can find
appropriate separation conditions for the analysis ofa certain sample, these conditions
may not be optimum for another sample. Under these conditions, the developed peak
resolution method is useful for compensating for the low separation capability of the
actual HPLC system.
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A method for the resolution of unresolved peaks obtained by HPLC with
multi-wavelength detection was developed. The method estimates the elution profiles
and absorption spectrum of a component eluting at the rising edge or trailing edge of
the unresolved peak and estimates the relative intensity of the derived three
dimensional chromatogram of one component by rank annihilation. The method can
estimate peak areas with errors ~ 10% when Rs ? 0.4. In comparison with the method
based on principal component analysis followed by multiple regression analysis, the
estimation accuracy was considered to be superior, especially when the elution profiles
of the components are distorted from Gaussian, such as when tailing occurs, where the
elution profile estimation by principal components analysis seems erroneous.
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SUMMARY

The use of the overlapping resolution mapping (aRM) scheme to predict the
optimum mobile phase composition for isocratic reversed-phase separation was ex
amined. The application of the method to the separation of a mixture of ten poly
cyclic aromatic hydrocarbons was demonstrated. The aRM scheme was found to be
a rapid and versatile method.

INTRODUCTION

In a previous paper!, we reported the application of the overlapping resolution
mapping (aRM) scheme to the optimization of mobile phase composition for the
separation of eleven priority phenols. Although high-performance liquid chromato
graphy (HPLC) has been used extensively for the analysis of polycyclic aromatic
hydrocarbons (PAHs?-5, the use of the aRM scheme for the optimization of
separation of these compounds has not been examined. The aRM scheme is an
interpretative optimization method in which the extent ofchromatographic separation
is predicted indirectly from the retention behaviour of the individual solutes6

. For the
optimization of eluent mixtures with up to quaternary compositions, only seven
experiments need to be carried out according to the Snyder selectivity triangle7 before
one can locate the optimum conditions. Computer programs have been written to
assist in the computation steps and in the prediction of optimum conditions8

.

In this paper, a procedure is described that enables optimum solvent systems to
be selected by simple experimentation. The application of the procedure to the
separation of ten PAHs is demonstrated.

EXPERIMENTAL

The chromatographic work was performed using a Shimadzu LC-6A isocratic
instrument equipped with a Model SPD-6A variable-wavelength UV spectrophoto-

0021-9673/90/$03.50 © 1990 E[sevier Science Publishers B.V.
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metric detector. Samples were injected with a Rheodyne 7125 injector with a 20-l-d
loop. The chromatographic data were collected and analysed on a Chromatopack
C-R3A data processor.

All chromatographic runs were duplicated with a reproducibility between runs
of ± 2% or better. The void volume was obtained by using methanol as the unretained
component for all mobile phases. The results obtained were within 1% of each other.
The amount of sample injected did not affect the retention times at the concentrations
used. Two reversed-phase columns were employed for the analyses: a Whatman
Partisil-5 ODS-3 column of 5-l-lill particle size (l00 mm x 4.6 mm I.D.) and
a Perkin-Elmer 3 x 3 HS C18 column on-Jim particle size (33 x length and 4.6 mm
I.D.). The wavelength of the detector was set at 254 nm. The organic modifiers used
were methanol, acetonitrile and isopropanol with water as the inert carrier. A flow-rate
of 0.8 ml/min was used throughout. The Perkin-Elmer column was first used to
determine the optimum mobile phase composition using the ORM scheme. Once the
optimum mobile phase had been established, the Whatman column was then used to
test the validity of the results of the optimization procedure.

Seven of the PAHs, fluoranthene, chrysene, fluorene, benzophenanthrene,
dibenz[a,h]anthracene, benz[a]anthracene and coronene, were supplied by Fluka and
were of the purest grade available. The remaining three PAHs, naphthalene, pyrene
and phenanthrene, were obtained from Aldrich and their purities were better than
99%. HPLC-grade acetonitrile and methanol (1. T. Baker) and analytical-reagent
grade isopropanol (Aldrich) were used for the preparation of the mobile phases. The
A + B (quantum sufficit or sufficient quantity) addition method recommended by
Runser9 was used. According to this method, correct volumes oforganic modifier were
first added, followed by water which was used to make up to the required volume. All
the solvents were filtered through Millipore membrane filters and degassed in an
ultrasonic bath.

The PAH mixture was prepared by dissolving known amounts of individual
PAHs in the minimum amount ofdimethyl sulphoxide (DMSO) and then diluting with
the mobile phase. This procedure was essential as many of the PAHs are not very
soluble in water. However, as DMSO has a high UV cut-off (330 nm), which might
interfere with the analyses, the amounts used were kept as small as possible. The
concentrations of the PAHs in the standard mixture ranged between 0.33 and 27.50
ng/Jil. Owing to the posibility of degradation or decomposition of the PAHs under
light, the standard solution was protected from light and stored in a cool location.
Individual PAHs were also prepared in the same manner to assist in the identification.
All the samples were filtered and degassed before injection into the column.

RESULTS AND DISCUSSION

A schematic diagram of the ORM scheme is illustrated in Fig. 1. The first step in
the optimization procedure was to establish the goals of the process. For HPLC
separations, this task is not always straightforward as the separation is governed by
many factors and parameters10

. Nevertheless, two criteria were used in the in
vestigation reported here. The first was that all the peaks in the final chromatogram
(i.e., the "optimized" chromatogram) should have a resolution, R., of at least unity
between peaks. The second criterion was that all the peaks should have capacity
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Fig. I. Schematic diagram of the ORM scheme.
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factors, k', in the range 0-20, to ensure that the total analysis time falls within
a reasonable range.

The next step was to identify the three vertices of the Snyder selectivity triangle7
,

which is illustrated in Fig. 2. The three points on the triangle (A, Band C) represent the
three iso-eluotropic binary mixturs (i.e., organic modifier + carrier, water) of
equivalent solvent strength. Before the composition of these three binary mixtures
could be determined, it was first necessary to define the appropriate eluotropic
strength for the system. The eluotropic strength was chosen so that the second criterion

o A (lOOX. ox, 0:0

(50',50',0" o~ (5O',O',50')

~33'~"3303"33'3~
B 0 0 0 C

(OX.l00X.OX) (OX.OX.l00X)(OX.50X,50X)

Fig. 2. Solvent selectivity triangle showing compositions (%, v/v) of mobile phase consisting of mixtures of
binary solvents A (methanol-water), B (acetonitrile-water) and C (isopropanol-water).
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TABLE I

RESULTS OF PRELIMINARY RUNS USING ELUENT MIXTURES CONSISTING OF ME
THANOL AND WATER

Methanol-water k' for last- Solvent
composition (vlv) eluting peak strength

60:40 26.0 1.80
70:30 22.0 2.10
72:38 19.5 2.16

TABLE II

MOBILE PHASE COMPOSITIONS IN TERMS OF VOLUME PERCENTAGES OF THE BINARY
MIXTURES A (METHANOL-WATER), B (ACETONITRILE-WATER) AND C (ISOPROPANOL
WATER)

Eluent mixture A B C

1 100.0 0.0 0.0
2 0.0 100.0 0.0
3 0.0 0.0 100.0
4 50.0 50.0 0.0
5 0.0 50.0 50.0
6 50.0 0.0 50.0
7 33.3 33.3 33.3

defined earlier could be satisfied. The selection was based on the suggestion by De
Galan et at. 11, who recommended the use of methanol-water binary mixtures for
identifying the mobile phase composition that gives k' values for all the peaks within
the desired range (0-20). Consequently, three preliminary runs were carried out using
methanol-water mobile phases with the compositions given in Table I. The results of
these preliminary runs are also shown in Table I. The mobile phase methanol-water
(72:28, v/v) gave the smallest capacity factor for the last-eluting component and

TABLE III

MOBILE PHASE COMPOSITIONS AS PERCENTAGES OF PURE SOLVENTS IN MIXTURE

Eluent mixture Concentraiion (%, vlv)

Methanol Acetonitrile Isopropanol Water

1 72.0 0.0 0.0 28.0
2 0.0 70.0 0.0 30.0
3 0.0 0.0 51.6 48.4
4 36.0 35.0 0.0 29.0
5 0.0 35.0 25.8 39.2
6 36.0 0.0 25.8 38.2
7 24.0 23.3 17.2 35.5
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TABLE IV

RETENTION TIMES (min) OF PAH COMPOUNDS IN EACH OF THE SEVEN ELUENT
MIXTURES LISTED IN TABLE III

No. Compound" Eluent mixture

2 3 4 5 6 7

I Cor 0.482 0.472 0.452 0.587 0.455 0.469 0.459

2 Napb 2.050 0.940 1.210 1.408 1.056 1.517 1.186

3 FI 2.697 1.260 2.041 5.782 1.517 2.685 1.828

4 Ph 2.952 1.405 2.157 2.518 1.652 2.836 1.995

5 Ft 4.280 1.783 2.679 3.484 2.080 3.820 2.649

6 Pyr 4.717 1.808 2.836 3.842 2.289 4.078 2.903
7 Benzo 6.408 2.285 3.580 4.963 4.573 5.443 3.623

8 BiB(a,h)b 2.230 4.332 3.582 13.822 3.115 5.518 3.766
9 Chb 7.513 2.477 3.977 5.567 3.005 6.382 4.110

10 B(a) 7.798 2.542 4.196 5.783 3.135 6.724 4.268

" (I) Cor = coronene; (2) Nap = naphthalene; (3) FI = fluorene; (4) Ph = phenanthrene; (5) Ft
= fluoranthene; (6) Pyr = pyrene; (7) Benzo = benzophenanthrene; (8) DiB(a,h) = dibenz[a,h]anthracene;
(9) Ch = chrysene; (10) B(a) = benz[a]anthracene.

b The standard mixture was spiked with this component to improve detection.

satisfied the second optimization criterion. This mobile phase was then selected as
solvent A in the solvent selectivity triangle shown in Fig. 2. Subsequently, the solvent
strength of this mobile phase was calculated using the following equation:

ST = Sa({Ja + Sb({Jb + ... (1)

where STrepresents the solvent strength of the mixture, ({Ji are the volume fractions of
each component and Si are the individual solvent' strengths of the organic modifiers!!.
After determining the solvent strength for mobile phase A, the other two iso-eluotropic
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mixtures B (acetonitrile-water) and C (isopropanol-water) could be calculated using
eqn. 1. Four additional mobile phase compositions were then selected from the solvent
selectivity triangle. The seven eluent mixtures chosen are listed in Table II and are also
illustrated in Fig. 2. As the compositons shown in Table II are in terms of the binary
solvents A, Band C, the actual compositons in terms of the pure solvents were
recalculated and are given in Table III.

Experiments using these seven mobile phases were then performed and the
results are listed in Table IV. All chromatographic results were obtained in duplicate
with reproducibilities better than ±2%. The void time for the Perkin-Elmer column
was 0.38 min.

In addition to the standard mixture, individual PARs were also analysed to
assist in the identification and calculation of the resolution. From the results of the
seven experiments the resolution, R" could be calculated using either of the following
two equations:

1 ( k' )R. = - (a-l)Nt --
s 4 k' + 1

(2)

(3)

where Rs is the resolution for a pair of adjacent peaks, a is the relative retention ratio,
N is the number of theoretical plates of the column, k' is the capacity factor for one of
the peaks, ti is the retention time of the ith peak and Wi is the width of the ith peak. The
values of Rs calculated are listed in Table V.

Subsequently, the R s values were fitted into a second-order polynomial:

TABLE VI

COEFFICIENTS OF EQN. 4 FOR THE NINE PAIRS OF PEAKS

Peak Coefficient
pair

a, a2 a3 a12 a23 a13 G123

I 4.094 4.216 4.181 2.696 0.398 1.522 - 18.861
2 0.636 1.981 3.890 14.498 1.240 3.766 - 42.879
3 1.550 0.773 0.461 8.222 -1.358 -0.656 - 22.755
4 0.702 1.622 1.968 -2.128 2.296 2.868 32.076
5 3.648 0.108 0.555 -0.216 -5.086 0.918 0.597
6 0.991 2.344 2.446 -2.142 -0.602 1.724 6.516
7 2.918 0.736 0.006 -5.764 -2.148 -0.756 2.703
8 1.670 0.247 1.254 -3.822 -4.348 2.922 9.777
9 0.425 4.680 0.864 37.162 -2.350 9.456 -119.988
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Fig. 3. Overlapping resolution diagram for the nine pairs of peaks. Symbols: -, R :;:; 0.5; +,0.5 < R < 1.0;
# R ~ 1.0.
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Fig. 4. Chromatogram of standard mixture of PAHs using a mobile phase consisting of methanol
acetonitrile~isopropanol-water(61.20:3.50:5.16:30.14, v/v). Column: Perkin-Elmer 3 x 3 HS C's' Other
chromatographic conditions as described in text. For peak identification, see Table IV.

Fig. 5. Chromatogram of standard mixture of PAHs using a mobile phase consisting of methanol
acetonitrile-isopropanol-water (61.20:3.50:5.16:30.14, v/v). Column: Whatman Partisil-5 ODS-3. Other
chromatographic conditions as described in text. For peak identification, see Table IV.
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where Gi are coefficients and Xi are the volume fractions of the mobile phases A, Band
C. With the aid of a modified version of the Basic program given by Berridge8

, the
coefficients for each peak pair were determined. These coefficients are listed in Table
VI. Using eqn. 4, together with the coefficients listed in Table VI, the Rs values for
other mobile phase compositions within the solvent triangle could be calculated. These
values were used to construct Venn diagrams or resolution plots for all the peak pairs.
The individual resolution plots were then superimposed to give an overlapped
resolution diagram, which is shown in Fig. 3. The area marked with # represen.ts the
optimum region where the solvent compositions would result in satisfactory separa
tion of all the peaks (i.e., Rs > I).

To confirm the results of the optimization procedure, an additional experiment
using one of the mobile phase compositions in the optimum region was performed to
verify that a satisfactory separation of all the peaks could be achieved. A mobile phase
consisting of methanol-acetonitrile-isopropanol-water (61.20:3.50:5.16:30.14, v/v)
was used for this purpose. A typical chromatogram obtained is illustrated in Fig. 4.
Satisfactory separation was achieved for the ten PARs. A further test was performed
using a different column (the Whatman column). The same mobile phase was used and
the chromatogram obtained is shown in Fig. 5. Complete separation was also
observed. As the latter column is longer, longer retention times were observed.

The above results demonstrated that the ORM optimization scheme is a rapid
and versatile method. Optimum separation can be achieved without much difficulty
even when quaternary mobile phases are considered, because only seven different
mobile phase systems need to be examined in order to obtain the necessary data for the
resolution plots. Moreover, no re-optimization is required once the optimum mobile
phases have been established. This would certainly be a useful advantage over many
other optimization techniques, as a shorter column can be used first to determine the
optimum mobile phase. Subsequently, a longer column can be used to improve the
separation further if necessary. With such a scheme, the overall analysis time can be
significantly reduced. Further, in any case of column failure during the course of the
experiment, a new column with the same type of stationary phase can be used to
replace the damaged column and there is no need to repeat the whole optimization
procedure. This is, of course, a very useful feature of the ORM technique as it would
mean that wastage of expensive solvents and analysis time can be minimized.
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SUMMARY

The possibilities of regulating peak compression effects, i.e., of making the
analyte peak coelute with the system peak, were investigated for substituted benz
amides. The changes in capacity factor for the system peak relative to the retention of
the analyte were studied by varying the composition of the mobile phase. The param
eters useful for altering the capacity factor ratio were found to be the ionic strength of
the phosphate buffer and to some extent the pH, whereas the amount of acetonitrile
and the concentration of the amine modifier gave negligible effects. Variation of the
amount of silanol groups on the solid phase could also be used as an efficient means
for regulation of the capacity factor ratio.

INTRODUCTION

Mobile phases in reversed-phase liquid chromatography often contain additives,
e.g., ion-pairing reagents and competing ions, in order to change the retention and/or
the selectivity or to improve the peak symmetry. When using such mobile phases, the
injection of a sample not identical with the mobile phase will disturb the column
equilibria and generate two kinds of peaks. The first kind is the ordinary peaks
corresponding to the injected compounds. The other kind originates from the
equilibrium disturbance and is called system peaks, as they reflect the concentration
changes of the mobile phase components 1

-
S

. A system peak is thus a zone with an
excess or a deficit of a mobile phase component, eluting at a retention volume
characteristic of that component. The theoretical treatment of system peaks has so far
been limited to those developed by very small equilibrium disturbances (e.g., ref. 6).

It has been shown that, under special circumstances, peak compression7-9 or
peak deformation10 will occur for analytes coeluting with the system peak. The peak
compression effect might give extremely narrow peaks and apparent efficiencies up to
5 . 106 plates/m have been observed11, so this effect is of interest as a means of
improving the sensitivity in liquid chromatography. One bioanalytical application has
been published in which peak compression was applied to the determination of low
levels of FLA 908, a minor remoxipride metabolite, in urines. To be able to make

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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further use of the peak compression effects and to learn how to avoid peak
deformation, a better understanding of these phenomena is necessary.

In earlier studies with tertiary amines as model compounds, the amine modifiers
used in the mobile phase were N,N-dimethylalkylamines, the alkyl group varying from
hexyl to dodecyI7-9. The system peaks for these modifiers have different capacity
factors, giving retention "windows" in between. For analytes eluting in these retention
windows, it has not been possible to obtain useful peak compression effects. The aim of
this work was to find parameters that can be used for the fine regulation of the ratio of
the system peak capacity factor to the analyte capacity factor and thereby broaden the
applicability of the peak compression effect.

EXPERIMENTAL

Chemicals
N,N-Dimethyloctylamine (DMOA) was obtained from ICN Pharmaceuticals

(Plainview, NY, U.S.A.) and N,N-dimethylheptylamine (DMHA), N,N-dimethyl
nonylamine (DMNA) and N,N-dimethyldecylamine (DMDA) from Ames Labs.
(Millford, CT, U.S.A.). Other chemicals, of HPLC or analytical-reagent grade, were
obtained from the usual commercial sources and used as received.

The model compounds (Fig. I) were substituted benzamides related to the
neuroleptic compound remoxipride and synthesized at CNS Research and Develop
ment, Astra Research Centre (Sodertiilje, Sweden). Their syntheses have been
described: compound II 1Z

, compounds III-yl3
, compound YI 14 and compound

YII 15
.

Chromatography
Six different columns were used: a factory-packed Spherisorb ODS-I (3 ,urn;

100 x 4.6 mm J.D.) from Phase Separations (Queensferry, U.K.), a factory-packed
Nucleosil120-3 C 18 (100 x 4.6 mm J.D.) from Macherey-Nagel (Diiren, F.R.G.), and
four columns (100 x 4.6 mm J.D.) with 5-,um Spherisorb ODS-1 and Spherisorb
ODS-2 (Phase Separations) in different proportions (100:0, 75:25, 50:50 and 0: 100).
The mixed packing slurries were stirred for 1 h before the columns were packed.
Methyl isobutyl ketone was used as a slurry medium and hexane as the eluent. The
packing pressure was 400 bar.

R, R,

I (remoxipride) H C,Hs
II H C3H,
III H C,Hs
IV H C,Hs
V H C,Hs
VI H C,Hs
VII OH C,Hs

R, R,

2H OCH,
2H OCH,
2H OCH,
2H OCH,
2H OH
2H OH
o OCH,

Rs R6

H Br
H Br
CI Br
CI CI
CI CI
Br OCH,
H Br

Fig. I. Structure of model compounds.



PEAK COMPRESSION EFFECTS FOR BENZAMIDES IN LC 255

The mobile phases were different concentrations of acetonitrile in phosphate
buffers of various pH and ionic strengths, with or without the addition of amine
modifiers (DMHA to DMDA). The flow-rate was 1.0 ml/min. The analytes were
dissolved in phosphate buffer with the same pH and ionic strength as the mobile phase.
The injection volume was 100 Ill.

The chromatographic system consisted of a Model 590 programmable pump
(Waters Assoc., Milford, MA, U.S.A.), a Perkin-Elmer (Oberlingen, F.R.G.) ISS-IOO
autosampler and a Perkin-Elmer LC-95 UV detector. The cell volume was 104111 and
the detector was operated at 208 nm. A refractive index (RI) detector (Waters
Model4LO) was coupled in series with the UV detector and used to study the retention
of the system peak. The UV detector signal was monitored with a Model SP 4270
integrator (Spectra-Physics, San Jose, CA, U.S.A.) and the RI detector signal was
recorded with a Kipp & Zonen (Delft, The Netherlands) BD 41 recorder. To prolong
the lifetime of the analytical column, a guard column dry-packed with Corasil (Waters
Assoc.) was placed between the pump and the autosampler.

Determination of capacity factors
The column mobile phase volume, Vm , was measured by the injection of

potassium nitrate. The system peak is the result of fairly large changes in the
concentration of the amine modifier in the mobile phase. Being on the non-linear part
of the adsorption isotherm, the retention volume for the system peak depends strongly
on how it is generated. In this work, the retention volume was measured for the small
positive system peak generated when phosphate buffer was injected. Effects on the
peak shape can be expected when the capacity factor of this system peak is the same as
the isocratic capacity factor of the analyte, i.e., the ratio of these capacity factors is 1.0.

PRINCIPLE OF THE PEAK COMPRESSION EFFECT

A mobile phase with a UV-transparent cationic modifier, e.g., DMNA, is used.
The UV-absorbing amine analyte is injected dissolved in a solution of an organic
anion, e.g., nonyl sulphate, with a larger retention than the cationic modifier. This
anion generates a system peak with a DMNA deficit and a nonyl sulphate peak
containing the corresponding excess ofDMNA. These peaks can be observed with RI
detection (Fig. 2, top trace). The system peak is thus a zone of mobile phase with
a lower concentration of DMNA, giving an increased retention of the amine analytes
within this zone. If the analytes are injected dissolved in phosphate buffer, all three
compounds show normal peaks (Fig. 2, middle trace). When the analytes are injected
in a solution of a counter ion, the peak shapes for the analytes eluting before or after
the system peak are hardly influenced at all, whereas the analyte coeluting with the
system peak will elute in a narrow band (Fig. 2, bottom trace). This analyte will be
trapped by the system peak and, owing to its higher retention within this zone of
DMNA deficit, it will move more slowly than the zone until it reaches the higher
DMNA concentration of the surrounding mobile phase where the analyte retention is
equal to, or even higher than, the system peak retention. The result is that the analyte is
concentrated in a narrow band at the back of the system peak 7 •
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DMNAdeficit

DMNAexcess

RI trace, injection of nonylsulphate
solution

UV trace, injection of analytes
dissolved in bUtter

UV trace, injection of analytes in nonylsulphate solution

Fig. 2. Schematic representation of the peak compression effect exemplified with a mobile phase containing
DMNA as the amine modifier and using nonyl sulphate in the solution injected to create the system peak.

RESULTS AND DISCUSSION

Choice of solid phases
The retention of basic compounds such as amines has been found to be

correlated with the surface concentration of residual silanols l6
. Several simple

chromatographic tests for residual silanols have been publisheC: I6
-

18
. In this paper,

a test was performed by injecting a mixture consisting of two amines (compounds I and
II, Fig. I) with a high affinity to silanols, and a lactam (VII), a neutral compound
expected not to be retained on silanols. Mobile phases with and withsmt DMOA added
to mask the residual silanols19 were used, and the influence of the DMOA addition on
the retention of these three analytes was studied.

Two octadecylsilica columns with different specifications were initially com
pared: Spherisorb ODS-I, a low-carbon-content (7%) support with a large number of
residual silanol groups, and Nucleosil120-3 C18 , with a higher carbon-content (11 %).
On the latter (Table I) the amines elute earlier than the lactam for both mobile phases
and the addition ofDMOAdoes not change either the retention or the peak efficiency
and symmetry. Hence, this batch of the support can be regarded as fully end-capped.

The results for Spherisorb ODS-I (5-l1m) are completely different (Table I). The
retention of the amines is high without DMOA, but decreases drastically when DMOA
is added. Simultaneously, the peak efficiency and symmetry are improved. The
retention, efficiency and symmetry of the lactam peak are not influenced by the
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TABLE I

INFLUENCE OF AMINE MODIFIER ON CAPACITY FACTORS FOR TWO DIFFERENT
OCTADECYLSILICA COLUMNS

Mobile phase: acetonitrile-phosphate buffer (pH 2.00, 1 = 0.05) (28:72, v/v) without or with 0.4 mM
DMOA.

Compound Column

Nucleosil 120-3 CIS Spherisorb ODS-I (5 Ilm)

Without DMOA WithDMOA Without DMOA With DMOA

I 0.78 0.72 9.26 2.01
II 1.37 1.25 18.9 3.95
VII 2.02 1.91 1.64 1.59

addition ofDMOA. These results were as expected for the Spherisorb ODS-l supports
and indicate a high number of residual silanols. The results (not shown) for the 3-/lm
Spherisorb ODS-! gave an almost identical pattern but slightly shorter retention and
higher efficiency.

For the study of peak compression effects, it is essential to use a support where
the addition of an amine modifier, responsible for the system peak, has a pronounced
effect on the retention of the analyte amines. Hence there should be a large difference in
retention for an amine analyte within the system peak compared with outside.
A support with a high number of residual silanols is, therefore, expected to give the
strongest compression effects and the Spherisorb support was chosen for the peak
compression studies.

Variation of the lipophilicity of the amine modifier
In order to obtain peak compression effects for a specific analyte, an amine

modifier giving a system peak with a retention close to that of the analyte must be
chosen. The retention of the system peak and the retention of the analytes using mobile
phases with amine modifiers of different lipophilicity were studied (Table II). With

TABLE II

CAPACITY FACTORS WITH AMINE MODIFIERS OF DIFFERENT LIPOPHILICITY

Mobile phase: acetonitrile-phosphate buffer (pH 2.00, I = 0.05) (26:74, v/v) with 0.5 mM amine modifier.
Spherisorb ODS-l (5Ilm) was used.

Amine modifier

DMHA
DMOA
DMNA
DMDA

Compound

1 VII II III System peak

3.40 2.18 6.40 7.82 1.81
2.21 2.21 4.19 5.31 2.50
1.49 2.20 2.80 3.45 3.54
0.87 2.14 1.69 2.26 5.15
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increasing lipophilicity of the amine modifier, the system peak retention increases,
whereas the amine analyte retention decreases. The lactam retention was constant,
however. These results were as expected, but of more importance for the purpose of
peak compression was the change in retention for the system peak relative to the
analyte. This change is best illstrated by plotting the ratio of the capacity factor for the
system peak to that of the analyte (Fig. 3). Peak compression effects, as mentioned
above, can be expected when the ratio is about 1.0. Under these conditions, DMNA
seemed to be a perfect choice if a peak compression effect was required for III, and
DMOA might be useful for I. For II, DMNA gave too high a capacity factor ratio
whereas the ratio using DMOA was too low. To be able to obtain peak compression
effects also for II, a change of amine modifier is obviously not a suitable approach, and
alternative means of regulating the capacity factor ratio must be found.

The compounds giving the system peak and the analytes are all tertiary amines,
and changes in the mobile phase composition might be expected to have a similar
influence on the retention of both kinds of peaks. However, amines might have
different retentions as solutes and as mobile phase components, reflected in the
different expressions for their capacity factors4

. Further, in the present system an
amine is added to the mobile phase to mask residual silanols and therefore the
silanophilic part of the retention is probably much greater for the amine modifier,
giving the system peak, than for the analytes. The influence of the mobile phase
components on the retetion for both kinds ofpeaks was studied to see if these assumed
differences in retention mechanism could be useful for changing the capacity factor
ratio and, thus, regulating the peak compression effects.

°

0.5 I,
0 Oil_e
~ (;fJ!!
~ 0

"II

~{/~

~

-0.5 of/
-

DMHA DMOA DMNA DMDA
Amine modifier

Fig. 3. Influence of the !ipophi!icity of the amine modifier on the capacity factor ratio. Spherisorb ODS·!
was used and the mobile phase was acetonitrile-phosphate buffer (pH 2, 1= 0.05) (26:74, vjv) with 0.5 mM
amine modifier. 0 = k' (system peak)jk' (I); 0 = k' (system peak)jk' (II); • = k' (system peak)jk' (III).
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TABLE III

INFLUENCE OF THE ACETONITRILE CONCENTRAnON IN THE MOBILE PHASE ON THE
CAPACITY FACTOR RATIO

Mobile phase: acetonitrile-phosphate buffer (pH 2.00, J = 0.05) (28:72, v/v) with 0.6 mM DMOA.
Spherisorb ODS-l (Slim) was used.

Acetonitrile Compound
concentration
(%) J JJ JIJ

23 1.13 0.58 0.44
25.5 1.10 0.57 0.45
28 1.08 0.55 0.45
30.5 1.05 0.52 0.44
33 1.01 0.52 0.45

Variation of the acetonitrile and amine modifier concentrations
With DMOA as the amine modifier, the acetonitrile concentration of the mobile

phase was varied from 23 to 33%, giving a 2-fold decrease in the capacity factors for
both the system peak and the analytes. For I, with about the same capacity factor as the
system peak, and also for II there was an insignificant decrease in capacity factor ratio
with increasing acetonitrile concentration, whereas for III the ratio was constant
(Table III).

Changing the amine modifier concentration from 0.4 to 1.2 mM gave a more
than 2-fold decrease in all capacity factors, but the ratios were constant (Table IV).
Variation of the acetonitrile or amine modifier concentration is therefore not useful for
changing the capacity factor ratio. In a study by Fornstedt et al. 20.21, using
protriptyline as the amine modifier, changes in the capacity factor ratios were observed
when amine modifier concentrations of 0.0076, 0.20 and 0.95 mM were compared.
These changes are probably a reflection of the change in coverage of the silanophilic
site. The coverage was found to be 3, 41 and 78%, respectively. Peak compression
effects were found only at the two highest concentrations2l

.

TABLE IV

INFLUENCE OF THE MOBILE PHASE DMOA CONCENTRATION ON THE CAPACITY
FACTOR RATIO

Mobile phase: acetonitrile-phosphate buffer (pH 2.00, J = 0.05) (28:72, v/v) with DMOA. Spherisorb
ODS-l (311m) was used.

DMOA Compound
concentration
(mM) J JJ JIJ

0.4 1.26 0.71 0.57
0.6 1.22 0.70 0.54
0.8 1.21 0.70 0.54
1.0 1.18 0.68 0.51
1.2 1.20 0.70 0.52
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Variation of the pH and ionic strength of the phosphate buffer in the mobile phase
The ionic strength of the phosphate buffer was varied from 0.02 to 0.20 at pH

2.00, 2.50 and 3.50. Five amine model compounds and the lactam were injected. The
capacity factor of the lactam was the same for all mobile phases. The plots of log k'
against ionic strength at pH 2.00 show a small decrease in the capacity factor for the
amine compounds when the ionic strength increases, but on the other hand the
capacity factor for the system peak increases (Fig. 4). The plots for the analytes are
parallel, except for a slight decrease in retention when the analyte elutes close to the
system peak. A probable explanation is that the system peak resulting from an
injection of buffer is a zone with an excess of DMNA, thus giving coeluting analytes
a shorter retention. At pH 2.50 (not shown), the results were very similar to those at
pH 2.00, whereas at pH 3.50 the decrease in retention for the analytes and the increase
in retention for the system peak were more pronounced than at pH 2.00 (Fig. 5).

The capacity factor ratio plots (pH 2.00 in Fig. 6 and pH 3.50 in Fig. 7) illustrate
the rapidly decreasing ratios at ionic strengths below 0.1. At pH 3.50, it is possible to
obtain an almost 3-fold change in ratio. A probable explanation for the opposite
behaviour of the system peak and the amine analytes is a more extensive distribution of
the amine modifier to the solid phase with increasing ionic strength. The amine
analytes will then experience an increasing competition for the sites and the retention
will decrease. It shoud be noted that at pH 3.50, using the same amine modifier, it is
possible to obtain peak compression effects for four of the five analytes by using
buffers with different ionic strengths. For V, a more lipophilic amine modifier must be
used.

The influence ofpH on the capacity factor ratio at low ionic strength is shown in
Table V. The ratios are the same at pH 2.00 and 2.50 but decreases at pH 3.50. At
higher ionic strengths, the ratios are independent of pH.

0.8 A_.._ ..._ ...------...

0.6

0.4

----._-
~~ie------------~

~1:!.-l:J. -6-

.~- ~e~~====-_
~- I

0.2

0.20o 0.05 0.10 0.15
Ionic strength

Fig. 4. Influence of ionic strength on the capacity factor at pH 2.00. The column was Spherisorb ODS-l and
the mobile phase was acetonitrile-phosphate buffer (pH 2, I = 0.02-{).20) (30:70, v/v) with 0.5 mMDMNA.
o = System peak (broken line); D = II; 6 = III; 0 = IV; III = VI; • = V.
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Fig. 5. Influence of ionic strength on the capacity factor at pH 3.50. Conditions and symbols as in Fig. 4.
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Fig. 6. Influence of ionic strength on the capacity factor ratio at pH 2.00. Conditions as in Fig. 4. D = k'
(system peak)/k' (II); j\, = k' (system peak)/k' (III); • = k' (system peak)/k' (IV); • = k' (system peak)/k'
(VI); ... = k' (system peak)/k' (V).

Fig. 7. Influence of ionic strength on the capacity factor ratio at pH 3.50. Conditions as in Fig. 4and symbols
as in Fig. 6.



262 L. B. NILSSON

TABLE V

INFLUENCE OF pH ON THE CAPACITY FACTOR RATIO

Mobile phase: acetonitrile-phosphate buffer (pH 2.00-3.50, I = 0.02) (30:70, v/v) with 0.5 mM DMNA.
Spherisorb ODS-I (5 llill) was used.

pH Compound

II IV III VI V

2.00 1.06 1.00 0.77 0.58 0.39
2.50 1.06 1.00 0.76 0.58 0.38
3.50 0.66 0.61 0.51 0.39 0.25

Varying the ionic strength, and at low ionic strengths also varying the pH, can
thus be useful for the fine regulation of the peak compression effect. However, it is not
the ideal tool as very small variations in the ionic strength can have a drastic effect on
the capacity factor ratio. An extremely careful preparation of the buffer is necessary.

Influence of the support
As the amount of silanols is very important for the retention of amines,

experiments were designed in which the amount of silanols in the column was varied.
This was done by packing columns where Spherisorb ODS-1 was mixed with
Spherisorb ODS-2. According to the manufacturer's specification, ODS-2 'is "fully
capped" with a bonded phase loading of 0.5 mmol/g (12%), whereas ODS-I, as
mentioned above, is "partially capped" with a loading of 0.3 mmol/g (7%). Four
columns were packed, with ODS-1 to ODS-2 ratios of 100:0, 75:25, 50:50 and 0:100.
All four columns gave excellent efficiency (60 000-80 000 plates/m, calculated using
the peak width at half-height) for the neutral compound VII, which is not sensitive to
the presence of silanols. As expected for amines retained mainly on the residual
silanols, the capacity factors decreased with increasing amounts of ODS-2 (see
Table VI). The efficiency of the amine peaks decreased with an increasing amount of

TABLE VI

INFLUENCE OF THE SUPPORT ON THE CAPACITY FACTORS

Column I, 100% ODS-I; column 2, ODS-I-ODS-2 (75:25); column 3, ODS-I-ODS-2 (50:50); column 4,
100% ODS-2. Mobile phase: acetonitrile-phosphate buffer (pH 2.00, I = 0.05) (28:72, v/v) without or with
0.5 mMDMNA.

Compound

VII
I
II
System peak

Column I Column 2 Column 3 Column 4

Without With Without With Without With Without With
DMOA DMOA DMOA DMOA DMOA DMOA DMOA DMOA

1.87 1.83 1.71 1.64 1.58 1.49 1.37 1.33
17.0 1.83 10.5 1.15 8.38 0.97 3.80 0.67
33.5 3.49 21.2 2.30 16.8 1.98 6.87 1.45

3.54 3.08 3.00 2.92
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ODS-2, from about 30000 plates/m for 100% ODS-l to about 4000 plates/m for
100% ODS-2.

The addition of DMNA to the mobile phase gave drastically reduced capacity
factors for the amines on all four columns (Table VI). The decrease in capacity factor
with increasing amount ofODS-2 still oc<;urred, but to a smaller extent. The efficiency
for the lactam peak was not changed whereas an improvement was seen for the amines,
giving about 80 000 plates/m for 100% ODS-l and 50 000 plates/m for 100% ODS-2.
The retention of the system peak decreased only slightly with an increasing percentage
of ODS-2, resulting in an increase in capacity factor ratio (Fig. 8). The use of mixed
supports is obviously an interesting means of regulating peak compression effects as
a more than 2-fold change in capacity factor ratio occurred. The manipulation of the
amount of silanols on the column gives the possibility of optimizing peak compression
effects also at high ionic strength. As small changes in the ionic strength of the
phosphate buffer then will not affect the capacity factor ratio, this should give more
robust systems.

For the ODS-2 column, it can also be noted that the drastic decrease in retention
for amines on adding DMNA to the mobile phase, and also the inferior peak shape and
efficiency without DMNA, indicate a considerable amount of residual silanols also on
this "fully capped" support.

CONCLUSION

There are several ways of regulating peak compression effects. First, the proper
amine modifier is chosen. Fine regulation can then be achieved by selecting a column
with a suitable amount ofsilanols and by adjusting the ionic strength and the pH of the

0.8

o

o 20 40 60 80 100

%0052

Fig. 8. Influence of the support on the capacity factor ratio. The columns were packed with mixed supports:
column I, 100% Spherisorb ODS-I; column 2, ODS-I-ODS-2 (75:25); column 3, ODS-I-ODS-2 (50:50);
column 4, 100% ODS-2. The mobile phase was acetonitrile-phosphate buffer (pH 2, J = 0.05) (28:72, vjv)
with 0.5 mM DMNA. • = k' (system peak)jk' (I); A = k' (system peak)jk' (II).
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mobile phase. Using these methods, it seems possible to obtain peak compression
effects for all amine analytes within the studied capacity factor range. Work is in
progress to demonstrate how these findings can be used in practical work.
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Towards a chromatographic quantitator
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SUMMARY

A specification is outlined for a quantitation system which takes chromato
graphic signals from one or more single or multichannel detectors, records more than
one chromatogram, and uses objective chromatographic information provided by the
operator. This information will help estimate the comparative concentration, and its
uncertainty of selected components. The advantages of this approach are compared
to the limitations of conventional integration of single chromatograms. Some tenta
tive suggestions for implementation are given.

INTRODUCTION

Chromatography is the source of many quantitative analytical results and the
quantitation of chromatograms is a vital part of an analyst's professional tools.
Analytical results'are almost always referenced to some standard material: whether it is
yesterday's batch or National Bureau of Standards certified Standardised Reference
Material, the answers are relative. Current commercial systems concentrate on
integration of individual chromatograms. They fail to meet the two real needs of
analysts: the comparison of unknown and standard samples yielding an estimate of
comparative concentrations of components, and an estimate of their uncertainty.

These simply stated requirements are not met by any commercial systems, nor
described in the chromatographic literature. The history of quantitative chromato
graphy is refinement of single chromatogram integration, a difficult task constrained
by very wide dynamic range signals, and until recently, too little storage space to keep
even one whole chromatogram in fast access memory. The hardware no longer
constrains us. This paper proposes a new approach to the whole problem and outlines
a specification. Its objective is to encourage discussion and refinement of the
specification by analysts, and commercial implementation. Some research, and
considerable development, will be needed to implement systems of t&is sort. They will
be large software systems requiring professional production tools such as high level
languages of certified compliance to international standards. They should be
independently validated to public standards. For brevity a system of this class will be
called a chromatographic quantitator. (It is worth noting that the historical record in

002 1-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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the chromatographic literature l
-

l4 is sparse compared to the proprietary information
guarded by integrator vendors, and in contrast to the importance of these unpublished
algorithms to analysts using them. With so much secrecy, thorough validation is
impossible.)

SCOPE

The scope of the quantitator concept is all separation systems using elution from
a column with serial detectors, for example gas and liquid chromatography, ion
chromatography, amino acid analysers with all detectors, and detectors scanning
a sorbent like thin-layer chromatography. The quantitator software mi'ght be built into
a chromatograph, perhaps in ROM (Read Only Memory firmware), externally as part
ofa data system, or a combination. The principles apply whether the detector(s) is (are)
single- or multi-channel though the implementation problems are quite different if
more than a few channels are involved. The UV diode-array detector is the most
important multi-channel detector. It is suggested that all implementations cater for at
least two channels, and solve the problem of synchronisation of detectors in series
when one will lag by a constant time. Beyond a few channels, different computational
techniques will be needed l5

•
l6

. In the following discussion it is assumed that the
quantitator has some control over the chromatograph. If automatic control is not
implemented, this may require the analyst to alter settings manually.

WHY DO INTEGRATORS FAIL TO QUANTITATE RELIABLY?

There can be few users ofchromatography who have not seen integrations which
even novice chromatographers can dismiss as nonsense. Worse still is that integrators
rarely warn when results are unreliable, even when this is obvious to the human eye.
I submit that this is because the chromatographer has information which has not been
given to the integrator, and without which integrators are doomed to unreliability.
Moreover, until algorithms for processing digitised analog voltages are given, and can
accept, all the available information, they can never produce the best possible
estimates of quantities, nor useful estimates of uncertainty. Even if information can be
inferred from closer examination of the data, reliability and credibility will be
improved if it can be checked against operator input information. For example, it may
be possible to deduce the unretained peak time from a chromatogram, but it is still
worth checking that this agrees with an operator input value and thus compute
confidence limits for this time. It will probably be more accurate to use a column bore
input by an operator, but useful to cross check that this information is not grossly
wrong, for example 0.46 instead of 4.6 mm. Apart from some assumptions, usually
rather weak, about peak shape made by integration algorithms, the only other source
of information is the so-called integration parameters.

INTEGRATION PARAMETERS

Chester and Cram l in 1971 showed that " ... the limits of integration have an
astounding effect on the accuracy...". Many current problems with reliability of
integration are still rooted in the need for integration parameters from the operator. It
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is undesirable that the adjustment of integration parameters provides the user with
a way ofmanipulating the results and not consistent with Good Laboratory Practice or
quality standards like ISO 9000. Integration parameters are idiosyncratic and not
portable.

Of course, the integrator needs to have any information that cannot be inferred
from the chromatogram, such as whether isothermal or isocratic conditions apply, or
whether any switching takes place, and when negative peaks are reasonable. For
example, when a quantitatorhas assessed sample chromatogram(s), it should be much
better than the operator at assessing the effect of different analog to digital sampling
rates. If the sampling rate is controlled by hardware, a change in rate might necessitate
reinjection of some or all samples.

Although many commercial systems have progressed in reducing the number of
integration parameters required from the operator, a quantitator must not require, nor
even permit, any at all. The input must be objective, observable and thus portable
between systems, for example column length or flow-rate.

INFORMATlON AVAlLABLE TO A QUANTITATOR

To quantitate, information can be obtained from the operator, calculated from
the basic theories of chromatography, deduced from the analog signal, extrapolated
from previous chromatograms using the same column or previous injections of the
same and other samples, and confirmed from expectations of results.

(1) The operator might tell, for example, the column size, flow-rate, isocratic or
gradient elution, size and type of packing material.

(2) From chromatographic theory for liquid chromatography the algorithm
might calculate, for example, the elution volume of unretained substances and the
monotonic change in peak width under isocratic elution. Appropriate theory for the
type of chromatography, gas or liquid, eluted or developed like thin layer chromato
graphy, must be used of course.

(3) From the analog signal the algorithm might deduce, for example, the
character of detector noise and analog-to-digital quantisation17 and the effect this will
have on peak start and end detection and thus the uncertainty of peak area
measurement18

-
22

. Because of the changing nature of noise and the large number of
measurements needed to determine noise, it is impractical to ask the operator to
estimate this information. However, it would be useful to ask for an expectation,
perhaps from the instrument specification or previous performance, to allow a check
for satisfactory operation, for example checking that the deuterium lamp does not
need replacing.

(4) Previous injections will hold information about the actual peak shape for this
column, and previous chromatograms of the same sample will allow extrapolation to
predict the peak shape expected for a particular component for future injections. Peaks
with un-chromatographic shape, for example, with a flat top (not detected at all by
integrators), must have a very high uncertainty.

Pattern matching by using peak shape must surely be the most sensitive and
reliable method 23-

25
.

(5) Informed expectations, for example that the sample will be 0.95 to 1.05 times
the standard, are an important and underused source of information.
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ANALOG SIGNALS
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The obvious input to a quantitator is the raw analog detector signal. This must
be converted to digital form either by sampling very frequently using an auto-ranging
high-speed analog-to-digital converter (typically sampled at line frequency or
integrated by counting pulses from a voltage-to-pulse converter less frequently,
clearing at each time slice).

Because analog signals are degraded the longer the transmission distances, it is
almost certainly best to place the analog-to-digital converter inside the chromato
graph. (It can never be best, as many diode detectors are linked at present, to convert to
a digital signal and then back to an analog signal which is fed to an analog-to-digitaJ
converter in the integrator.) Whatever the mechanism, these data must be transferred
to the quantitator automatically (and error free). Data compression algorithms can be
used to reduce the volume without any information loss, that is the original data can be
obtained exactly by expanding the compressed data. Digital filtering can also reduce
the data volume, with negligible loss of information if applied correctly. Combining
too many adjacent time slices, for example, would materially reduce the chromato
graphic information.

There is a continuous spectrum of rawness of data from 100 Jis analog-to-digital
samples at line frequency, through integrated time slices of about a second, up to the
final peak areas and uncertainties. The only information output really required is
component concentrations and their uncertainty2o. Only when a quantitator is proven
can we safely regard this information as the rawest data that need to be stored
permanently to conform to "good laboratory practice". This validation will not be
a trivial task. Meanwhile the arid debates on "what are raw data?" will no doubt
continue.

Comparison with a modern balance may be helpful. After a sample is placed on
the pan and released, weights are taken many times per second. Only when the variance
of weight reaches a target value (usually implicitly plus or minus about the least
significant digit) is a weight actually recorded, for example in a laboratory information
management system (LIMS). Because the algorithm for weighing is simple, and can be
tested simply by placing known weights on the balance, we regard it as well-proven
(perhaps naively). We would not consider storing all the weighings taken: nor should
we need to for chromatography.

IMPLEMENTATION

The implementation problem of how to get and store this information will not be
discussed further, except to note that it would be too tedious if the operator had to
answer questions on all the conceivable conditions for every chromatogram. A store of
data will be needed, filled initially with suitable default values, for example with 4.6
mm bore for liquid chromatography but 0.25 mm for capillary gas chromatography. It
must be possible to notify a quantitator of changes, in the flow-rate, for example,
perhaps automatically if the quantitator can communicate with the pump. As other
information becomes relevant, a quantitator must be able to ask for it, and to resolve
conflicts between information supplied and that deduced from the analog record.
Implementors will have ample chance to show their user-friendliness, but automatic
interrogation of the hardware will be even more friendly and reliable.
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It is not yet clear how much information should be input (and output)
interactively with the operator, and how transfers to and from any LIMS should be
done. For example, final results need to be stored in a LIMS, methods loaded from
LIMS, and sample sequence information sent to a quantitator. It may prove
impractical or undesirable to store standard chromatograms and extensive history of
results in a quantitator (it might imply disc storage) but it is essential to implement
a portable interface between LIMS and quantitator so that the quantitator can ask
LIMS to store or provide data. When results validation is considered there are some
tests that quantitator cannot reasonably perform. For example, checking against an
expected value, and upper and lower limits should be carried out by quantitator but
assessing the rate of product degradation can only reasonably be carried out by
a LIMS. Uncertainty estimates will surely be stored with each result.

PORTABILITY

An important implementation objective is that the information, and thus the
method of analysis, shall be portable. This means that if the same input data, for
example both digitised analog data and chromatographic data like flow-rate, are fed to
more than one quantitator, the results should not differ more than the (un)certainty or
confidence limits. (This does not mean that one quantitator cannot be better than
another in being able to justify smaller uncertainty estimates, perhaps at the expense of
computation time or memory size).

At present, if an analysis is carried out by using one chromatography data
system, we cannot be confident that the same results will be obtained from another
type ofdata system, even after choosing integration parameters to suit the new system.
In practice, the work involved in re-validating the method is so great that it is skimped.
Because standards may change, for example over the decades of life of a pharmaceuti
cal compound, even if all the validation work is repeated, comparisons are not without
risk. Without uncertainty estimates, the comparison of results from different systems
always carries some risk.

SAMPLES AND THE INFORMAnON THEY MAY YIELD

It may be helpful to classify, at least roughly, samples which may be available,
and the information a quantitator may derive from them.

Reference samples
These are often the purest available, with information on purity, and impurities

if known from other analytical methods, and an uncertainty estimate for this
additional information. Classification as reference or standard is, of course, an
arbitrary decision made by the analyst.

Typical samples
These will contain more than one component, but not contain more impurities

than most of the samples to be analysed.
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Control samples
These are synthetic mixtures of standards and the matrix. They should reveal the

effect of the matrix on the analysis.

Atypical samples
These will contain unusual concentrations of components. For example, the

liquor after crystallisation will often contain much of the impurities in the purified
sample and these may be the purest sample of the impurities that can be obtained. The
retention time, and perhaps spectrum or relative response in ultraviolet and refractive
index detection, can be best assessed from these type of sample. This information can
be used to estimate how well they can be measured in more typical samples.

Pure samples of impurities
Sometimes quite pure samples of some impurities are available. Occasionally,

chemists can be persuaded to synthesise these specially!

Internal standards
These may show the effect of sample preparation and variation in injection

volume. They may also provide useful markers for retention times.

Blanks
Samples in which some standard(s) have zero concentration.

REPLICATE RESULTS

In estimating uncertainty, the number of replicates of integrations of injections
are usually too few (often two or three) to be statistically interesting compared to the
peaks measured with hundreds of rather precise digitised voltages (better than 12 bit or
1 in 4096 relative to a nearby reading). [Manufacturers' claims of over 20 bits refer
more to the range of voltages that can be measured and obscure the precision and/or
accuracy with which any particular voltage can be measured, usually between 12 bits (1
in 4096) and 16 bits (1 in 65538)]. Digitisation can cause computational noise 1

?

Results from replicate injections also contain the confounding influence of the
many operating conditions that will vary between injections.

EXPECTED RESULTS

The quantitator might be able to use any prior knowledge about expected
results. For example, if we are measuring the degradation of a batch of material then
any significant increase in the concentration of the main component is not plausible.
We can extrapolate from measurements on previous batches of the same material, and
measurements on this batch at earlier times to give an expected degradation (and an
uncertainty estimate). Armed with the data from previous analyses, a quantitator
could assess the significance of differences between expectations and result, and
determine the number of replications necessary to achieve a arbitrary level of
confidence, or advise the level of confidence as a function of the number of replicates.
This would follow the current practice of repeating suspect results without sinking to
repeating the analysis until the expected result is obtained!
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UNEXPECTED RESULTS
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A quantitator might also respond specially to results outside expected limits, for
example outside 95 to 105% of a nominally pure standard. The principle proposed is
that the risk of accepting a result is lower the more nearly it meets expectations.

UNCERTAINTY ESTIMATES

Errors can be absolute inaccuracy of concentration if standards containing
known concentration (and known inaccuracy of concentration) are available. If
standards are not available, then uncertainty must be expressed as precision of peak
area, in, say, mV . s. For this reason the term "uncertainty estimate" is used in this
paper. As usual, the error will vary with concentration or peak size, height and/or area,
and only variation of the concentration ofcomponent(s) in standard chromatogram(s)
will allow this to be explored in detaiI 26,27.

CONFIDENCE

An indicator of the confidence we can place in the uncertainty estimate would
also be usefuL The simplest is the number of measurements, related to degrees of
freedom in the jargon of statistics, but it might be helpful in view of the complexity of
combined uncertainty estimation to compute an explicit estimate of the uncertainty in
the uncertainty estimate -"a variance of the variance". If it is based on only a few
chromatograms this value will be rather rough, but for hundreds of samples both the
uncertainty estimate and its variance will become quite well defined, correctly
reflecting the real situation. Confidence could also be expressed by upper and lower
confidence limits with some arbitrary probability.

POSSIBLE METHODS OF PEAK AREA UNCERTAINTY ESTIMATION

Detector noise and pump flow-rate variation can probably be considered
separately. Liquid flow-rate imprecision has always been impossible to measure well
enough at high enough speed. Retention time is a highly integrated value and its
variation only places very wide limits on the short-term variations. The detector noise
is easier to tackle, and may well dominate errors. The most serious uncertainties in
peak area assessment arise from uncertainties about peak start and stop points,
especially on long tails, of course. For many chromatograms (especially isothermal
and isocratic) the noise on the baseline can be studied in detail and its frequency
distribution18 assessed quite well, if necessary, by moni toring for quite long periods
without injection. There are usually some quiet sections of undoubted baseline before
injection or during chromatograms, for example before the ,first peak is eluted.

A naive method ofestablishing error limits would be to establish a point at which
the peak-start criterion is not yet met, and another at which the peak has undoubtedly
started, the peak-start point normally used lying somewhere midway. Similarly
peak-end limits could be calculated (and would usually be wider apart because of
tailing). The peak noise might be added to or subtracted from the observed reading to
estimate these points. The baseline and peak area could then be calculated assuming
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the first start and last end point, and then the last start and first end, and thus the
uncertainty estimated from their differences from the most probable estimate from
midway start and end points. For groups of peaks, the computations are more
complex, but in principle the valley positions suffer a similar uncertainty.

More sophisticated curve fitting and deconvolution methods23 ,25,28-51 might
well lead to better estimates. Deconvolution would achieve more acceptance by users if
they knew how reliable its results were. Estimation ofuncertainty must correctly reflect
the reality that measurement of small peaks before large ones is much better than
measuring on the tail of the large peak. This has important advantages in the use of the
uncertainty as a criterion for optimisation52

.

PEAK HOMOGENEITY

The reliability, or accuracy, of chromatography is most seriously compromised
when a peak represents more than one component and this is not sensed.

Our most precise detectors, the flame-ionisation detector and the single-wave
length ultraviolet detector, are non-identifying53

. They provide no information about
peak homogeneity, apart from peak shape. Only by comparison ofchromatograms can
we assess the limits on homogeneity. As more chromatograms are compared, a better
assessment can be made. For example, if a series of samples, perhaps interposed with
standards, are being run and the column performance is steadily being degraded by
sample debris or column decay, it is possible to predict the most likely and worst likely
peak shape for the next sample, If the next sample produces a wider peak, then we must
suspect a hidden peak. A quantitator algorithm would probably request a standard
chromatogram or two which would confirm or deny the diagnosis: rejection of the
sample result might be premature.

Detectors combining techniques (so-called hyphenated) are usually much less
reliable than chromatography (the liquid branch of which has an unenviable
reputation itself) but they, and all multichannel detection, dramatically improve the
chance of sensing hidden peaks.

During the next half decade, the diode array detector will gain enough computer
power to give useful information on peak non-homogeneity54, but this will compound
the quantitation problem because the area (or volume) integrating role will become
embedded into the factor analysing function. It alone promises to be no less reliable
than current single-wavelength detectors.

TARGET UNCERTAINTY

Many chromatographic values can change: baseline, retention time, peak shape.
The key criterion for whether these changes are important is whether they increase the
uncertainty of the result too much. For example, in estimating a main component we
often require an accuracy, relative to a "standard", ofa few percents or better, whereas
for impurities we may be unconcerned at tens of percent relative imprecision. To
judge whether a chromatogram is acceptable, we clearly need an estimate of
uncertainty and the quantitation process must provide this. The quantitator will advise
for all items quantified, ifappropriate or requested, the estimates of uncertainty and an
indicator of confidence in the uncertainty estimates, and minimum detectable
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quantities 18 ,20,23,55-71. After one or more chromatograms have been run, the analyst
will be able to set target uncertainties for all peaks detected. These may range from
infinity (for peaks which are of no interest) downwards. The units may be absolute
weights, or concentration, or relative to other components. By comparing the
estimated uncertainty with the analyst's target, the chromatograms can be judged
acceptable or not. If unacceptable, more injections may be needed, or more drastic
action such as instrument repair or method change. If replication is indicated, then it
should be possible to predict how certainty will improve as more injections are made.

Target uncertainty is the only input to a quantitator which may be arbitrary and
not objective (though ofcourse target uncertainty should be the analyst's objective). It
makes a real "system suitability test" possible, rather than indirect ones, for example
plate height or resolution targets, used at present. Even more important, the target
uncertainty provides an ideal criterion for optimisation of chromatographic condi
tions 72. It allows the user to specify in non-chromatographic measurement terms what
he wants from the analytical procedure. If other constraints need also to be imposed,
for example, maximum time, a quantitator should be able to predict uncertainties.
(Most separation quality measures used by optimisation methods, for example
resolution, are only one of many factors controlling the uncertainty of measurement).

Finally, because an estimate of uncertainty is available, the result (and the
uncertainty estimate, of course) are suitable for storage automatically in a LIMS as
raw data.

EXAMPLE OF AN APPLICATION OF A QUANTITATOR

In the analysis of pure chemicals, such as an active drug, a quantitator might
guide the operator in the following sequence of measurements on various samples.

Preliminary method development is usually based on known chemical data and
this is used to select gradient conditions for scouting chromatograms. At first
a quantitator has little additional information apart from the column size and which
theory applies. However, it can make estimates of the uncertainty in area measurement
from possible baseline and separation degree, and assess the errors caused by sampling
rates. As more chromatograms are run, expected peak shapes become more defined.

These experiments should establish chromatographic conditions, perhaps now
isocratic, that elute the main component with reasonable retention and specificity.
Chromatograms are run for the quantitator until the confidence in uncertainties
estimated is high enough. Chromatographic conditions may need altering. The
number and retention, and uncertainty estimates, of impurities can now be assessed in
more detail, especially by running atypical sample(s). These will need to be analysed
more than once, and with standards interposed to compensate for drift of retention.
Chromatographic conditions may need refining to improve separation.

When the typical sample(s) are run, the impurities in atypical samples (and
standards too, for single peak chromatograms are virtually unknown) can be identified
by retention time and peak shape, and perhaps confirmed by other techniques. Initial
estimates of uncertainty can be refined. Some strongly overlapped components may be
revealed: it will also be possible to estimate from the number and density of impurity
peaks, the risks or probability that other underlying peaks will be undetected73

-
75

.

For example, in a complex and variable matrix like urine, there is a high risk that
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a change in diet or metabolism will lead to a new peak overlapping that from an analyte
under study. In a pure chemical the risk is statistically much lower. Although the
variance of risk calculations is high, it can be used to refine the uncertainty estimate
and suggest when more resolution (which only gives a modest improvement to risk) or
multichannel detection (which has generally better specificity) is needed to give
credible results, for example for forensic evidence.

As more typical samples are analysed, interspersed with standards at intervals
determined dynamically by the quantitator, the uncertainty estimates will be
continuously refined, in particular, the distribution of errors. A Gaussian distribution
is abnormal in analytical chemistry76. Baseline noise and drift, and retention drift
norms will also be established.

OPTIMISATION

A method of quantitation is now quite well defined. At this point, if not before,
optimisation of chromatographic conditions may be appropriate. An important
objective of optimisation is to ensure robustness77 so that small changes in conditions
do not lead to sharp increases in uncertainty. For example, does a likely change in
column temperature or solvent composition change uncertainty significantly?

Of course repetition of all the previous experiments to establish the change in
uncertainty estimates is hardly necessary. The quantitator might also guide the user in
the number of analyses required to achieve an arbitrary level of confidence and
indicate the predicted confidence for a given number of analyses. (To have confidence
in standard deviations within 20% needs about 50 replicate observations, 10% needs
250,5% needs 1000 and 1% needs 2000078 ,79.)

Finally, in routine use analysing many typical samples a quantitator should
continue to refine the uncertainty estimates showing this through an increased
confidence. The distribution oferrors will become more defined. This might be used to
reject certain results. For example, some instrumental feature, like air bubbles, might
cause some results to be more often in error in one direction giving a bimodel error
distribution. If analyses are done in triplicate and two results are close and the third is
different by the observed bimodal difference, it might be more reasonable to ignore the
third result and return the mean of the other two as the best answer. (The third result
could still be used to refine the bimodal error distribution.)

The quantitator should advise the error distribution, and any sudden changes to
it, as an aid to instrument fault diagnosis and maintenance8o

. For example, the
appearance of a bimodal error distribution might signal a leaking injection valve. The
Kalman filter, recently reviewed by Brown81

, has been shown useful in this
situation82

- 86 .

METHOD VALIDATION

It follows that the validation of a method, now established by a limited number
of initial experiments, should be continuously refined87

-
9 3, narrowing if possible the

uncertainty estimate, as more standards and samples are measured. This should lead to
best use of the data, neither overoptimistic neglecting, for example, degradation of the
column with many chromatograms, nor pessimistic because too few samples are
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analysed exploring too many variables. In principle, all previous chromatograms have
some relevhnce to any particular chromatogram, but in practice only a few will prove
relevant enough to be considered individually (though the quantitator must be able to
incorporate a summary of information from previous chromatograms, for example
using the Kalman filter concept).

Many methods are used to analyse hundreds of similar samples. In this case it
should be possible to deduce quite a lot about the distribution of errors, especially if
replicates are done. For example, do air bubbles in an injection loop cause the largest
errors always to be in one direction giving a biased error distribution rather than
Gaussian? This would not be obvious from a dozen chromatograms run for
uncertainty estimation. Could therisk of outliers from abnormal factors be quantified
well enough to justify reducing the replication and thus reduce the cost?

If the column performance declines as more samples are done, an objective, and
cheapest, decision to replace it with a new one can be taken if the uncertainty estimate
becomes worse than the target uncertainty. The quality of the data is much better
assured, and costs should be less than replacing the column after an arbitrary number
of analyses.

POTENTIAL BENEFITS FROM USING A CHROMATOGRAPHIC QUANTITATOR

(1) Removal of arbitrary "integration parameters".
(2) Ideal specification of analytical performance for legal, regulatory and

commercial purposes because only the target uncertainty need be specified.
(3) Improvement in reliability of results, and an estimate of the reliability

achieved.
(4) Direct estimate of uncertainty on each peak.
(5) Explicit determination of the error caused by interfering substances.
(6) Less risk of undetected peaks hidden under others.
(7) Meeting uncertainty targets is the ideal criterion for optimisation of

chromatographic conditions.
(8) Placing entire responsibility for the estimation of uncertainty in quantitation

on the manufacturer, who cannot claim that user has selected wrong integration
parameters.

(9) Easier validation of the quantitation system with real samples rather than
artificial tests or inspection of program code.

(10) Elimination of much unnecessary column testing and unnecessary control
of column parameters. A system is suitable if the uncertainty estimates are better than
specified limits.

(11) Elimination of the need to check chromatograms by eye and the cost of
hardware and software to aid this.

(12) Reduced volume of raw data which must be stored.
(13) Far greater tolerance to retention drift and peak shape change.
(14) Reduction in analysis time and solvent use by reducing unnecessary

resolution.
(15) Reduction in number of replicates required (or warning that more replicates

are required to achieve the target uncertainty).
(16) Less injections of standards without reducing confidence.
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(17) Increased column lifetime by only replacing when error rises too high.
(18) Better diagnostic information reducing instrument down time.
(19) Using computing (which is getting cheaper) inskad of using chromato

graphy (which is getting more expensive). Helping development of better chromato
graphy which can solve more difficult analytical problems.
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SUMMARY

An automated pre-column derivatization approach was used to develop an
high-performance liquid chromatographic method for the determination of endoge
nous guanidino compound~. A commercialIy available autoinjector which was capa
ble of adding and mixing reagent solutions and timing the reaction prior to injection
was used to generate a fluorescent product by reaction of guanidino compounds with
alkaline ninhydrin. The fluorescent products were separated by reversed-phase chro
matography and detected with a fluorometer. Optimization of the pre-column reac
tion conditions resulted in a simple, highly sensitive and specific analytical method for
the determination of guanidino compounds with excelIent reproducibility and linea
rity. Application of this methodology to the determination of methylguanidine in
human plasma samples resulted in a limit of quantification of I ng/ml (13.7 pmol/ml).
The method was successfulIy employed for the quantification of circulating levels of
methylguanidine in normal human subjects and uremic patients. The methodology
should be generalIy applicable to the detection of other guanidino compounds in
biological fluids.

INTRODUCTION

Pre-column derivatization methods are often preferred over post-column reac
tion methods in high-performance liquid chromatography (HPLC) because the chro
matographic system is less complex and higher sensitivity may be achieved due to the
elimination of peak broadening, baseline noise and dilution effects resulting from the
addition of post-column reagents and the volume of the reaction coil. Manual pre
column derivatization methods, however, also suffer from certain disadvantages such
as requirements for precise control and reproducibility of reaction conditions and the
generation, in most cases, of a single, stable reaction product. For example, several
fluorescence reagents are difficult to utilize in a pre-column derivatization method
since the reaction product has only limited stability. However, automation of this

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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process so that pre-column derivatization occurs just prior to chromatographic anal
ysis can eliminate these drawbacks. In the present paper, we describe such an auto
mated pre-column derivatization approach for the fluorescence determination of sev
eral endogenous guanidino compounds.

Guanidino compounds, including methylguanidine, have been shown to be
elevated substantially in the plasma of uremic patients compared to normal sub
jects1

-
S and are suspected renal toxins whose measurement provides an indication of

renal status. These guanidino compounds react with ninhydrin under strongly alka
line conditions to generate a highly fluorescent, but unstable product and, conse
quently, a previously reported method utilized a combination of HPLC and post
column fluorescence derivatization6 for the measurement of guanidino compounds.
In our approach, guanidino compounds are reacted with ninhydrin just prior to
HPLC analysis, by a commercially available autoinjector with sophisticated pre
column derivatization capabilities, and the derivatized products were analyzed by
reversed-phase HPLC with fluorescence detection. Using this methodology, we devel
oped a substantially simplified, specific and highly sensitive (l ng/ml) analytical meth
od for the measurement of methylguanidine in human plasma samples. This metho
dology has been shown to be suitable for the measurement of methylguanidine
plasma levels in normal human subjects and those with renal insufficiency.

EXPERIMENTAL

Chemicals
L-Arginine (ARG) hydrochloride, guanidine (G) hydrochloride, guanidinoace

tic acid (GAA), guanidinosuccinic acid (GSA), p-guanidinopropionic acid (GPA),
y-guanidinobutyric acid (GBA), methylguanidine (MG) hydrochloride and ethylgua
nidine (EG) hydrochloride were obtained from Sigma (St. Louis, MO, U.S.A.). Nin
hydrin and trifluoroacetic acid (TFA) were obtained from Pierce (Rockford, IL,
U.S.A.). HPLC-grade methanol and sodium acetate were purchased from J. T. Baker
(Philipsburg, NJ, U.S.A.). Weak cation-exchange (carboxymethylhydrogen form,
CBA) solid phase extraction columns (l ml) and the. Vac-Elut manifold were pur
chased from Analytichem (Harbor City, CA, U.S.A). All other chemicals were re
agent grade and obtained from local sources.

Sample preparation
A CBA solid phase extraction column was conditioned by successive washings

with 1 ml of 1% TFA in methanol, 1 ml of methanol and 2 ml of water. An aliquot of
plasma (l ml) was mixed in a 75 x 10 mm borosilicate tube with 50 ,ul of internal
standard solution (ethylguanidine, 10 ,ug/ml). The pH of the plasma was adjusted to
11 by adding 26 ,ul of 1.0 M sodium hydroxide solution. The plasma sample was
vortex mixed and the sample was then poured onto the CBA column and vacuum was
applied. The column was washed with 3 ml of water and then with 1 ml of methanol.
The sample was then eluted from the column with 2 ml of 1% TFA in methanol and
the eluents were collected into a 100 x 75 mm borosilicate tube. The methanol was
evaporated under a gentle stream of riitrogen at 40°C and the residue reconstituted in
200 ,ul of 20% aqueous methanol.
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HPLC
The HPLC system consised of a Hitachi 665A-12 high-pressure gradient sol

vent delivery system (EM Science, Cherry Hill, NJ, U.S.A.), an autoinjector with
pre-column reagent addition and mixing capabilities (Varian, Model 9090, Sunny
vale, CA, U.S.A.) and an Hitachi F-IOOO fluorescence detector (EM Science). Chro
matographic separation of methylguanidine and other endogenous guanidino com
pounds was achieved on a 22 cm x 4.6 mm J.D., 5-J-lm octadecyl silica column
(Pierce) connected in-line with a 5 cm x 4.6 mm J.D. octyl silica guard column at a
mobile phase flow-rate of I mljmin. The mobile phase consisted of 0.05 M sodium
acetate buffer (pH 6) and methanol as the organic modifier. The mobile phase sol
vents were degassed by filtering through a 0.2-J-lm Nylon-66 filter before use. Follow
ing chromatographic separation, fluorescence detection of derivatized guanidino
compounds was accomplished using excitation at 390 nm while monitoring the fluo
rescence emission with a 470-nm cut-off filter. The chromatographic data were col
lected with a computer automated laboratory system (CIS-Beckman, Berkely, CA,
U.S.A.).

Automated pre-column derivatization
A portion (30 J-ll) of the sample extract or a standard solution was transferred to

an autoinjector vial and loaded on the autoinjector. Sodium hydroxide solution (25
J-ll) was added and the resultant solution was mixed by syringe filling and expulsion
(three cycles). Ninhydrin reagent solution (5 J-ll) was then added to the sample vial,
mixed as above, allowed to react at room temperature for 5 min and then a portion of
the final solution (20 J-ll) was injected for HPLC analysis. Low volumes of sodium
hydroxide and ninhydrin reagent solutions were chosen to perform the pre-column
derivatization in order to minimize dilution effects and thus maximize the overall
sensitivi ty.

Optimization of the pre-column reaction proceeded from the initial conditions
described above using a standard mixture of several endogenous guanidino com
pounds (containing GSA, GAA, GPA, ARG, GBA, G, MG and EG; 300 pmol per
component). This standard mixture was repetitively derivatized using systematic al
terations in the reagent concentrations and reaction time prior to HPLC separation
and analysis. The fluorescence intensity for each component was monitored by mea
suring the resultant chromatographic peak height while keeping the HPLC condi
tions constant. Using this approach optimal conditions were determined to maximize
the fluorescence intensity obtained following pre-column derivatization.

Standard curves for methylguanidine assay
To establish calibration curves, a series of methylguanidine standard solutions,

containing 0, I, 2, 5, 10, 20, 50, 100, 200, 500 and 1000 ngjml, were prepared in
plasma and I ml samples were processed by the extraction procedure described
above. The peak height ratios of methylguanidine to internal standard were weighted
by Ijy (based on analysis of residuals) and plotted against the concentrations of
methylguanidine. Linear regression analysis gave a calibration line that was used to
calculate the concentration of methylguanidine in unknown samples and seeded con
trol samples.
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As mentioned earlier, several chromatographic methods using post-column flu
orescence derivatization have been described for the determination of guanidino com
pounds in biological fluids 7-11. Only one previous pre-column derivatization method
has been described using the reaction of benzoin with guanidino compounds to gener
ate a fluorescence product suitable for HPLC analysis 12

,J3. However, this manual
pre-column method suffers from several disadvantages including benzoin's lack of
aqueous solubility, a complex number of reagent addition steps to perform the reac
tion and stabilize the resultant product and variability in the reaction time. In order
to develop simplified methodology for the determination of guanidino compounds,
we explored fluorescence derivatization methods for their applicability for automated
pre-column derivatization. We found that ninhydrin was the reagent of choice due to
its stability and solubility in aqueous solutions, low background fluorescence and the
ability to carry out the reaction at room temperature in a period of time consistent
with that for chromatographic analysis ( < 15 min). The use of automated pre-column
derivatization resolves the problem associated with the stability of the fluorescent
product formed in the reaction of ninhydrin with guanidino compounds.

Optimization of the ninhydrin pre-column derivatization conditions was ac
complished as described in the experimental section of the text and based upon mea
surement of chromatographic peak height. The derivatized guanidino compounds
from the standard mixture were separated by gradient elution HPLC using an initial
mobile phase composition of 0.05 M sodium acetate (pH 6)-methanol (80:20). Fol
lowing the injection, the methanol concentration was held at 20% for 5 min, in
creased to 30% over 5 min, held at 30% for 5 min and then cycled back to the initial
conditions in 2 min.

The effect of the reagent concentration on the fluorescence intensity observed
following ninhydrin pre-column derivatization was examined by successively varying
the base and ninhydrin concentrations to establish optimal concentrations for each
reagent. Initially, the concentration of sodium hydroxide was varied from 0.1 to 1.0
M while maintaining the ninhydrin concentration at 0.6% (wjv) (Fig. I). As can be
observed from Fig. I, the base concentration has a significant and similar effect on the
fluorescence intensity observed with all the endogenous guanidino compounds exam
ined here. Based on these results, a sodium hydroxide concentration of 0.8 M was
determined to be optimal for routine use. Subsequently, the concentration of nin
hydrin was varied from 0.05 to 1.0% (wjv) while maintaining the base concentration
at 0.8 M (Fig. 2). As can be seen from Fig. 2, maximum fluorescence intensity was
observed for all the guanidino compounds, with the exception of GSA, at a ninhydrin
concentration of 0.8% (wjv).

Using the optimal reagent concentrations established above, the effect of the
pre-column reaction time was examined by allowing the reaction to proceed for times
ranging from I to 14 min. The results of this experiment are shown in Fig. 3. In order
to optimize the fluorescence intensity for all the guanidino compounds examined, a
reaction time of 10 min was chosen for the pre-column derivatization. At reaction
times longer than 12 min, a loss of fluorescence intensity was routinely observed due
to instability of the fluorescent product formed in the reaction.

Thus the optimal sodium hydroxide and ninhydrin concentrations and reaction
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time for the pre-column derivatization of guanidino compounds with nihhydrin were
determined to be 0.8 M, 0.8% (w/v) and 10 min, respectively. These conditions were
used to obtain the remainder of the results described in this paper. Fig. 4 shows a
chromatogram obtained from the analysis of a standard solution of eight guanidino
compounds separated using the gradient elution conditions described above. As can
be observed, separation of the guanidino compounds was achieved in less than 20
mm.

In order to determine the applicability of this approach for routine quantifica
tion of guanidino compounds, the linearity and precision of the ninhydrin pre-col
umn derivatization method were examined. The linearity was evaluated over the
range from 9 to 3000 pmol by analysis of a series of standard solutions prepared by
serial dilution of a guanidino stock standard solution (100 tlmol per component). As
shown in Fig. 5, the methodology demonstrated excellent linearity yielding linear
responses for all guanidino compounds examined over the range of 9 to 3000 pmol.
The curves were highly reproducible and correlation coefficients were typically grea
ter than 0.999 for all guanidino components. The precision of the pre-column deriv
atization method was determined by repetitive analysis of a guanidino standard solu
tion (containing 300 pmol per component) with measurement of the resultant
chromatographic peak heights. The method displayed excellent chromatographic
peak height reproducibility, yielding a coefficient of variation (C.V.) ranging from 0.8
to 4.2% for the guanidino compounds examined (Table I). The lower limit of detec
tion (signal-to-noise ratio = 3) ranged from I to 8 pmol for the guanidino com
pounds examined. These results provide the necessary dynamic range for guanidino
compounds in physiological samples.
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The sensitivity, specificity, linearity and precision of the ninhydrin pre-column
derivatization approach described here for the determination of guanidino com
pounds was clearly suitable for their quantitative analysis in biological fluids. In
addition, this approach was equally sensitive to other methods utilizing post-column
derivatization of guanidino compounds. Based upon these results, we applied this
methodology to the development of a highly sensitive and specific HPLC method for
the measurement of methylguanidine in human plasma samples. The method involves
isolation of methylguanidine and an internal standard (ethylguanidine) from plasma
by solid phase extraction prior to analysis by the combined pre-column derivatization
and HPLC methodology described here. In order to optimize for the separation and
measurement of methylguanidine, isocratic mobile phase conditions were employed.
The isocratic mobile phase composition used was 0.05 M sodium acetate buffer (pH
6)-melthanol (75:25, v/v), at a flow-rate of 1 ml/min. These conditions provided
highly reproducible chromatographic analysis providing the retention times of 10.3
and 20.2 min for methylguanidine and the internal standard, respectively. In addi
tion, using these chromatographic conditions, methylguanidine and the internal stan
dard were fully separated from other endogenous guanidino compounds. Typical
chromatograms of plasma extracts obtained from a normal subject and a patient with
renal insufficiency are shown in Fig. 6 A and B, respectively. Using this method, the
limit of detection for methylguanidine in plasma samples was I ng/ml (signal-to-noise
ratio = 3). Extraction recovery of methylguanidine and internal standard was deter
mined by comparing the peak heights of the standards injected directly on the column
with the response to standards extracted from plasma. The recoveries for methylgua
nidine and internal standard were quantitative. Calibration curves obtained for meth
ylguanidine were linear with concentration from 1 to 1000 ng/ml in plasma samples.
Correlation coefficients exceeded 0.999 for all plasma standard curves. The accuracy



HPLC OF GUANIDINO COMPOUNDS

A

rr -'-i,,-rrr'-rrrrn---rrr',-I-'-rrrT rr..-r''T'-rrTTrr
o 6 12 18 24

MINUTES

B

t ~ i 1'2 .

MINUTES

24

287
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(B). The conditions are described in the text. The concentrations of methylguanidine (MG) are 10.3 ng/ml
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and precision of the methylguanidine assay were within II % across the calibration
range. Table II summarizes the results of a three-day assay validation study in which
six replicate seeded standards at three concentrations, 10, 100 and 1000 ng/ml were
analyzed each day by this methodology. Clearly, the assay developed here for the
measurement of methylguanidine in plasma samples was sufficiently accurate and
precise for routine analysis of clinical samples.

TABLE II

ACCURACY AND PRECISION DATA FOR METHYLGUANIDINE IN PLASMA

Theoretical Assay concentration" Coefficient of'variation (%)
concentration (Mean ± S.D.) (nglml)
(nglml) (n = 6) Intra-assay' Inter-assay'

(n = 6) (n = 18)

10 9.27 ± 0.78 8.29 10.71
100 105.46 ± 2.08 1.97 6.74

1000 1014.60 ± 40.50 3.99 7.02

Accuracy
(%)"

99.7
99.5
98.4

" Mean value on a single day.
b (S.D.jmean) . 100 in same assay.
, (S.D.jmean) . 100 in three different assays.
d Percent ratio of actual to theoretical concentration.
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In conclusion, the methodology described here was simple, highly sensitive,
specific and routinely useful for the quantification of methylguanidine in normal and
uremic subjectgs. This automated pre-column derivatization methodology offers con
venience and can be readily incorporated into existing laboratory HPLC systems.
Moreover, this method offers a simple alternative for post-column reaction systems
for the measurement of guanidino compounds without compromising the sensitivity
and selectivity offered by such systems.
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SUMMARY

The theory of multiple absorbance ratio correlation (MARC), a novel method
for examining chromatographic peaks, is presented. The MARC hypothesis provides
a method for examining chromatographic peaks for homogeneity, identity and puri
ty, operating on multi-wavelength data sets which do not contain full spectra. Para
xanthine (PX) is an endogenous caffeine metabolite which is spectrally similar (r >
0.99) to theophylline (TH) and which often coelutes with it. Multi-wavelength data,
collected using an HP1040A diode-array detector, for a series of binary mixtures of
TH and PX (0.7 < R s < 2.9; 0-50% PX), was analysed using MARC. The algorithm
calculates a correlation factor between an internal (for homogeneity) or an external
(for identity) reference 5-point vector and a similar 5-point vector acquired at sequen
tial time intervals throughout the peak being investigated. For samples where the
binary peak was homogeneous, limits of detection for PX of 1% (w/w) were obtained.
This compared with limits of 5-10% (w/w) for the standard absorbance ratio (AR)
method. MARC was found to be less sensitive to wavelength choice than AR. The
sensitivity of MARC was independent of the chromatographic resolution.

INTRODUCTION

One of the main problems associated with chromatographic method devel
opment is the determination of the purity or homogeneity of the analyte peaks. With
the advent of computer-aided UV-VIS detection methods, notably in the form of
diode-array detection (DAD), chemometric methods have been developed which en
able the analyst to verify the homogeneity and/or identity of peaks by manipulating
the spectrochromatographic data set l

-
4

. However, these methods are very computer
intensive and confidence in the results is governed by the operators appreciation of
the limitations of the algorithms employeds.6 .

The potential for using UV-absorbance data, at a defined number of wave
lengths, for peak deconvolution and solute identification was first recognised in a
theoretical analysis by Ostojic7

. Due to a lack of suitable detector technology, initial

a Present address: Control Development, Upjohn Ltd., Fleming Way, Crawley RHIO 2NJ, U.K.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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application of the theory required repeated analysis, two detectors in series or stop
flow conditions8 -

lo
. However, the advent of multi-wavelength detectors permitted

the necessary data to be collected simultaneously in one analysis 11,12. Subsequently,
various workers have investigated the limitations of the theory of absorbance ratioing
as it is applied in the chromatographic environment I 3,14. In order to overcome the
constraints imposed by the choice and number of wavelengths used without resorting
to the use of computer-intensive chemometric methods, Whitel5

,16 has proposed the
use of three or more absorbance ratio values to characterise a compound. A slightly
different approach has been proposed as a general screening method by Poile and
Conlon 17 who utilised data extracted at nine pre-defined wavelengths from the apical
spectrum as a measure of 'peak purity'. The algorithm employed by Alfredson and
Sheehan18 also utilises data collected from pre-defined areas of the apical and in
flection point spectra as a means ofevaluating the 'purity' and identity of the chroma
tographic peak. If the identity of at least one of the eluting components is known then
spectral suppression, using two discrete wavelengths I 9-21, may be used. In the more
general application of this principle, where N (N ? 2) components overlap, it is
appropriate to operate on an over-determined data set, i.e. one in which N + I wave
lengths are used. This has been demonstrated using the multiple spectral suppression
algorithm, where data sets incorporating up to eight discrete wavelengths can be
used 22 ,23.

Provided there is an adequate data sampling rate, the correlation between ad
jacent time-point spectra collected in DAD should always be 124

. Any deviation from
unity is indicative of a change in the retention characteristics of spectrally-dissimilar
co-eluting components. Consequently, if a known spectrum is used as the correlation
template, then variations in the resulting correlation coefficient, with time across the
peak, will provide an indication of peak homogeneity. This approach forms the basis
of the multiple absorbance ratio correlation (MARC) algorithm. If the apical spec
trum is used as the reference spectrum the process is said to be internally referenced
and is referred to as IMAR.C. However, if a spectrum of known purity and identity
e.g. from a spectral library, is used the results from this externally referenced applica
tion (EM ARC) will not only provide the analyst with an estimation of peak homoge
neity but also of possible identity. As data from more than two independent domains
are being examined and the results compared to those for a reference of known
quali ty24,2s, the EMARC results will give an estimation of both the homogeneity and
purity of the peak.

In order to test this hypothesis it was necessary to modify the practical applica
tion of the theory, outlined above. The memory capacity of the computer controller
for DAD was not sufficient to permit whole spectra to be used in each time-point
calculation. Consequently, the data used to represent the reference and test spectra
had to be reduced. As the probability of five or more components co-eluting in
practice is low26

,27, monitoring simultaneously at six independent wavelengths will
produce an over-determined data set sufficient for most applications. This modifica
tion allows the reference and test spectra to be represented by reduced data set (RDS)
vectors of up to six points each. The resultant multi-chrom~tographicdata set is
therefore a user-defined subset of the total spectrochromatographic data set, differing
only in the number of wavelength components included.

Beer's law states that for a pure chemical species, there is a linear relationship
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between concentration and absorbance at every wavelength. One of the fundamental
principles of rapid scanning detectors, including DAD systems, is that the change in
concentration with time is negligible compared to the time taken to scan between the
various wavelengths. Consequently, the ratio of absorbances at two or more wave
lengths, at any time point in a chromatogram, becomes the ratio of the extinction
coefficients. As the extinction coefficient at each wavelength is an intrinsic property of
a compound, the ratios will also be characteristic, especially if more than one pair of
wavelengths is used8 ,13,IS. It follows, therefore, that the normalised values in the
six-point RDS vector should also be distinctive. Therefore, rather than compare
individual RDS vector components between the reference and unknown compound,
a more rapid initial screen can be performed using the algebraic sum of the RDS
vector components (SUM).

The major objectives of the work described here were to translate the MARC
hypothesis into a working algorithm on a currently available DAD system and to
evaluate the subsequent performance using a binary mixture of spectrally similar
compounds at different chromatographic resolutions.

EXPERIMENTAL

The liquid chromatograph consisted of an LDC Constametric 3000 dual recip
rocating piston pump (LDC-Milton Roy, Riviera Beach, FL, U.S.A.) and an in
jection valve fitted with a 50-j111oop (Model 7125; Rheodyne, Berkeley, CA, U.S.A.)
through which samples were introduced using a 100-j11 syringe (SGE, Ringwood,
Australia). The 100 x 8 mm I.D. Nova-Pak C I8 Radial-Pak cartridge was held in an
RCM 100 module (Waters Millipore, Millford, MA, U.S.A.).

The Hewlett-Packard (HP) 1040A DAD system was set up to monitor six wave
lengths simultaneously: 204, 220, 240, 250, 268 and 284 nm (all ± 2 nm), against a
common non-absorbing wavelength of 550 ± 20 nm. The HP 1040A was controlled
from an HP 85A computer through an HP-IB interface. An HP 9121 dual disk drive,
an HP 2225A "think-jet" printer and an HP 7470 plotter were also connected to the
computer via other HP-IB connections. The original HP 85A specifications were
enhanced through the addition of read only memory modules for input/output and
printer---:plotter communications and available memory (expanded by 16K) (Hewlett
Packard, Waldbronn, F.R.G.).

Theophylline (l,3-dimethylxanthine, TH) and paraxanthine (l,7-dimethylxan
thine, PX) were used as received (Sigma, St. Louis, MO, U.S.A.). Single-component
and mixed solutions were made up in and diluted with methanol-water (20:80, v/v).
The mixtures contained a constant concentration ofTH (52.51 ftg ml- 1

) and variable
concentrations of PX (0.525-52.5 j1g ml- 1

). Methanol and acetonitrile were both
HPLC grade and used as received (Rathburn Chemicals, Walkerburn, U.K.).

Based on the method proposed by Butrimovitz and Raisys 28 three different
mobile phases were developed. In each case the flow-rate was 1.5 ml min - 1 and the
mobile phase comprised varying combinations of methanol-acetonitrile-sodium ace
tate (20 mM, adjusted to pH 5 with acetic acid), depending on the degree of sep
aration required between the two analytes. The three specified values of resolution
(Rs) were 0.7, 1.26 and 2.9, for which the respective mobile phase compositions were
0: 10:90, 10:8:82 and 28:0:72 (all v/v/v).
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Between 1967 and 1987 over 860 papers on the subject of TH analysis were
recorded by the Chemical Abstracts reference system, of which 33% were for HPLC
based analytical methods. TH is a drug with a therapeutic window of 5-20 J.l.g ml- 1

.

The consequences to the patient of clinical concentrations outside of these limits have
been widely discussed elsewhere 29

- 33 . Recently, however, concern has been raised
over the interference of endogenous components in the quantification of TH by the
established HPLC methods. PX is a structural isomer of TH and is a metabolite of
both caffeine and TH and endogenous levels of PX have been established as one of
the reasons for over-estimating the concentrations of TH in blood samples 3

4--38.

The wavelengths used to test the algorithm were chosen to cover the spectral
range 200-350 nm. Although some reference was made to the spectra ofTH and PX
(Fig. 1), the detection wavelengths were not necessarily chosen to be specific for those
two compounds, apart from the criteria that there should be significant absorption at
all wavelengths. Spectrally TH and PX are very similar (r = 0.9947). Examination of
spectrochromatographic data sets indicates that, unless baseline resolution can be
assured, co-elution of TH and PX could readily go undetected or be assigned as a
column malfunction (Fig. 2a-c).

As with absorbance ratio plots 14,39 it was necessary to modify the graphical
scale on which the results of the MARC algorithm were viewed, in order to visually
emphasize any changes in the correlation coefficient across the peak. Miller and
Miller40 suggest that a two-tailed t-test can be used, with N - 2 degrees of freedom (N
= number of wavelengths monitored), to calculate a value for "t" below which
changes in r (the correlation coefficient) are not significant. Using eqn. 1 and N = 6

(1)

t = 2.776 whenp = 0.05 and t = 4.604 whenp = 0.01. These give limits of r ~ 0.82
and r ~ 0.92, respectively. These confines therefore provide the scale against which
changes in the values of r can be assessed.

r = 0.9947

PARAXANTHINE

100

90

80

70

"
60

ID

';j 50
0 40Ul

30

20

10

0
220

THEOPHYLLINE

240 260 280 300
Wavelength (nm)

320 340

Fig. 1. Comparison of normalised theophylline and paraxanthine spectra collected on-line. See text for
chromatographic conditions for R, = 2.9.
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Again, analogous to absorbance ratio40
, there are two significant values for the

correlation coefficient: the maximum value obtained (rmax) and the mean value calcu
lated across the peak (rmean). Each of the two utilities provides a different amount of
information about the content of the peak under investigation. When the IMARC
algorithm is used the reference RDS vector will be that extracted at the apex of the
peak under investigation. With the EMARC algorithm the identity of the reference
RDS vector will be signified by EMARC(X), where X is the identity of the reference

a) Rs =2.9 TH

..",
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compound. The IMARC and EMARC algorithms are identical in their operation
apart from the source of the reference RDS vector used in the calculation.

The selectivity of the EM ARC algorithm was evaluated using the binary solu
tions of PX and TH chromatographed under the Rs = 2.9 conditions described
above. Application of EMARC(PX) and EMARC(TH) to the TH peak gave the
results for 'max shown in Fig. 3. The mean 'max result which was obtained following
application of EMARC(PX) was 0.9950 ± 0.16% relative standard deviation

b) Rs =1.26

...
Wavelength (nm)

200 r---

E
C 250......
I
r
CJ
Z
W
...J
W
> 300«
~

Fig. 2.

TN

TIME / seconds

Time (min)



MULTIPLE ABSORBANCE RATIO CORRELATION 295

(R.S.D.), encompasses the correlation value calculated between the full spectra for
TH and PX of 0.9947. This indicates that the reduction from> 70 individual wave
length points in the total spectrum to the 6 points used in the practical application of
the algorithm has not proved detrimental to the performance of the algorithm.

When the two components partially overlap (Rs = 1.26) the respective

c) Rs =0.7 PX,TH

Wavelength (nmr~ Time (min)

PX,TH

200 ,---------,.-"

I
I
C)
Z
W
...J
W
> 300
<t:
S

E
c 250--

3~0 \---.'-'----------:---- -'- --.J

~ ~

TIME / seconds

Fig. 2. Pseudo-three-dimensional and the corresponding contour plot representations of the full spectro
chromatographic data sets for a mixture of theophylline (TH; 52.51 /lg ml- 1) and paraxanthine (PX; 52.5
Jig ml-') chromatographed under three different resolution conditions: (a) R, = 2.9, (b) R, = 1.26 and (c)
R, = 0.7. See text for chromatographic conditions.
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Fig. 3. The,ma> results following application of EMARC(TH) (l:» and EMARC(PX) (D) to the theophyl
line peak. R, = 2.9; see text for chromatographic conditions.

296

1.01

1.00

0.99~

0.98

"' 0.97":>..
> 0.96
><..
E 0.95

0.94

0.93

0.92
0

EMARC 'mean values reflect the relative proportions ofTH and PX in the mixed peak
(Fig. 4). By definition, if there is an area in the binary peak where only one compo
nent elutes, the EMARC 'max value for that component will be 1. As this is the case
for both components, monitoring the difference between 'max and 'mean increases the
apparent discrimination of the method (Fig. 5).

With minimal resolution between the two components (Rs = 0.7), the conclu
sions drawn from the basic 'max values are not as distinct as in the previous applica
tions (Fig. 6). However, discernment may be improved by monitoring a linear func
tion of the difference between the IMARC and EMARC 'mean values (Fig. 7). In this
latter case the crossover point of the (IMARC-EMARC) graphs represents the
equiabsorptive mixture, i.e. an equal contribution from each of the components to the
total multichromatographic absorbance of the composite peak.

1.000

0.998

'"":>.. 0.996
>
c:..
"~E 0.994

0.992

0.990 +-----,._-,-_.--.-_,------,._---.-_,..--,-_,---1

o 5 10 15 20 25 30 35 40 45 50 55

Para xanthine concentration (}Jg/mll

Fig. 4. The 'mcan results following application of the MARC algorithm to binary mixtures of paraxanthine
and theophylline: l:> = IMARC; \l = EMARC(TH); D = EMARC(PX). R, = 1.26; see text for
chromatographic conditions.
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Fig. 5. Improvement in the discrimination of the EMARC(TH) (ll) and the EMARC(PX) (D) obtained
by monitoring the value of the difference rrna> - rrn"n' R, = 1.26; see text for chromatographic conditions.

As well as monitoring the rmax and rmean values it is possible to monitor the
IMARC SUM values. Table I indicates that these measurements are concentration
independent and analyte specific for PX and TH. Fig. 8 indicates that the IMARC
SUM value is linearly proportional to the PX content of the peak, at the time point
when the value is calculated. The difference in the gradients of the two graphs corre
sponding to the chromatographic conditions Rs = 0.7 and Rs = 1.26 is an indication
of the extent to which the PX peak extends under the apex of the resultant binary
peak.

Calculation of the maximum value of the absorbance ratio between the signals
monitored at 220 and 268 nm (A220/A26S) for the TH peaks (R s = 2.9 and 1.26) and
the fused peaks (R s = 0.7) gave the results presented in Fig. 9. As the results for the
TH peak under the chromatographic conditions for Rs = 2.9 and 1.26 were not
significantly different only one set of results has been plotted. Whereas the peak
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Fig. 6. The rmax results following application of the MARC algorithm to binary mixtures of paraxanthine
and theophylline: II = IMARC; \l = EMARC(TH); 0 = EMARC(PX). R = 0.7; see text for chroma-
tographic conditions. '
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Fig. 7. Improvement in the discrimination of the MARC algorithm by monitoring the difference in the
'mc"n values obtained using IMARC and EMARC: 6 = IMARC - EMARC{TH); 0 = IMARC 
EMARC{PX). R, = 0.7; see text for chromatographic.conditions.

height measurements, at 220 nm, increased linearly in proportion to the PX concen
tration (in J1g ml- t) in the mixtures, the corresponding absorbance ratio graph is
curvilinear. (The reverse situation occurs if the PX concentration is expressed as
"percentage total xanthine content in the mixture".) Therefore, unlike the IMARC
SUM method where the comparative graph of IMARC SUM vs. PX concentration
(J1g ml- 1

) was linear (Rs = 0.7, Fig. 8), the absorbance ratio method could only be
used as a relative method for determining the concentration of PX in the mixture. In
the former case there was an observable change in the IMARC SUM value of the
mixture containing 0.525 J1g ml- 1 compared to that for TH alone, whereas the PX
concentration must be greater than 5 J1g ml- 1 before any significant change in the
absorbance ratio is recorded.

TABLE I

SELECTIVITY AND STABILITY OF SUM MEASUREMENT FOR PX {5.25-52.5 {lgjml) AND TH
{52.51 {lgjml)

For chromatographic conditions see text.

Sample N IMARC component wavelength (11m) SUM

204 220 240 250 268 284

TH
Mean 18 1.0000 0.2528 0.1070 0.1679 0.4200 0.1915 2.1391
R.S.D. 0 0.12 0.56 0.92 0.43 0.47 0.18

PX
Mean 12 1.0000 0.3141 0.1214 0.1955 0.4108 0.1363 2.1780"
R.S.D. 0 0.76 2.31 2.10 2.19 2.42 0.98

" Mean values are significantly different; JJ = 0.05.
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Fig. 8. Values of the IMARC SUM for the theophylline peak resolved from or coeluting with paraxanthine
in a series of binary mixtures containing constant theophylline concentrations (52.51 J1g ml- 1) and variable
paraxanthine concentrations (0-52.5 J1g ml- 1). R,: D = 2.9; 6 = 1.26; \I = 0.7. See text for chroma
tographic conditions.

CONCLUSIONS

In conclusion, the application of EMARC(X) is specific and most sensitive
when X is the minor component in the mixture. Selectivity and sensitivity may be
enhanced by a judicious combination of either the IMARC and EMARC results or
the rmax and rmean results, dependent on the degree of resolution between the two
components in the binary peak. The algorithm makes no assumptions about the peak
shape of any of the co-eluting components. The values of rmean obtained following
application of either IMARC or EMARC, give an indication of the homogeneity of
the peak, while the EMARC rmax value may be used secondarily as an indication of
identity.
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Fig. 9. Peak height at 220 nm (R, = 0.7; D) and absorbance ratio (A no/A 2(,R) values (R, = 1.26, \I; R, =

0.7, 6) for the theophylline peak (52.51 J1g ml- 1) in mixtures with paraxanthine (0-52.5 J1g ml- 1). See text
for chromatographic conditions.
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The IMARC SUM value was found to be analyte specific and concentration
independent, being dependent on the number and the uniqueness of the wavelengths
used in its calculation. For a binary peak the value of the IMARC SUM was propor
tional to the concentration of the minor component in the mixture, with sensitivity
being inversely proportional to chromatographic resolution. The limit of detection
for PX in the mixture with TH was found to be 10% (w/w) using the absorbance ratio
method. This compared with a I % limit for the IMARC SUM method.

There is some indication in the results that the performance of the MARC
algorithm is dependent on the number and specificity of the wavelengths used rather
than on the chromatographic resolution. As the similarity of the spectra of the con
stituent components increases, it is expected that it may be J;lecessary to increase the
quantity and/or the selectivity of the wavelengths used in the algorithm. With the
advent of more powerful computer controllers for DAD systems it should also be
possible to expand the practical application of the MARC algorithm to match the
original theory, i.e. using full spectra as the reference templates and operating on full
spectrochromatographic data data sets. This would remove the need for analysts to
choose "the most appropriate" wavelengths for inclusion in the algorithm. The algo
rithm would then become a truly operator-independent method.
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SUMMARY

Chromatographic columns are being developed that contain, instead of porous
particles as in classical packed columns, bundles of aligned porous silica fibers of
claimed diameter 18 .urn and average pore size 270 A. From these properties, the
material is comparable to conventional silica particles as a stationary phase for high
performance liquid chromatography. However, as fibers can be packed much more
densely than spherical particles, the interstitial volume of the packing is significantly
lower, while the pore volume can be higher. This combination of geometrical proper
ties is important for size-exclusion chromatography. The performance of a prototype
Aligned Fiber Column was tested by measuring the elution times and band broad
ening of polystyrene molecular weight standards with methylene chloride as the
eluent. The results were compared to those found for columns packed with 10- or
3-,um silica particles. In view of possible applications for the separation of biopolym
ers, the surface of the column was modified by grafting alkyl diol groups in an in situ
silanization process, The results obtained with several different proteins show a very
low residual activity of the surface (only strongly basic proteins are retained), a slight
decrease in the pore volume and pore diameters, with little change in the porosity
ratio. As this was the first attempt at in situ diol bonding of any silica material, some
polymtrization of the silane occurred, seriously decreasing the efficiency of the col
umn.

INTRODUCTION

In size-exclusion chromatography (SEC) the biggest molecules can move only
between the particles of the packing and their elution volume is equal to the in
terstitial volume (Va). For small molecules the pore volume (Vp) is also accessible and
they are eluted with the mobile phase volume (Vrn = Va + Vp). Hence the first peak
of the chromatogram appears after Va and the separation takes place within the time
corresponding to the elution of one pore volume. For easier comparison, the different
contributions to the column volume are expressed as fractions of the empty column
volume (porosities 8). Here we use the ratio Vp / Va to represent the geometrical char
acteristics of the column. Some workers prefer to use (Vp + Va)/Va = 1 + Vp/Va.
The conversion is easy.
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In practice, for most columns packed with microparticulate silica, the intersti
tial volume is about 40% of the total volume of the bed and the pore volume accounts
approximately for another 40%. This means that the first half of the analysis time is
spent waiting for the first peak and that the peak capacity is limited accordingly.
Grushka 1 showed that the peak capacity, n, in SEC is given by

n = I + (.JN / 4) . In[1 + (Vp / Vo)] (I)

The peak capacity is the number of Gaussian peaks that can be placed in the chroma
togram, while maintaining a resolution of unity between them; N is the number of
theoretical plates of the column. Eqn. I shows that, together with the column effi
ciency or plate number, the ratio of pore volume and interstitial volume will deter
mine the separation power of the column as measured by the peak capacity.

Therefore, a higher pore volume and a lower interstitial volume would be desir
able. For an ideal packing of spheres the volume fraction between particles can be
calculated to be 26%, assuming the densest hexagonal arrangement. Slight variations
in the particle size and shape, however, make it difficult to approach this theoretical
limit closely. On the other hand, the pore volume cannot be increased very much
without sacrificing the mechanical stability of the particles. The same is true also for
packing materials based on organic polymers. The porosity ratio, Vp/Vo, of most
commercial phases for SEC is between 1.0 and 1.3. This means that the two segments
of the chromatogram, from the time of injection to elution of the first peak, and from
there to the elution of the last peak, are about equal. If we use an exceptionally low
value of 0.35 for the interstitial porosity eo (ref. 2) and assume that as much as 80% of
the particle volume is accessible as pore volume, we find an upper practical limit for
the porosity ratio of Vp/Vo = 1.5. The upper theoretical limit would correspond to
totally porous particles with Vp/Vo = 0.65/0.35 = 1.9. Therefore, in practice, there is
not much hope of improvement beyond this value for packings of particles.

However, when the particles are replaced with parallel porous fibers, we can
expect a significantly higher packing density. From analogous geometrical consid
erations we find that an ideal packing of identical cylindrical fibers would fill almost
91 % of the column volume, leaving an interstitial porosity of only 9%. Ifit is possible
to manufacture porous silica fibers with a specific pore volume (ml/g) similar to that
of conventional silica particles, the time range available for the actual separation
would be increased with respect to the total analysis time. In practice, packings of
fibers have an external porosity between 0.15 and 0.18. Again using a porous fraction
forthefibersof80%,butwitheo = 0.15,wefind a porosity ratio ofVp/Vo = 4.5.Ifa
10% interstitial porosity could be achieved, the porosity ratio would reach a value of
7.2. Hence the use of aligned fiber columns offers a large' potential improvement in
SEC performance.

It has been shown that a bundle of (non-porous) fibers can be regarded as a
system of parallel capillaries3,4. Between three neighboring fibers a flow channel is
created, the cross-sectional area and flow resistance of which depend on the radii of
the respective fibers. As all channels are fed with the same inlet pressure, slightly
different radii will result in different flow velocities (the velocity being proportional to
the square of the fiber radius). The signal of the detector is the sum of all the individu
al chromatograms: Hence fluctuations in the fiber radius will lead to an additional
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contribution to the broadening of the chromatographic bands. Together with the
dispersion in each of the capillaries, which has been shown by GOlay 5 to be large for
star-shaped cross-sectional channels, this will result in excessive band broadening.
Therefore, it is essential to have access to a source of fibers with an extremely homo
geneous distribution of their diameters. Further, careful packing of these fibers is
critical. Buckling or misalignment of a few fibers results in the formation of channels
with an average velocity considerably higher than the average channel velocity, which
may account for a considerable fraction of the total flow-rate. Such packing errors
result in important band broadening or even in multiple bands for a single com
pound.

When the fibers are porous, however, crossover of solute molecules between
neighboring flow channels, by diffusion through a fiber, becomes a possibility. This
process will contribute to the relaxation of radial concentration gradients and to a
decrease in column dispersion. Local concentration differences will be averaged out in
a similar way as in packings of particles. This effect was observed in the preparation
of Aligned Fiber Columns (PPG Industries, Pittsburgh, PA, U.S.A.). The efficiency
of columns containing porous fibers is higher than that of columns packed with
non-porous fibers 6

.

EXPERIMENTAL

The size-exclusion properties of an Aligned Fiber Column (AFC) were deter
mined and compared with those of two conventional microparticulate silica materi
als. The characteristics of these columns were as follows:

PPG Industries AFC: 30 x 2.36 em, 250 A, 18 ,urn;
IMPAQ RG 2010 Si: 25 x 0.46 em, 198 A, 9,um;
Vydac 101 TP B3: 5 x 0.46 em, 300 A, 3 ,urn.

From measurements described below, it was derived that the average cross-sectional
areas available to the liquid flow in these columns are 2.4 cm2 (AFC), 0.15 cm2

(IMPAQ) and 0.12 cm 2 (Vydac).
The AFC was kindly supplied by PPG Industries. At present no columns ofthis

kind are commercially available. Both the IMPAQ and the Vydac columns were
packed in our laboratory from bulk material; IMPAQ, courtesy ofPQ (Valley Forge,
PA, U.S.A.) and Vydac, courtesy of Separations Group (Hesperia, CA, U.S.A.). The
HETP values obtained for these two columns were between 60 and 70 ,urn for benzene
in methylene chloride (l mljmin), which is significantly higher than what could be
expected from these materials if an optimized packing procedure had been used. The
high-performance liquid chromatographic (HPLC) system used consisted of a Waters
510 pump (Millipore-Waters, Milford, MA, U.S.A.), a Rheodyne 7125 injection
valve (Rheodyne, Cotati, CA, U.S.A.) and a Kratos Spectroflow 757 UV detector
(ABI-Kratos, Ramsey, NJ, U.S.A.).

For the determination of the pore-size distribution of these packing materials, a
set of thirteen polystyrene standards was used (4-5713; Supelco, Bellefonte, PA,
U.S.A.), with molecular weights between 800 and I 860000 daltons, and benzene
was used as a fully permeating substance. The individual molecular weights are given



306 M. CZOK, G. GUIOCHON

as labels in Fig. 2 (in thousands). The polydispersities (Mw/Mn) of the polystyrene
standards were given by the manufacturer as ~ 1.06. The samples were eluted with
methylene chloride at various flow-rates (PPG, 10,5,2.5,1 and 0.5 ml/min; IMPAQ,
1,0.5,0.1 and 0.05 ml/min; Vydac, 1 ml/min). The evaluation followed the method of
Halasz and Martin 7

. HETP values were determined by the graphical tangent method,
equating the baseline width of the triangles to 40".

The in situ surface modification of the AFC was based on a standard methodS,
which had to be modified because of the lower reactivity of the alkoxysilane com
pared with chlorosilanes. The silane used was glycidoxypropyltrimethoxysilane, pur
chased from Silar Labs. (Scotia, NY, U.S.A.).

RESULTS AND DISCUSSION

Porosities
The elution times of benzene and PS 1860 were used to calculate the total

mobile phase volume (Vm), the interstitial volume (Va), and finally their difference,
the pore volume (Vp), all expressed as porosities (Table I).

TABLE I

POROSITIES OF AFC AND MICROPARTICULATE SILICAS

Material 80 em ep ep/eo ep/(l - eo)

AFC 0.\8 0.54 0.36 2.0 0.44

IMPAQ silica 0.42 0.89 0.47 1.1 0.8\

VYDAC silica 0.4\ 0.7\ 0.30 0.7 0.5\

The interstitial porosities of the two particulate silicas are in the usual range,
slightly above 40%, and 1.5 times the theoretical value corresponding to an ideal
packing of spheres. As expected, the volume between the fibers of the AFC is signif
icantly lower. The ideal value of 9% is not reached, however, indicating some irreg
ularity of the packing.

The pore volume of IMPAQ silica is at the upper limit for silica particles,
whereas that of Vydac silica is low. The ratio between pore volume and interstitial
volume of the AFC is twice that for typical silica packings. This can also be seen from
the two chromatograms in Fig. I which are scaled to equal length to demonstrate the
expanded separation period of the AFC. The porosity ratio of the AFC is still low
compared with what could be expected (see Introduction).

The last column in Table I lists the porous fraction of each particle or fiber.
Typically, values around 70% would be expected. The value for the IMPAQ material
is above average, whereas the Vydac particles and the AFC fibers prove to be rela
tively compact. This result is not surprising for the AFC, in view of the procedure
used to prepare the material.
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PPG, 2.5 ml/min

IMPAO, 0.5 ml/min

time

Fig. I. Size-exclusion separation of a mixture of six polystyrene standards in methylene chloride on two
columns (retention scaled to elution of last peak). Molecular weights were 1860,47.5,28.4,9,2 and 0.078
kilodaltons.

Pore size distributions
For molecular weight calibrations in SEC, the logarithms of the molecular

weights are plotted against the elution times of the polystyrene standards (Fig. 2;
molecular weights in thousands as labels). The elution times have been replaced by
the size-exclusion distribution coefficient, Ksec = (Ve - Vo)/ Vp (where Ksec = a
corresponds to total exclusion, K sec = I to the benzene peak). For the AFC there is
an approximately linear region of the calibration graph from a molecular weight of
100 000 to ca. 10 000 daltons, followed by a steeper region down to small molecules.
This means that the best molecular weight discrimination (relative, on a logarithmic
scale) is found with the molecular weights centered around 30000 daltons, but also
that in the range around 1000 daltons a rough estimate remains possible.

The calibration graphs of the two particulate silica columns, also given in Fig.
2, are more symmetrical and do not possess the sudden cut-off at the exclusion limit.
Also, the molecular weight ranges are wider and therefore the selectivity between
solutes in the center of the chromatogram will be lower.

For the characterization of size-exclusion packings, it is possible to convert the
calibration graphs to pore size distributions following a complex procedure described
by Knox and co-workers9

, 10. For our purposes the semi-empirical method of Halasz
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Fig. 2. Size-exclusion calibration graph for polystyrenes in methylene chloride on three different columns
(labels: molecular weight in thousands). 0 = Vydac; 0 = IMPAQ; * = PPG.

and Martin8 was chosen. As it constitutes merely a linear transformation of the
calibration graph, the resulting 'pore size distributions' are too broad and the mean
pore sizes may not agree very well with those determined with other methods. How
ever, this procedure is useful and practical for the comparison of the three columns.

From the retention times, the fraction of the pore volume that is accessible to
molecules of a given molecular weight is determined. If the size of the molecules can
be directly correlated with the diameter of the pores (which has been shown to be an
oversimplification9

), then we find the contribution of pores of a given size to the total
pore volume. Often this experimental pore size distribution can be idealized as a
log-normal curve, which is characterized by its mean value (at an accessibility of
50%) and its standard deviation.

Table II contains the mean Halasz diameters and the widths of the pore size
distributions (as standard deviations of the logarithms of the pore diameters).

The Halasz diameters are smaller than the nominal values, which were deter
mined by other methods, but vary in the same order. The standard deviations corre
spond to the range of molecular weights that can be separated on the columns. It is
obvious that the AFC has a very narrow pore size distribution and therefore the
separation between neighboring peaks in this range should be better than with the
other two materials.

Other examples for conventional narrow pore size silicas have been given by
Kirkland 11. The slopes of the calibration graphs given for his PSM silica correspond
to molecular weight ranges spanning a factor of 90-450. The corresponding values for
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TABLE II

MEAN HALAsz DIAMETERS AND WIDTHS OF PORE SIZE DISTRIBUTIONS

Material Halitsz (]

diameter (/I)

AFC (250 A) 170 0.40

IMPAQ silica (200 A) 150 0.48

Vydac silica (300 A) 240 0.54
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the IMPAQ and Vydac column are 90 and 120, respectively, whereas for the AFC a
value of about 40 is found.

Efficiencies, peak capacities
Due to the low diffusion coefficients of polymer molecules, it is impractical to

operate SEC columns packed with conventional SEC stationary phases at the opti
mum eluent velocity12.13. In addition, the band width of polymer peaks depends
strongly on the flow-rate (Fig. 3). The HETP increases much more steeply with in-

10 m1/min

5 ml/min

2.5 ml/min

20 80

elution volume / ml

Fig. 3. Improvement in resolution by decreasing the flow-rate on the Aligned Fiber Column.
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Fig. 4. HETP vs. interstitial velocity curves for some polystyrene standards (labels: molecular weight in
thousands).

creasing flow-rate than it does for small molecules, i.e., the C-term of the Van Deem
ter equation is larger for polymers. This can be seen in Fig. 4, which shows the
velocity dependence of the HETP for a series of polystyrene standards. The optimum
velocity is observed only for benzene (mo1.wt. = 0.078 kilodaltons). For the other
standards the flow-rate would have to be decreased below 0.5 ml/min and the analysis
time increased beyond 3 h in order to observe the minimum value of the HETP. The
lowest HETP value found for benzene is slightly above 200 /lm, corresponding to
about 1400 plates. This low efficiency, which is disappointing even for an l8-/lm
support column, indicates that the packing procedure for the fibers has not yet been
optimized.

Fig. 5 shows a plot of the plate heights for all standards at all flow-rates, as a
function of their position in the chromatogram, as given by K sec • From benzene to
polystyrene 90 000, the HETP increases owing to decreasing diffusion coefficients.
Then the HETP drops suddenly, because the pores are no longer accessible and the
higher molecular weight polymers experience only limited band broadening in the
interstitial volume.

For the IMPAQ column, the plot of HETP versus the position of the band in
the chromatogram is similar, the only difference being that the maximum plate height
is shifted towards lower molecular weights. However, the values of the HETP mea
sured are smaller by at least a factor of 3. For benzene, a minimum value of 70 /lm is
found.

The peak capacity can also be used as a measure of the column performance. It
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Fig. 5. HETP vs. K"c of polystyrene standards af different flow-rates; 0 = 10; + = 5; 0 = 2.5; /'; = 1
ml/min.

is the number of peaks that would fit into the chromatogram if all of them were
separated by a resolution of 40". It can be calculated by dividing the duration of the
chromatogram by the baseline width of one peak. To take into account the depend
ence of the peak width, Wb, on the retention, the peak capacity for the SEC columns
studied was calculated from a summation over all standards (Llt = elution time
interval between two successive peaks):

PC = (trn - to)2
1:(Wb Ll t)

The result is reported in Fig. 6 for both the AFC and the IMPAQ columns as a
function of flow-rate. The peak capacity of the AFC is a steep function of the flow
rate. At extremely low velocities and with analysis times of several hours it approach
es the values found with the IMPAQ column.

Hence it is possible in SEC to compensate for the poor mass transfer of the
column by an exceptionally low flow-rate. More important, it is also possible to
compensate for the poor efficiency by an exceptionally large porosity ratio. Higher
efficiencies can be expected in the future as a result of continuing research and further
optimization efforts6

.

DIOL bonded phase
If the Aligned Fiber Column material is to be used for the size-exclusion chro

matography of proteins, the silica surface has to be modified by reaction with a silane
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Fig. 6. Peak capacity for polystyrene standards vs. interstitial velocity.

carrying a hydrophilic group. The most widely used and most readily available of
such silanes is glycidoxypropyltrimethoxysilane, which, after bonding, is hydrolyzed
to give the so-called diol phase. With our one column we could not optimize the
bonding procedure but had to accept the results produced in our first attempt.

For surface modification, an in situ bonding procedure was used 7
. Since this

alkoxysilane is far less reactive than chlorosilanes, significant changes in the proce
dure were necessary. A 300-ml volume of a 10% solution of the diol silane in toluene
was recirculated through the column for 500 min at room temperature, then the
solution was left in the column overnight and washed out the next morning with
methanol. After several hours of equilibration with a phosphate buffer, hydrolysis of
the epoxy functional groups to the diol form was assumed to be complete. Initial tests
showed that proteins could be eluted within the exclusion volume when phosphate
buffer (0.2 mol/I, pH 6.8) was used as the mobile phase.

As preliminary experiments had suggested that some polymerization of the
silane had occurred, we tried to use an additional heat treatment to rearrange the
polysiloxane molecules adsorbed on the surface and form a more homogeneous layer.
The column was dried by passing a stream of nitrogen through it, then the inlet and
outlet were sealed with stainless-steel plugs and the column was 'baked' overnight in
an oven at 200°C. After washing out all the material that had become dislodged, the
pore size distribution of the 'baked diol' column was determined (see below). Repeat
ing the baking procedure a second time did not produce any further significant
change.
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Fig. 7. Size-exclusion calibration graphs for the Aligned Fiber Column before and after silanization to the
diol phase. S = Silica; B = baked diol; D = dial.

Both the freshly synthesized diol and the baked diol columns were character
ized with polystyrene standards in methylene chloride at 5 ml/min (Fig. 7). The results
are summarized in Table III.

After bonding, the pore volume was found to have decreased by more than
10%, whereas the interstitial porosity had hardly changed. This means that most of
the silane was bound in the pores and did not affect the channels between fibers. As
expected, the pore diameters also decreased, lowering the exclusion limit to a molec
ular weight below 90 000 daltons and the average Halasz diameter to 106 A (127 A
after heat treatment).

After silanization, the efficiency of the column had deteriorated markedly, with
the formation of double peaks for small molecules such as benzene (Fig. 8). This

TABLE III

POROSITIES OF ORIGINAL AND TREATED AFC

AFC em eo ep ep/eo

Silica 0.54 0.18 0.36 2.0

Dial 0.50 0.18 0.32 1.8

Baked dial 0.52 0.18 0.34 1.9
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Fig. 8. Comparison of peak positions and band broadening on the diol columns.

indicates that changes in the pore structure took place that hinder diffusion. During
the heat treatment, about half on the initially bound silane was removed, as indicated
by the change in pore volume. At the same time the efficiency also increased. For the
higher molecular weight compounds, the HETP values approached those found be
fore silanization. Small molecules, however, were still eluted as double peaks.

The following figures show the chromatographic behavior of proteins on the
diol column. A phosphate buffer at pH 6.8 with a phosphate concentration of 0.2
mol/l was chosen as the mobile phase. The ionic strength is needed to suppress ion
exchange interactions of the basic proteins with the residual silanols found even on a
well deactivated modified silica surface.

The size calibration graph (Fig. 9) begins at a molecular weight of about
170000 daltons and ends with the dead time (Kgcc = 1) at 13.8 min (5 ml/min). As
proteins are more tightly coiled than linear polymers, it is expected that the same
retention time would be observed for proteins of higher molecular weight than the
polystyrene samples. Unlike the random coils of polystyrene standards, protein mole
cules in their native state differ in structure, shape and compactness. For that reason,
a perfectly smooth calibration graph is not to be expected under these conditions. The
three proteins eluting close to or after the void volume are strongly basic (pI> 9) and
hence are slightly retained by cation exchange.

In Fig. 10 some of the chromatograms obtained are reproduced. As the viscos-
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Fig. 9. Size-exclusion calibration graph for proteins on the diol Aligned Fiber Column. Mobile phase:
phosphate buffer, pH 6.8,0.2 mol/I. Proteins and approximate molecular weights (in thousands): TH =

thyroglobulin (porcine), 660; FE = Ferritin (equine), 450; CA = Catalase (bovine), 240; GG = y-globu
lins (bovine), 170; AG = Amyloglucosidase (Aspergillus niger), 97; TF = transferrin (bovine), 80; BA =

serum albumin (bovine), 67; OA = ovalbumin (chicken), 45; PE = Pepsin (porcine), 36; CG = chy
motrypsinogen A (bovine), 25; MG = myoglobin (equine), 17.8; LA = lactalbumin (bovine), 14.4; LY =

lysozyme (chicken), 14.4; RN = ribonuclease A (bovine), 13.7.

ity of aqueous buffers is much higher than that of methylene chloride, the diffusion
coefficients of proteins are correspondingly lower, and the bands are extremely broad
and do not offer much potential for an actual separation. In addition, the late-eluting
proteins show double peaks. A decrease in flow-rate from 5 to 0.1 ml/min results in a
significant sharpening of the bands, but the separation time also increases from 15
min to 12 h, becoming prohibitively long.

Hence the diol bonding with our unoptimized method was only a partial suc
cess. The coverage is sufficiently dense for the unretained elution of most proteins, but
polymerization of the silane led to excessive band broadening. Together with a higher
initial efficiency of the packing and a higher pore volume, a better silanization proce
dure could lead to stationary phases superior to conventional size-exclusion materi
als.

CONCLUSIONS

Good resolution between polymer peaks in size-exclusion chromatography is
favored by three factors. The length of the actual chromatogram, and with it the peak
capacity, increases with the pore volume of the stationary phase. A narrow pore size
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Fig. 10. Elution profiles of some proteins on the diol column. Conditions, protein abbreviations and
molecular weights as in Fig. 9.

distribution causes a narrow molecular weight range to be spread over the whole
length of the chromatogram. Band broadening must be kept as low as possible.

The porosity ratio of the Aligned Fiber Column excels over those of conven
tional silica packings. For the purification of monodisperse polymers such as pro
teins, the narrow pore size distribution should also be an advantage. If the material is
to be used for the determination of molecular weight profiles of inhomogeneous
synthetic polymers, however, a wider pore size distribution might be needed. Com
parison with other silica packings indicates that the specific pore volume of this
material could still be increased. According to the manufacturer, fibers with a higher
porous fraction have been prepared .cecently, raising the ratio of pore volume to
interstitial volume above 3 (ref. 6). Also, wider pore size distributions could be pre
pared on demand.

The RETP value for the Aligned Fiber Column tested, on the other hand, did
not compare favorably with that of standard silica packings. An improved packing
procedure and the future introduction of smaller fiber diameters, however, may lead
to a useful alternative to conventional size-exclusion materials.

It was shown that the surface of the column can be effectively deactivated by in
situ reaction with glycidoxypropylsilane. In the course of the reaction, however, some
polymerization of the silane seems to have occurred, leading to excessive band broad
ening and the formation of double peaks. By partially removing the siloxane it was
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possible to restore some of the previous efficiency. The structure of the packing did
not seem to suffer from the silanization reaction. The deactivation procedure was not
optimized. With a different modification procedure, better results can be expected.
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SUMMARY

High-performance liquid chromatography (HPLC) on newly developed spher
ical beads of hydroxyapatite was applied to the analysis of purified E.coli tRNAs
(Val, Met, Tyr and Phe). tRNAs were eluted from the column spearately with appre
ciable differences in retention time by a 45-min gradient of phosphate buffer (pH 6.8)
of concentration from 64 to 123 mM; both the retention times and peak areas of
respective tRNAs were highly reproducible. Total tRNA (tRNATotal) preparations
obtained from E.coli and B. subtilis were also analysed on the column. It is possible
even to elute tRNATotal which may, in general, contain 60 or more tRNA species with
a relatively shallow gradient such as 75-132 mM. The recovery of tRNA from the
column was as high as 90%. Owing to the complicated composition, the elution
profile of tRNATotal had a wide spread irregular shape but, with a l-h gradient more
than ten peaks were easily detected. When the amino acid-accepting activity of tRNA
in the eluate of tRNATotal was determined, for ten specific tRNAs, each activity peak
was eluted sharply from the column. In addition, several tRNA activities were eluted
in different fractions. This indicates that isoacceptors were separated by the column.
The results show that HPLC on hydroxyapatite beads is useful for the purification
and characterization of tRNA.

INTRODUCTION

Adsorption chromatography on hydroxyapatite (HAP), introduced by Tiselius
et al. 1

, is sometimes a very effective process for purification of biomacromolecules
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such as proteins and nucleic acids. However, the method was not widely accepted
because the synthesis of HAP with reproducible properties was difficult. Currently,
spherical beads of HAP, a new type of ceramic which has a rigid structure and
uniform quality, are being produced by several manufacturers. Basic studies on some
of these new ceramic HAP beads for high-performance liquid chromatography
(HPLC) have been reported by Kadoya et al. 2

. We have also reported on the easy
purification of mouse monoclonal antibodies, especially IgM, using HPLC on HAP
beads3

. The results of the various studies indicate that HPLC on HAP is a valuable
method for the purification and analysis of biological polymers. We now report the
application of this method to the separation of tRNAs of E. coli and B. subtilis.

EXPERIMENTAL

tRNAs
Purified E. coli tRNAs (Val, Lot No. 42F-05392; f-Met, Lot No. 86F-05121;

Tyr, Lot No. 67F~02831; Phe, Lot No. 24F-03761) were purchased from Sigma (St.
Louis, NO. U.S.A.). Total tRNAs (tRNATotal) was prepared from E. coli K12 and B.
subtilis Wl68 as described by Zubay4. Purified tRNA was dissolved in 5 mM phos
phate buffer (pH 6.8) at about 0.5 mg/ml and was stored at 5°C. tRNATotal was also
dissolved in the same buffer at a concentration of about 1.5-2 mg/ml. The concentra
tion of tRNA was determined spectrophotometrically with the use of the value m~~
= 20 at 260 nm.

Determination of amino acid-accepting activity
The preparation of crude E. coli aminoacyl-tRNA synthetase and the assay of

the amino acid-accepting activity of tRNA with 14C-labelled amino acids were car
ried out as described by Nishimura et al. 5

•

Columns
Packed columns (10 x 0.75 cm J.D. and 10 x 2.14 cm J.D.) of HAP were

obtained from Toa Nenryo Kogyo (Tokyo, Japan). A narrow bore column packed
with 2.2-Jim HAP beads was used for routine analysis, whereas a large-bore column
packed with 5-Jim beads was used for semi-preparative purposes.

Apparatus
A Shimadzu LC-6A liquid chromatograph with a two-pump gradient system

was used. Elution of nucleic acids was monitored with a SPD-6A UV detector at 260
nm and a Chromatopak C-R6A recorder. Samples were introduced into the column
with either a SIL-6A automatic sample injector or a Rheodyne 7125 sample injector.
The eluate was collected manually according to the recorder signal.

Elution
Elution of tRNA from the column was performed with a linear gradient of phos

phate buffers (pH 6.8) of concentration between (A) 5 mM and (B) 300 mM. With a
gradient from 20 to 45 B, which corresponds to phosphate concentrations from 75 to
138 mM, it was possible to elute tRNAs from the column. The analytical column was
eluted with a flow-rate of 0.5 ml/min (ca. 20 kg/cm2

) and the semi-preparative column
at 4.0 ml/min (ca. 5 kg/cm2

). Chromatography was carried out at room temperature.
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RESULTS

Chromatography of E. coli tRNAs
Fig. 1 shows typical elution profiles of the purified E. coli tRNAs on an analyt

ical HAP column. tRNAs were eluted from the column with different retention times
by a shallow gradient (20-40% B, corresponding to 64-123 mM phosphate) of phos
phate buffer (pH 6.8). It was found that tRNN-Met and tRNAVal were eluted as
relatively sharp peaks whereas tRNATyr was eluted as a broad peak and tRNAPhe as
two distinct peaks. The phenylalanine-accepting activity in the eluate of tRNATotal of
E. coli was determined in the same manner, and showed two distinct peaks (see Fig.
6). Chromatography of an equimolar mixture of three tRNAs (f-Met, Val and Phe)
was performed successfully using a similar gradient (see Fig. 2b).
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Fig. I. Chromatography of E. coli tRNAs on an HAP column. Four purified tRNAs (about 4 Ilg) were
applied to a column (10 x 0.75 cm 1.D.) of HAP which had been equilibrated with 20% B. The column was
eluted at a flow-rate of 0.5 ml/min with a 45-min linear gradient of phosphate buffer (pH 6.8) from 20 to
40% B. A, 5 mM phosphate buffer pH 6.8); B, 300 mM phosphate buffer (pH 6.8).

Reproducibility
To determine the reproducibility of the chromatography oftRNAs on the HAP

column, an equimolar mixture of purified tRNAs (f-Met, Val and Phe) was analysed
four times on the column. Both the retention times and peak areas of were highly
reproducible (Table I).

TABLE I

REPRODUCIBILITY OF RETENTION TIMES AND PEAK AREAS OF PURIFIED E. coli tRNAs

tRNA Retention time
(min)"

Peak area
(11 V)"

f-Met
Val
PheI
Phe II

21.89 ± 0.3
32.37 ± 0.4
44.32 ± 0.4
46.01 ± 0.3

38650 ± 145
33 654 ± 1053
II 589 ± 468
26574 ± 724

a Means of four runs ± S.D.
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Chromatography of tRNATotal
Fig. 2a shows a typical elution profile of E. coli tRNATotal on an analytical

column when eluted with a 45-min gradient of phosphate buffer from 23 to 45% B.
For comparison, the elution profile of a mixture of three purified tRNAs analysed
under the same conditions is shown in Fig. 2b. It was possible to elute tRNAs from
the column with a shallow gradient of 23-45% B because as much as 95% of the
material applied to the column was recovered in the eluates. Comparing these chro
matograms, it appeared that tRNN-Met, tRNAVal and tRNAPhc were eluted in the
early, middle and late parts of the tRNATotal chromatogram, respectively. The order
of elution of respective tRNAs in tRNATotal from the HAP column was verified by
determining the amino acid-accepting activity in the eluate (see Fig. 6). The elution
profile of tRNATotal, recorded at 260 nm, had a widespread irregular, shape, as
tRNATotal usually contains about 60 species of molecules, including isoacceptors.
Therefore, we tried to improve the resolution by extending the gradient time. Com
parative chromatograms of E. coli tRNATotal obtained with the extended gradient
time are shown in Fig. 3. The overall elution profile is still similar but a minor
improvement in the resolution was achieved.

Chromatography of B. subtilis tRNATotal was also performed under similar
conditions, as shown in Fig. 4a. Separation of peaks seemed more evident in compari
son with the chromatogram of E. coli tRNATotal. To verify the peak positions, several
fractions (hatched areas in Fig. 4a) were diluted 3-5-fold with buffer A and rechroma
tographed under the same conditions. These results are shown in Fig. 4b. The respec
tive fractions were eluted from the column with retention times identical with those
obtained in the first chromatography.
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Fig. 2. Chromatography of (a) tRNATo,al and (b) a mixture of purified tRNAs of E. coli on an HAP
column. (a) Total tRNA (about 40 /lg) of E. coli was applied to a column (10 x 0.75 cm J.D.) of HAP
which had been equilibrated with 23% B. The column was eluted at a flow-rate of 0.5 ml/min with a 60-min
linear gradient of phosphate by increasing the fraction of buffer B to 43 %. Buffers A and B as in Fig. I. (b)
A mixture of three purified tRNAs (f-Met, Val and Phe; 10 /lg each) was chromatographed under the same
conditions as in (a).
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Fig. 3. Effect of extending the gradient time on the resolution of tRNATotal on HAP chromatography.
tRNATotal of E. coli (about 40 /lg) was applied to a column of HAP and eluted at different gradient times as
indicated. Conditions in Fig. 2 except for the gradient time.
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Fig. 4. (a) Chromatography oftRNATotal of B. subtilis on an HAP column and (b) rechromatography. (a)
tRNATotal (80 /lg) of B. subtilis was applied to a column of HAP which had been equilibrated with 22% B.
The column was eluted at a flow-rate of 0.5 ml/min with a 60-min linear gradient ofphophate by increasing
the fracton of buffer B to 39%. Buffers A and B as in Fig. I. (b) Each fraction [hatched in (a)] was diluted
3-5-fold with buffer A and then rechromatographed under the same conditions asin (a); the dashed lines
indicate rechromatography performed using buffers containing 0.1 M sodium chloride.



324 Y. YAMAKAWA et ai.

Effects of sodium chloride on chromatography
Recently, Lindeberg et al. 6 found that the resolution of aminoacyl-tRNAs in

HAP chromatography is improved by the addition of 0.1 M sodium chloride to
phosphate buffers. To confirm this, we performed rechromatography of the same
fractions as used in the previous investigation with phosphate buffers including 0.1 M
sodium chloride. The resulting chromatograms are shown in Fig. 4b (dashed lines).
Even though the same phosphate gradient was used, shaper peaks were obtained and
the resolution between the main and minor component(s) in the respective fractions
was clearly improved. However, it must be emphasized that peaks were eluted at
lower phosphate concentrations (about 10 mM), which may indicate that the interac
tion between tRNA and HAP was reduced by sodium chloride. With the expectation
of an improved resolution, tRNATotal of B. subtilis was again chromatographed in
phosphate buffers containing 0.1 M sodium chloride. The chromatogram is shown in
Fig. 5. Comparison with Fig. 4 indicates that the elution order of the significant peaks
was not altered but the peaks became narrower on addition of sodium chloride to the
phosphate buffers.
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Fig. 5. Chromatography of tRNATotol of B. subtilis in phosphate buffer containing sodium chloride.
tRNATotal (about 60 Jig) of B. subtilis was applied to a column of HAP which had been equilibrated with
22% B. The column was eluted as described previously (22-39% in 60 min; flow-rate, 0.5 ml/min) with a
gradient of phosphate buffer containing 0.1 M sodium chloride. A, 5 mM phosphate buffer (pH 6.8)
containing 0.1 M sodium chloride; B, 300 mM phosphate buffer (pH 6.8) containing 0.1 M sodium
chloride.

Amino acid-accepting activity of tRNAs after separation with the semi-preparative
column

To determine the amino acid-accepting activity after separation by chromato
graphy on HAP, 5 mg of E. coli tRNATotal were loaded on the 2.14-cm I.D. column
and the specific amino acid-accepting activity in the eluates was measured. The results
are shown in Fig. 6. The resolution of tRNATola1 monitored at 260 nm was poor in
comparison with the chromatogram from the analytical column (cr, Fig. 2). How
ever, the amino acid-accepting activity for each tRNA was eluted in a reasonably
narrow peak, except for valine-accepting activity. tRNAs such as tRNAMet, tRNAVal,
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Fig. 6. Chromatography oftRNAro,,' of E. coli on a semi-preparative column of HAP. tRNATo,"' (5 mg) of
E. coli was applied to the column of HAP (10 x 2.14 cm I.D.) which had been equilibrated with 20% B.
The column was eluted with a 120-min linear gradient of phosphate by increasing the fraction of buffer B to
40%. Fractions of 6 or 3 ml were collected by a fraction collector to determine the absorbance at 260 nm
and the amino acid-accepting activities. The buffers did not contain sodium chloride.

tRNA1yr and tRNAPhe contained in tRNATotal were eluted from the column in the
order expected from the results in Fig. 1. Two or more peaks were found for each
amino acid-accepting activity, which indicates that isoacceptors of tRNA were sep
arated by the chromatography.

DISCUSSION

As tRNATotal contains various tRNA molecules with physico-chemically simi
lar properties, sevel chromatographic steps with various retention modes were used to
purify the desired tRNA. All the results described here indicate that HPLC on spher
ical HAP beads is useful and effective for the purification and characterization of
tRNAs. With a gradient from 75 to 140 mM phosphate buffer (pH 6.8), it was
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possible to elute tRNAs from the column but fine adjustment of the gradient (only a
few percent) might be necessary, depending on the the columns. tRNATotal of baker's
yeast was also chromatographed using the same column under similar conditions.

The resolution of tRNAs was improved by the addition of sodium chloride to
the phosphate buffer. Further attempts should be made to improve the resolution.
From this point of view, it would be interesting to study chromatography at different
pH values or with buffers containing reagents that might cause conformational
changes in tRNA molecules, such as an alcohol. With divalent cations, for example,
the addition of 10 mM magnesium chloride should be avoided as the column loses its
original properties, as suggested by Lindeberg et al. 6

• We also confirmed similar
phenomena. In this connection, it is recommenood that magnesium chloride, which is
occasionally added for stabilization of tRNAs, be removed from the sample prior to
chromatography.
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SUMMARY

C1s-bondedvinyl alcohol copolymer (OOP) gel showed no weight loss or de
crease in column efficiency for alkyl alcohols after being immersed in aqueous solu
tions of pH 2 and 10 at 50°C for 48 h, and only a 1% weight loss and a slight decrease
in alkyl alcohol retention volumes. after similar immersion at pH 13,

The chemical stability of the OOP gel was further demonstrated in analyses of
acidic, neutral and basic peptides on an OOP column with eluents of pH 3-10, which
showed that the peptides differ considerably in the sensitivity of their retention beha
viour to eluent pH, even though hydrophobic interaction invariably appeared to be
the main retention mechanism,

The ODP column was therefore applied to the analysis and alignment of lysil
endopeptidase (LEP) peptides derived from reduced and S-carboxymethylated car
boxyl proteinase (Rcm-P-CP) of Pseudomonas sp, 101. One acid-soluble and seven
alkaline-soluble LEP peaks were found in analyses on the OOP column using acidic
and alkaline eluents, respectively. The chymotryptic peptides of Rcm-P-CP were first
separated on an ODS column with an acidic eluent, and the eight eluates which
contained lysine residue, as determined by amino acid analysis, were then analysed on
the OOP column with an alkaline eluent, resulting in a further separation of each into
several peaks and thus in the recovery of fractions of pure peptides. The LEP peptide
'alignment was then determined by overlapping the sequences of the chymotryptic
peptides with the C- and N-terminal regions of the LEP peptides,

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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In recent years, reversed-phase chromagraphy has become predominant
throughout high-performance liquid chromatography (HPLC) applications l

. Octa
decylsilica (ODS) columns are most commonly employed because of their high effi
ciency in the separation of peptides and other substances of low molecular weight.
Peptide separations are possible but usually less efficient on ion-exchange columns,
and are generally impractical by gel permeation chromatography because of the simi
lar molecular weights of many peptides. ODS columns nevertheless have certain
disadvantages2

, related to the inherently poor chemical stability of ODS gels. Their
service life is generally short and they are not compatible with alkaline eluents or
rinses.

As an alternative to ODS columns, a number of columns packed with conven
tional polymer gels have been developed in the past few years. These provide excellent
chemical stability, but show a far lower column efficiency.

CIs-bonded vinyl alcohol copolymer (ODP) gel was developed to match ODS
gels in chromatographic resolution and allow the use of eluents over a wide pH range,
and columns packed with the ODP gel were found to exhibit stable performance on
exposure to solutions of varying pH and polarity at 30°C3.4. This stability is of
particular interest in the separation of peptides, because it raises the possibility of a
distinction in chromatographic behaviour among acidic, neutral and basic peptides
under the influence of both alkaline and acidic eluents.

Here we describe an investigation ofthe chemical stability of the ODP gel itself,
the influence of pH on the chromatographic behaviour of peptides on the ODP
column and the applicability of the ODP column to the analysis of peptides with
acidic and alkaline eluents.

EXPERIMENTAL

ODP column (150 mm x 6 mm J.D.) containing Asahipak ODP-50 (Asahi
Chemical, Kawasaki, Japan) ODP gel of 5.0-j.lm particle diameter with a surface area
of 150 m 2 jg and a CIS group bonding density of 5 j.lmoljm2 was used. A commercially
available YMC Pack AM-312 (Yamamura Chemical, Kyoto, Japan) ODS column
(150 mm x 6 mm J.D.) was also used.

The following chromatography equipment was employed: ERC-311 0 degassers
(Erma Optical Works, Tokyo, Japan), LC-4A (Shimazu, Kyoto, Japan) and 880PU
(Japan Spectroscopic, Tokyo, Japan) pumps, Rheodyne (Cotati, GA, U.S.A.) Model
7125 injector and Uvidec-IV ultraviolet detector (Japan Spectroscopic). Sample in
jection volumes were 10-100 j.ll.

Chemicals and organic solvents of HPLC grade were obtained from Wako
(Osaka, Japan). Peptides were obtained from the Peptide Intstitute (Osaka, Japan).

Carboxylproteinase was isolated from Psuedomonas sp. 101 as described previ
ouslys. Rcm-carboxyl proteinase (Rcm-P-CP) was obtained by reduction of carbox
ylproteinase with mercaptoethanol and alkylation with iodoacetic acid.

The Rcm-P-CP was digested with lysilendopeptidase in aqueous pyridine or
with chymotrypsin in ammonium hydrogencarbonate buffer (pH 8.0) containing urea
at 300C for 6 h.
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Gel stability in acidic and basic solutions
Apparently complete stability in a broad pH range was observed for the ODP

gel, as indicated in Fig. 1, and also on the basis of its weight and alkyl alcohol
retention volumes before and after immersion of 7 g ofgel in 200 ml of 50 mM sodium
phosphate-acetonitrile (90:10) at pH 2, 10 or 13 for 48 h at 50°C followed by filtering
and drying the constant weight. No observable weight loss or decrease in column
efficiency occurred in the gels subjected to immersion at pH 2 or 10, indicating ex
tremely high stability in this range. Even after immersion at pH 13, the gel showed a
weight loss of only 1% and a very slight decrease in retention volumes, which may be
attributable too a small loss of its C 18 groups.

Influence ofpH on peptide elution
Chromatographic characteristics on the ODP column with eluents of pH 3-10

were investigated for six acidic, neutral and basic oligopeptides with the isocratic
points pr and hydrophobicities, as calculated by the method of Okuyama and Sasa
ga7 from Rekker's hydrophobic fragmental constants6 shown in Table 1.

The results for the two acidic peptides are shown in Fig. 2. The increase in the
Phe-Leu-Glu-Glu-IIe capacity factor (k') with decrease in pH may be attributable to
a corresponding increase in its hydrophobicity. This is in accord with the known
tendency for the charge carried by acidic peptides, having isoelectric points at about

(a)

10 20 min

Fig. 1. Chromatograms of alkyl alcohols withcolumns packed with ODP gel before and after immersion in
acidic and alkaline solutions. Columns packed with: (a) untreated ODP gel; (b) ODP gel after immersion in
solution of pH 2; (c) ODP gel after immersion in solution of pH 10; (d) ODP gel after immersion in solution
of pH 13. Eluent, methanol-water (80:20); flow-rate, 1.0 ml/min; temperature, 30T.
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TABLE I

PEPTIDES AND THEIR PARAMETERS

Type Peptide

Acidic Phe-Leu-Glu-Glu-Ile
Glu-Gly-Phe

Neutral Leu-Trp-Met
Leu-enkephalin; Tyr-Gly-Gly-Phe-Leu

Basic Leu-Trp-Met-Arg
Des-Arg9

- Bradykinin; Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg

pIa Ii"
3.12 6.08
3.29 2.17

5.96 5.38
5.90 5.93

11.05 6.08
11.05 6.08

a Isoelectric point.
b Sum of Rekker's hydrophobic constants.

pH 3, to decrease with increasipg solution acidity, resulting in increased hydrophobic
ity. On the other hand, this effect was apparently not sufficient to result in observable
changes in the retention of Glu-Gly-Phe, which is characterized by very low hydro
phobicity, and its capacity factor was close to' zero throughout the pH range 3-10.

The results for the two neutral peptides are shown in Fig. 3. For Leu-Trp-Met,
the capacity factor was fairly high at pH 8 but decreased rapidly on both sides of this
peak, indicating that an increasing positive or negative charge and thus decreasing
hydrophobicity may be expected with any increasing departure from approximately
neutral eluent pH.

For Leu-enkephalin, despite its similarity to Leu-Trp-Met in both isoelectric
point and hydrophobicity, the capacity factor was nearly constant throughout the pH
range 3-8, suggesting that this peptide inherently is capable of only a weak hydro
phobic interaction with the octadecyl groups of the ODP gel, for reasons which
remain unclear.

k'

15

k'

5
10

0
4 6 8 10pH

5

Leu-Enkephalin

-5 4 6 8 10pH

Fig. 2. Influence of pH on capacity factor (k') of acidic peptides. Samples: 0 = Phe-Leu-Glu-Glu-Ile; •
= Glu-Gly-Phe. Column, Asahipak ODP-50; Eluent, 50 mM ammonium acetate buffer-acetonitrile
(85: 15); flow-rate, 1.0 ml(min; temperature, 30OC.

Fig. 3. Influence of pHon capacity factor (k') of neutral peptides. Samples: 0 = Leu-Trp-Met; • =

Leu--enkephalin. Column and conditions as in Fig. 2.
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10

5

4 6 8 10pH

Fig, 4, Influence of pH on capacity factor (k') of basic peptides, Samples: 0 = Leu-Trp--Met-Art; • =

Des-Arg9-Bradykinin, Column and conditions as in Fig. 2,

As shown in Fig, 4, the capacity factor for both basic peptides on the ODP
column showed a clear tendency to increase with increasing eluent pH. This is in
accord with the known tendency for the positive charge carried by basic peptides,
with isoelectric points at about pH 11 to decrease with increasing solution pH, and
for this decrease to result in increased hydrophobicity, On the other hand, markedly
higher k' values were observed in the high pH region for Leu-Trp-Met-Arg than for
Des-Arg9-Bradykinin, despite their similarity in both pI and hydrophobicity values,
The reason remains unclear, although it is presumably related to a corresponding
difference in charge-carrying capacity.

The results show distinctive differences among the six oligopeptides in the sus
ceptibility of their chromatographic behaviour to changes in eluent pH, and thus
suggest the possibility that peptides which cannot be separated with acidic eluents
might be amenable to separation with neutral or alkaline eluents. The behaviours that
were observed are largely in accord with the presumption of hydrophobic interaction
with the ODP gel as the main separation mechanism, but other mechanisms might
also be responsible.

1
5

lr
L1 1

0 40 80 120

min

Fig, 5, Separation ofammonium hydrogencarbonate (pH 8.0)-soluble lysilendopeptidase peptides of Rcm
P-CP. Column, Asahipak ODP-50. Eluent: A, 50 mM ammonium hydrogencarbonate (pH 8,0); B, 50 mM
ammonium hydrogencarbonate (pH 8.0)-acetonitrile (20:80); linear gradient from A to B in 160 min.
Flow-rate, 1.0 ml/min; detection, UV at 230 nm; temperature, ambient. The amino acid composition of
peak L-6' was the same as that of peak L-6 but with methionine sulphoxide in place of methionine.
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l1 : Ala-Ala-Gly-Thr-Ala-Lys

L2 : Leu-Ser-Ala •..•..Asn-Gly-Phe

L3 : Leu-Trp-Ala Glu-Ser-Lys

L4 : Ser-Gly-Asn lIe-Ala-Lys

L5 : VaHIe-Asn • ·Asp-Gly-Lys

L6 : Gly-His-Asn ..•..·Val-Ala-Lys

L7 : Pro-Ser-Trp ......Asp-Val-Lys

T. UCHIDA et at.

Fig. 6. Amino acid sequence ofN- and C-terminal regions of the Iysilendopeptidase peptides of Rcm-P-CP,
as determined by Edman degradation and carboxypeptidase digestion.

Analysis ofpeptides derived from carboxyl methylated proteinase ofpsuedomonas sp.
101

The effectiveness of the ODP column for peptide analysis with neutral or alka
line eluents was investigated by attempting its application to the determination of the
amino acid sequence of carboxylproteinase of Pseudomonas sp. 101.

The proteinase was first reduced and S-carboxymethylated, and the resulting
Rcm-P-CP was digested with Iysilendopeptidase. The resulting mixture of Iysilendo
peptidase (LEP) peptides was freeze-dried and then placed in ammonium hydro
gencarbonate (pH 8.0). The dissolved fraction was analysed on the ODP column with
50 mM ammonium hydrogencarbonate (pH 8.0)-acetonitrile as eluent, yielding the
seven peaks shown in Fig. 5, representing six peptides. The precipitate was dissolved
in 50% acetic acid and then analysed on the ODP column with 0.05% trifluoroacetic
acid (TFA)-acetonitrile as eluent, yielding a single peak. The eluates of all seven
peptides were fractioned, and the amino acid sequences of their N- and C-terminal
regions were determined. As shown in Fig. 6, six of these contained a C-terminal
lysine residue and one contained a C-terminal phenylalanine residue.

To permit the determination of the alignment of these LEP peptides by over
lapping, Rcm-P-CP was digested with chymotrypsin and the chymotryptic peptides
were analysed on an ODS column with 0.05% TFA-acetonitrile as eluent (Fig. 7).
The eluates of eight peaks were determined by amino acid analysis to contain lysine
residues, and were then analysed on the ODP column with ammonium hydrogencar
bonate (pH 8.0)-acetonitrile. Peaks C-I and C-2 in Fig. 7 were thus each further
separated into six peaks (Fig. 8A and B, respectively). Amino acid analyses revealed
that in both instances the eluate of peak f contained lysine. Each of the other seven
peaks eluted from the ODS column similarly yielded several peaks on the ODP col-

6 80 120 min

Fig. 7. Separation of chymotryptic peptides of Rcm-P-CP. Column, YMC A-324. Eluents: A, 0.05% TFA;
B, 0.05% TFA-acetonitrile (20:80); linear gradient from A to B in 160 min. Flow-rate, 1.5 ml/min. Other
conditions as in Fig. 5. Numbered peaks contained lysine residues.
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Fig. 8. Separation of two lysine-containing fractions after YMC A-324 chromatography. Column Asahi-
. pak ODP-50. Eluents: A, 50 mM ammonium hydrogencarbonate (pH 8.0); B, 50 mM ammonium hydro

gencarbonate (pH 8.0)-acetonitrile (40:60); linear gradient from A to B in 60 min. Flow-rate, 0.5 ml/min.
Other conditions as in Fig. 5. (A) Fraction C-I, lysine residue in peak f eluate. (B) Fraction C-2, lysine
residue in peak f eluate.

umn, thus resulting in the recovery of a pure lysine-peptide fraction. The amino acid
sequences of these lysine-peptides were determined by Edman degradation and car
boxypeptidase digestion to be as shown in Fig. 9.

Overlapping of the sequences of the Iysine-peptides and those of the C- and
N-terminal regions of the LEP peptides was then performed, and indicated the align
ment of the LEP peptides to be as shown in Fig. 10.

CONCLUSION

The OOP gel exhibits excellent chemical stability, making it amenable to solu
tions of alkaline pH and thus permitting its application with alkaline eluents to the
analysis of peptides that are insoluble in acidic solvents and therefore cannot be
effectively analysed on ODS columns.

Peptides, as amphoteric electrolytes, carry amounts of charge that vary with
solution pH, resulting in a corresponding variation in their hydrophobic interaction
with the OOP gel and thus in a chromatographic behaviour'on the OOP gel which
correlates with the eluent pH.

Cl : Ser-Ala-lle-Ser-Ser-Thr-Pro-Ser-Leu-Val-His-Asp-Val-Lys-Ser

-Gly-Asn-Asn-Gly-Tyr

C2 : Ala-Ala-Gly-Thr-Ala-Lys-Gly-His-Asn-Pro-Thr-Glu-Phe-Pro

Thr-lle-Tyr

C3: Gly-Ser-Leu-Asp-lle-Ala-Lys-Leu

C4; Ser-Asn-Glu-Thr-Val-Trp-Asn-Glu-Gly-Leu-Asp-Ser-Asp-Gly-

Lys-Leu-Trp

C5: Glu-Ser-Lys-Pro-Ser-Trp-Gln-Ser-Val

C6; Glu-Ser-Lys-Pro-Ser-Trp-Gln-Ser-Val-

C7; Asn-Gln-Ala-Val-Ser-Asp-Asn-Val-Ala-Lys-Val-lle-Asn-Val

Ser-Leu-

C8: Asn-Gln-Ala-Val-Ser-Asp-Asn-Val-Ala-Lys-Val-lle-Asn-Val

Ser-Leu-

Fig. 9. Amino acid sequence ofchymotryptic peptides of Rcm-P-CP, as determined by Edman degradation
and carboxypeptidase digestion.
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Ala-Ala-Gly-Thr-Ala-Lys-Gly-His-Asn-Pro-Thr-Glu-Phe-Pro-

f--L1--------I1 f-I------L6----
I C2--------------

Thr-lIe-Tyr······Asn-Gln-Ala-Val-Ser-Asp-Asn-Val-Ala-

1--------C7----

1----------C8--

Lys-Val-lle-Asn-Val-Ser-Leu······Ser-Asn-Glu-Thr-Val-Trp-

-----If-I-------LS--------

1-----C4---

Asn-Glu-Gly-Leu-Asp-Ser-Asp-Gly-Lys-Leu-Trp-Ala······

-------------11 f---L3--
----------C4 I

Glu-Ser-Lys-Pro-Ser-Trp-Gln-Ser-Val······Ser-Ala-lle-Ser-

------1IIf-------L7-------

T. UCHIDA et al.

I-----CS----

f------C6-----

r-----C1-

Ser-Thr-Pro-Ser-Leu-Val-His-Asp-Val-Lys-Ser-Gly-Asn-Asn

---------------ilf--L4--

Gly-Tyr······Gly-Ser-Leu-Asp-lIe-Ala-Lys-Leu-Ser-Ala·· ....

--------------11 f---L2---

----I f-----C3-------I1

Asn-Gly-Phe

Fig. 10. Alignment found for lysiJendopeptidase peptides.

As shown here by the analysis and isolation of the peptides which facilitated
alignment of the LEP peptides derived from Rcm-P-CP, efficient separation can be
obtained on the ODP column using both alkaline and acidic eluents, even for mix
tures that cannot be effectively separated on ODS columns because of their incompat
ibility with alkaline solutions.

The ODP column will provide a practical, effective tool for a widely increased
range of peptides analysis.
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SUMMARY

A high-performance liquid chromatographic method was applied to the deter
mination of the adsorption isotherms and heats of benzene, toluene, ethylbenzene,
a-xylene, pseudocumene, p-diethylbenzene and anisole from n-heptane on carbon
adsorbents. The retention times of these compounds were determined at 20, 40 and
60°C, Comparison of the results of chromatographic and static investigations allowed
the character of the dynamic process to be established. The heats of adsorption of
aromatic compounds on carbon and silica adsorbents were compared. The mecha
nism of the adsorption interaction is discussed.

INTRODUCTION

Of the various carbon adsorbents, graphitized thermal carbon black has been
used with success in gas chromatography. Fundamental work carried out by Kiselev
and co-workers l - 3 stimulated the development ofa new method for the determination
of molecular structure, the so-called chromatoscopy2. However. carbon adsorbents
have not yet been applied in liquid chromatography.

Knox and Unger4 and Unger5 showed that microparticles of carbon adsorbents
obtained by carbonization of polymeric materials possessed great selectivity and high
capacity, and could be applied in the liquid chromatography of molecules and
macromolecules.

This paper reports some results ofa study of the structure and surface properties
of two carbon adsorbents, Carboraffin6 and active carbon AU-40 7

, by HPLC and
static methods. The main aim was to establish the possibility of applying HPLC for
the determination of the thermodynamic characteristics of adsorption on carbon
adsorbents.

EXPERIMENTAL

Adsorbates
Benzene, toluene, a-xylene, ethylbenzene, p-diethylbenzene, pseudocu_mene and

anisole (V. O. Khimreaktiv, U.S.S.R.) were used as adsorbates. They were purified by

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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fractional distillation in vacuo or by recrystallization and their purity was controlled
chromatographically.

Solvent
n-Heptane (V. O. Khimreaktiv) was used as the solvent and the eluent. It was

distilled, dried and kept under NaA zeolite.

Adsorbents
Active carbon AU-40 had the following structural parameters7

: total micropore
volume, Wo = 0.32 cm 3 g-l; half-width of micropores, Xo = 0.6 nm; characteristic
adsorption energy, Eo = 18.6 kJ mol- 1

; and specific surface area, S = 500 m2 g-l.
Carboraffin was kindly provided by Dr. O. Kadlec (Institute of Physical Chemistry
and Electrochemistry, Prague, Czechoslovakia), and had the following structural
parameters6 : W o = 0.95 cm 3 g-l, Xo = 2.2 nm, Eo = 8.9 kJ mol- 1 and S = 940 m2

-1g .

Apparatus
The investigations were conducted on a Tsvet-304 chromatograph with a UV

detector (A = 254 nm), cell volume 7 Jil. An LDC (Riviera Beach, FL, U.S.A.)
differential refractometer, cell volume 5 Jil, was also used. The chromatographic
column was 10 cm x 0.3 cm J.D., partical size of adsorbent 10 ± 2 Jim and flow-rate
1 ml min - 1. In static experiments the equilibrium concentrations were determined
from the difference in the heights of the chromatographic peaks on a high-performance
analytical column.

RESULTS AND DISCUSSION

Calculation of adsorption isotherm.
The excess adsorption value in static experiments was calculated from the

equation

(1)

where n is the total number of moles of solution, L1x is the difference in concentrations
before and after adsorption, m is the adsorbent mass and S is the specific surface area
of the adsorbent.

The adsorption value of component 1 under conditions of equilibrium
chromatography can be determined from the equation

c,

nJ
) = l/AfVRdc 1

o

(2)

where VR is the retention volume, A is the total surface area of the adsorbent in the
column and C1 is the concentration of component 1 in the mobile phase.

The procedure for calculating the adsorption isotherms for the aromatic
compound-n-heptane system from the liquid adsorption chromatographic data was
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of n ·m
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Fig. l. Isotherms for the adsorption of (a) toluene and (b) anisole from solutions in n-heptane on active
carbon AU-40 (1,2), silica [8 = 80 m2 g- 1 (ref. 8)](3) and graphitized carbon black [8 = 85 m2 g- [ (ref. 9)]
(4) at 20°C. 6, Static measurements; 0, chromatographic measurements.

described in detail elsewhere8
. Fig. 1 shows thus calculated isotherms for the

adsorption of (a) toluene and (b) anisole from solutions in n-heptane with active
carbon AU-40 (1 and 2) and silica (3). Fig. 1 also shows for comparison the isotherms
for the adsorption of toluene and anisole from solutions in n-heptane on the surface of
graphitized carbon black, obtained by the static method (4). From Fig. I, it can be seen
that for toluene and anisole in the adsorption on AU-40 active carbon the static
adsorption isotherm lies much higher than the adsorption isotherm calculated from
the liquid adsorption chromatographic data. This non-coincidence of the adsorption
isotherms obtained by different methods, as shown previously9, is indicative of the
non-equilibration of the conditions under which the chromatographic experiment was
conducted. The sharp difference between the adsorption of toluene and anisole on
active carbon and on graphitized black indicates a difference in the structure of these
adsorbents with a similar nature of their surface, i.e., the presence of micropores in the
active carbon. Micropores in the active carbon increase the adsorption potential, and
so the adsorption isotherms of toluene and anisole, obtained by the static method on
active carbon, lie higher than those obtained on non-porous graphitized carbon
black1o. It seems that not all the pores in the microporous active carbon take part in the
chromatographic process, as the mass exchange in narroW micr~pores is strongly
impeded and, as a result, the static and the chromatographic toluene and anisole
adsorption isotherms do not coincide. With macroporous silica one observes complete
coincidence of anisole adsorption isotherms obtained by the static and the chromato
graphic methods, which indicates equilibration of the chromatographic process in this
instance.
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Adsorption equilibrium constant
Previously an expression was proposed8 for the adsorption equilibrium constant

in the following form:

(3)

where Ya,! and Yv,! are the activity coefficients of component 1 in the surface and the
bulk solution, respectively, and J1.~.! and J1.?,! are the standard chemical potentials of
component 1 in the surface and the bulk solution, respectively. For c! --+ 0, Yv,! --+

1 and r! --+ 0, Ya,! --+ 1,

K! = lim rt/c! = KH
Cl ..... 0

(4)

where KH is Henry's constant. An infinitely dilute solution was chosen as the standard
state.

From the theory of equilibrium chromatography, it follows that

(5)

where VA,! is the absolute retention volume of component 1.
To establish the reliability of the chromatographic data and equilibration, the

VA,! values obtained from the chromatograms were compared with the KH values
calculated from static adsorption isotherms using eqn. 4 (Table I).

From Table I, it can be seen that with macroporous silica the KH and VA,! values
for toluene and anisole coincide, which indicates that the chromatographic process is
taking place under equilibrium conditions. With the mesoporous carbon adsorbent
carboraffin, the KH and VA,! differ ca. 1.5-fold and with the microporous active carbon
5-fold. This indicates that not all the surface of microporous adsorbents takes part in
the chromatographic process, but only the available surface, which can be estimated
from the expression SVA,!IKH = Sg.

Calculation of ,1 Jt!, ,1pD and ,1 Sa
Fig. 2 shows the log VR.1 vs. liT dependence for the various aromatics on

TABLE I

KH AND VA.I VALUES OF TOLUENE AND ANISOLE ON SILICA AND CARBON ADSORBENTS

Component 2 = n-heptane.

Component J Silica Carbonl/fin Active carbon

KH VA,! KII VA,! KII VA,!

(mm3 m- 2 ) (mm 3 m- 2 ) (mm 3 m- 2 ) (mm 3 m- 2 ) (mm 3 m- 2 ) (mm' m- 2 )

Toluene 7.0 7.0 2.0 1.5 110 22
Anisole 15 15 20 14.5 240 40
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Fig. 2. Log VR VS. liT for (I) p-diethylbenzene, (2) ethylbenzene, (3) benzene, (4) toluene. (5) a-xylene, (6)
pseudocumene and (7) anisole on carboraflin.

carboraffin. The enthalpies of adsorption of these compounds on carboraffin were
calculated from the slopes of the curves according to the equation

(6)

The total enthalpy of the adsorption of aromatic compounds was found taking into
account the net heat of adsorption of n-heptane according to the equation

-JJfJ = J(JH) + f3JHC7H '6 (7)

where f3 is the displacement coefficient, equal to the ratio of the areas of molecules of
aromatic compounds to that of n-heptane.

Fig. 3 shows the dependences of the enthalpies of adsorption of aromatic
compounds on the molar volume Vo of these molecules. Linear dependences of - JJfJ
on Vo for adsorption on carboraffin are observed for two series of compounds:
benzene, toluene, v-xylene and pseudocumene, and anisole, ethylbenzene and
p-diethylbenzene.

30

2D

100 i20 140 V, /cmkor'
Fig. 3. -tJHo V.I. )70 for aromatic compounds (numbers as in Fig. 2) on carboraffin.
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TABLE II

VALUES OF df'J, dlf'J AND dSo FOR THE ADSORPTION OF AROMATIC COMPOUNDS ON
CARBORAFFIN AND HYDROXYLATED SILICA

Substance Carboraffin Silica

-dE" - dlf'J dSo - df'J - dlf'J dSo
(kJ mol-I) (kJ mol-I) (J mol- l K- l ) (kJ mol-I) (kJ mor ' ) (J mol- 1 K- I )

Benzene 2.7 33 -100 5.5 24 -60
Anisole 14 25 - 37 8.0 28 -65

Free-energy variations in the adsorption of aromatic compounds were calcu
lated from the equation

- JP = 2.3 RTlog KH (8)

Entropy variations in the adsorption of aromatic compounds on silica and
carboraffin were calculated from the equation

(9)

An infinitely dilute solution was taken as the standard state in the calculations.
Results are given in Table II.

It can be seen from Table II that for the adsorption of benzene from solutions in
n-heptane on carboraffin the benzene molecule loses more degrees of freedom than the
anisole molecule. Owing to their great affinity, the flat benzene molecules are attached
closely to the graphite-like surface of the carbon sorbent, wnich leads to a loss of
mobility of the molecules along the surface and to a decrease in the entropy of
adsorption. In contrast to benzene, the methyl group ofanisole molecules hinders close
contact with the graphite ring on the carbon surface and hence increases the mobility
of adsorbed anisole molecules.

The interpretation of two linear dependences in the plots (Fig. 3) of - JH VS. Va
involves not only the entropy factor but also the para-effect. The interactions of
solvent molecules with molecules such as anisole, ethylbenzene and p-diethylbenzene
are stronger than those with shorter and more compact molecules such as benzene,
toluene, o-xylene and pseudocumene.

The mechanism of adsorption interactions in the carbon sorbent-solvent
aromatic compound systems should become clearer with further systematic HPLC
investigations. Other factors (e.g., microporosity, impurities on the carbon surface,
diffusion effects) may contribute to the total retention values and the thermodynamic
characteristics of adsorption interactions.
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SUMMARY

Di- and trifunctionally modified silica gels (C1S) were investigated by 29Si cross
polarization magic angle spinning NMR spectroscopy and the relative amounts of
surface species were determined by peak deconvolution. On the basis of structure
assignment and change in species decomposition with different reaction conditions, it
is possible to construct a scheme for reaction pathways in polyfunctional modifica
tions. Thus, distinct species composition can be correlated with reactions occurring at
the surface.

Synthesis with and without an argon atmosphere and the use of the stationary
phases in high-performance liquid chromatography (HPLC) cause dramatic changes
in species composition. Derivatization in a dry argon atmosphere results in the for
mation of monodentate species (D l, D2) (difunctionally modified) or bidentate spe
cies (T2) (trifunctionally modified), whereas without an argon atmosphere mainly
condensed species (D4+ D'4 and T4+T'4) are formed. Disregarding the reaction
procedures, modification with dichlorosilanes preferentially forms monodentate spe
cies, and trifunctional modification favours the formation of bidentates. Condensa
tion reactions seem to playa minor role during modification. However, they are most
important in the ageing process of polyfunctional modified phases, both in the dry
form and during their use in HPLC.

INTRODUCTION

The chemical modification of silica surfaces by organosilanes is of increasing
interest in different fields of chemistry, especially in view of their use as stationary
phases in reversed-phase (RP) chromatographyl. 29Si solid-state NMR magic-angle
spinning (MAS), 1H high-power decoupling2 and cross-polarization (CP)3 have been
used to distinguish between the different chemical species on the surface4-7.

It has been shown that, with the exception of monofunctional derivatization4- s,
reactions used to prepare chemically modified silica do not lead to single chemical
species. Many assignmentsS

,6 and descriptions of the qualitative changes in species
composition after solvent or heat treatment have been reported previouslyS, 7,9. How-

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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ever, no complete assignment and quantitative analysis of the species compositions
has been performed. The composition of the surface species is essential for a compari
son of the changes that occur during different modification procedures and of the
changes that occur during the ageing process of stationary phases and for correlation
with chromatographic performance.

Therefore, we have determined the quantitative amounts of different surface
species, obtained under different conditions, in order to establish systematic correla
tions between species composition and preferred pathways occurring in polyfunction
al modifications. Hence it should be possible to correlate a given species composition
with distinct reaction pathways. The changes in surface species composition during
prolonged elution with the mobile phase acetonitrile and ageing in the presence of air
was also investigated.

We prepared several stationary phases with di- and trichlorosilanes under con
trolled reaction conditions and investigated them by 29Si-CP-MAS-NMR spectros
copy, estimating the relative amounts of surface species obtained.

EXPERIMENTAL

Surface modification
Silicas were modified according to Kinkel and Unger lO. Briefly, 5 g of silica

were activated at 473 K and at a reduced pressure of < 10- 3 mbar. After 12 h, the
material was cooled to room temperature. A solution of 0.15 mol of 2,6-lutidine and
of 0.12 mol of the appropriate organosilane in 30 ml of dry dichloromethane was
added to the activated silica gel. The reaction mixture was stirred and heated thor
oughly, washed with dichloromethane, ethanol, 50% aqueous ethanol, and diethyl
ether and dried at 340 K and < 10- 3 mbar for 24 h. Some operations were performed
in an argon atmosphere.

Silylation reagents and the analytical techniques have been described previous
lyll. Reactions of silica with octadecylsilanes were performed on Nucleosil with a
particle size of 7 flm, an average pore size of 100 A and a surface area of 350 m2 jg
(Machery, Nagel & Co, Duren, F.R.G.).

Solvent experiment
The flow experiment were performed at a flow-rate of 1 mljmin using a Bruker

LC 31 HPLC instrument (Karlsruhe, F.R.G.) with stainless-steel HPLC columns
(125 X. 4 mm J.D.) and acetonitrile, (HPLC grade; Merck, Darmstadt, F.R.G.) as the
mobile phase for 3-4 days. The columns were stored under acetonitrile for 2 weeks
and then flushed again to prevent them from drying. The whole procedure was re
peated several times up to 3 months. The samples were then taken from the columns,
dried and investigated by 29Si solid-state NMR spectroscopy.

NMRparameters
Solid-state 29S,i NMR spectra were obtained on a Bruker MSL 200 Fourier

transform NMR spectrometer with samples of 200-300 mg in double-bearing rotors
of Zr02. MAS was routinely performed at 4-kHz spinning rates. The pulse sequence
of the CP-MAS experiment used has been described in detail elsewherel2 . Typically,
th~ proton 90° pulse length was 6 flS and the repetition time 2 s.
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Contact-time variation experiments of di (D) and trifunctionally (T) modified
phases revealed a common CP behaviour. The optimum contact time for maximum
magnetization of all D-units was obtained at 5 ms, and the optimum of the T-units at
2.5 ms, independent of the silica gel used9, and these contact times were employed in
the following measurements. All 29Si spectra were externally referenced to liquid
tetramethylsilane and the chemical shifts are given in parts per million.

Peak deconvolution
Calculated deconvolutions of the experimental spectra were based on Gaussian

peak shapes. We used constant chemical shifts and a constant peak width for each
surface species of the D- and T-units. The width ranged from 110 ± 5 Hz (T t, T'j),
120 ± 5 Hz (D3), 140 ± 5Hz(Dt,D2)t02l0 ± 5 Hz (T 2).TheT3 + T'3,T4 + T4,
and 0 4 + D4species, corresponding to various polymerized species, were calculated
assuming variable peak width. Optimum results could be obtained by a simulation at

T'1

D'4

T4'

Fig. I. Detectable surface species of a silica gel silylation with monochlorosilane (M), dichlorosilane (D)
and trichlorosilane (T). R = n-alkyl, R' = CH 3 . 0 4 , T 3 and T 4 are polymerized along the surface and D~,

T~, and T~ perpendicular to the surface.
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constant chemical shift and constant peak width. The deviation of the intensities of
experimetal and simulated spectra was 3%.

RESULTS

The surface species (Fig. I) are described by the D, T, Q notation, which refers
to the number of oxygen (di-, tri- and tetraoxo) atoms bound to the silicon atom 13

.

The assignments of the different Q-, D- and T-units, which have been described
earlier4- 6, are summarized in Table I.

The spectra of derivatized silica gels show the chemical shifts of the native silica
gel, geminal silanediol groups Qz (- 91 ppm), silanol groups Q3 (- 101 ppm) and
siloxane groups Q4 ( - 110 ppm), in addition to the signals of the silanes. After reac
tion with octadecylmethyldichlorosilane, we obtained signals of D 1 (- 4 ppm), D z
(-7 ppm), D 3 (-10 ppm) and of various D4.+ D4species (-14 to - 22 ppm) and
after reaction with octadecyltrichlorosilane, resonances of T 1 (- 46 ppm), T'l (- 50
ppm), T z ( - 56 ppm), T3 + T3(- 59 ppm) and T4 + T4species (- 64 to -70 ppm).

The resonances obtained between - 64 and -70 ppm (trifunctionally modified)
or between - 14 and - 21 ppm (difunctionally modified) are due to D4 or T4 units
with different extents of cyclization, which influence the chemical shift. This has been
also observed in z9Si liquid high-resolution NMR. For instance, resonances of the
cyclic species occur at f> = - 20 ppm for (MezSiO)4, f> = - 22.8 ppm for (MezSiO)s
and f> = - 23 ppm for (MezSiO)6 13 (where Me = methyl).

In order to construct the preferred reaction pathways, phases were prepared in
the presence of moisture and in a dry argon atmosphere. The influence of the different

TABLE I

CHEMICAL SHIFTS OF THE SILANE SIGNALS

For ,,;ssignments, see Fig. I. D~, T~ and T~ are species polymerized perpendicular to the surface; D4' T 3'

and 1 4 are polymerized along the surface. T2 and T3 were used to differentiate between a silicon having two
(-O-Si-O-), units as neighbours (T2) and a silicon having one (-O-Si-O-), unit and one (-O-Si-R-) unit
as neighbours (T3)' because of different chemical shifts of the T2 and T3 groups due to the different
chemical surroundings.

Structural type bSia

-91
-101
-110

-4
-7.2
-10
-14to -21

-46
-50
- 55.5 (R ~ CH 3)

-59 (R ~ CH3)

-64 to -70

a Chemical shifts in ppm with respect to liquid Me4 Si.
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reaction procedures on the species composition of a difunctionally modified Nucleosil
is shown in Fig. 2, and the different species composition of a trifunctionally modified
Nucleosil is shown in Fig. 4. To obtain quantitative data, we performed a peak
deconvolution by Gaussian peak shapes of the resonance patterns of the derivatized
species. An example shows the deconvolution of the D units of Fig. 2 (Fig. 3).

Modification in an argon atmosphere leads to the preferred formation of mono
dentate D 1 and D 2 , whereas the amount ofcondensed species D 4 + D4is 37% (Table
II). Derivatization in the absence of an argon atmosphere reduces the monodentate
OJ, D 2 and the bidentate D 3 species, whereas condensation to D4 + D4increases to
49.6%. In addition to the already assigned signals (Fig. I), we found a signal at + 1.6
ppm, amounting to 3% (Table II) and 6.2% (Table III) of the total intensity. This
resonance has also been obtained for other difunctionally modified phases.

D-units

®

1
20

I I j I I I I
-20 -40 -60 -80 -100 -120 -140

PPM

Fig. 2. 29Si-CP-MAS-NMR spectrum of Nucleosil (batch 505l) silylated with octadecylmethyldichlorosi
lane. The contact time was 5 ms. (a) In the absence of argon; (b) in an argon atmosphere.
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Fig. 3. Simulation of the D-units of the experimental spectrum in Fig. 2. (a) Experimental spectra and
simulated species after silylation in air; (b) experimental spectra and simulated species after derivatizaiton
in an argon atmosphere.• = Unknown resonance.

It is interesting to note that in trifunctionally, in contrast to difunctionally,
modified stationary phases, the amount of the monodentate species T 1 and T'l is
relatively low. Their relative amounts, even for reactions in an argon atmosphere, do
not exceed 10% (Table II). However, derivatization in an argon atmosphere yields
mainly the bidentate species, Tz (55.6%) and the cross-linked condensed species, T4

+ T4 (23.4%). Derivatization in the absence of an argon atmosphere leads to a
reduced amount ofTz (26.4%), whereas the amount of the condensed species, T4 +
T4, increased to 65.1 % (Table II).

In order to characterize the preferred reactions of the surface after modifica
tion, especially in combination with solvent, we flushed polyfunctional modified sam
ples in an HPLC apparatus wi~h HPLC-grade acetonitrile for several days, stored the
column in acetonitrile, and again flushed the columns every 2 weeks to prevent them
from drying. We repeated this procedure for up to 3 months. The stationary phases
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PPM

Fig. 4. 29Si-CP-MAS-NMR spectrum of Nucleosil (Batch 5051), silylated with octadecyltrichlorosilane.
The contact time was 2.5 ms. (a) In the absence of argon; (b) in an argon atmosphere.

were then taken from the columns, dried and investigated by z9Si solid-state NMR
spectroscopy. The experiments reveal a change in the variety of species. The mono
dentate species 0b Oz, T1 and T 1 are reduced with a significant increase in the
concentration of the condensed species 0 3 , 0 4 + 0 4, T3 + T 3 and T4 + T4. Fig. 5
shows an example of a difunctionally modified phase. As shown in Table III, there is
a 50% decrease in the amount of the monomeric species (unknown, O[ and Oz),
whereas the condensed species 0 4 + 0 4 increase by 50%. Condensation, although
slower, is also observed during ageing of dry stationary phases. The accelerated con
densation in the presence of solvent is due to increased mobility and reaction ratio in
the solvated form.
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TABLE II

RELATIVE AMOUNTS OF MOLECULAR STRUCTURES OBTAINED AFTER TWO DIFFER
ENT MODIFICATION CONDITIONS OF NUCLEOSIL (BATCH 5051) WITH DICHLOROSI
LANE OR TRICHLOROSILANE

Modifier

Dichlorosilane

Trichlorosilane

Structural type (j0 Relative amount (%)b

No Ar In dry Ar atmosphere

Unknown + 1.6 3
0, -4.2 16.2 19.2
O2 -7.2 19.7 32.9
0 3 - 10.5 7.5 10.8
0 4 + D~ - 14 to -20 49.6 37
T, -46.5 5.7
T' -50.0 2.9 3,
T2 -55.5 26.4 55.6
T3 + T'3 -59.0 5.4 12.2
T4 + T~ -64 to -75 65.1 23.4

o Chemical shifts in ppm with respectd to liquid Me4 Si.
b Error, ± 3%.

DISCUSSION

On the basis of the changes in surface species composition under various reac
tion conditions, it is possible to construct a scheme for the consecutive pathways in
polyfunctional modifications of HPLC RP materials.

In difunctional derivatization with dichlorosilane (Fig. 6A), the first step is the
formation of the monondentate 1. This has also been observed by Sindorf and Ma
ciel 5

. The intermediate is hydrolysed during washing at the end of the synthesis to the
monodentates D 1 and D 2 (Fig. 6B). The amount of D 2 is therefore an indirect in
dication of the amount of monodentate I at the end of the reaction, as the D 2 species
can only be formed from I in the washing step with ethanol. A large amount ofD2 can

TABLE III

RELATIVE AMOUNTS OF MOLECULAR STRUCTURES OF A DIFUNCTIONALLY MODI
FIED NUCLEOSIL (BATCH 4111) AND AFTER FLUSHING THIS STATIONARY PHASE WITH
ACETONITRILE AS SOLVENT

Structural type Relative amountb

Unknown
0,
O2
0 3

0 4 + D~

+ 1.6
- 4.2
- 7.2
-10.5
-14 to -20

Original

6.2
19.0
35.1
12.8
27.1

Ajier solvation

15.2
17
12.8
54.7

o Chemical shifts in ppm with respect to liquid Me4 Si.
b Error, ± 3%.
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Fig. 5. 2 9Si-CP-MAS-NMR spectrum of Nucleosil (Batch 4111) silylated with octadecylmethyldichlorosi
lane. The contact time was 5 ms. (a) After solvent exposure; (b) original phase.

be correlated with a large amount of monodentate I. Hence the large amount of D z in
reactions in an argon atmosphere reveal (Table II) that many of the monodentate I
species neither have formed condensed species nor have reacted with the silica to form
bidentate D 3 (Table III). However, the small amount of D 3 in the presence and
absence of moisture clearly indicates that the bidentate D3 formation is not favoured,
but, as seen in Fig. 3, it still occurs. These findings are in contrast to those ofSindorf
and Maciel 5 and of Gilpin and Burkes, who described D 3 almost as hypothetical
moieties. The ratio of monodentate (D!, D z) to bidentate (D 3) after the washing step
is in our example ca. 5 (Table II) and never < 3. This indicates that the formation of
the monodentates D! and D z, even in the presence of moisture, is always preferred.

In the trifunctional modification with trichlorosilane (Fig. 7A) the reaction also
begins with the formation of an intermediate, 15

, which can react further via two
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TABLE I (continued)

Compound Name Structure
No.

21 Diphenhydramine C.Hs" CH3

CHOCH,CH,N/

/ "C.Hs CH3

22 Methylparaben ¢="'
OH

H H

" /

23 Maleic acid C:C
""-HOOC/ COOH

24

25

26

Probenecid

p-Toluic acid

Propoxyphene
yH3 ?OCCH,CH3

(CH3),NCH,CH-y-CH,C.Hs

C.H,

where N is the efficiency in plates per column and w is the peak width at 10% height.
The efficiency values in plates per column were divided by the column length to give
efficiency in plates per meter.

All values ofk',N, and AF10 were the means of at least two injections for which
the measurements differed by less than 2%. Each experiment was repeated and the
results verified on a different column run on the alternate chromatographic system.
The structures of compounds used in this paper are shown in Table 1.

Selected organic bases
The compounds chosen are a sampling of hindered and unhindered, primary,

secondary, tertiary and heterocyclic amines. A hindered amine is one in which bulky
alkyl groups are substituted near the basic nitrogen limiting its interaction with the
silica surface.
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TABLE III

PEAK SHAPE OF CODEINE" ON SILANOL-DEACTIVATED HPLC COLUMNS

365

Conditions: columns, 150 or 250 mm x 4.6 mm (5-}"m packings). Columns were further described in the
Experimental section. Mobile phase: acetonitrile-25 mM aqueous potassium phosphate, pH 6.2; flow-rate,
I or 2 ml/min; ambient temperature.

Column k'· AFlO N'

Suplex pKb-IOO 2.22 1.26 II 130
LiChrosorb RP Select B 1.86 2.13 3500
SCD-IOO 1.84 3.00 6330
Deltabond octyl 2.37 3.93 1200
Rexchrom ODS 2.10 5.16 270
Zorbax Rx 2.58 6.0 870
Capcell Pak CI8 1.62 n.m! n.m.
Chemcosorb 5 ODS H 2.44 n.m. n.m.
Chromega y-C 18 2.29 n.m. n.m.
Ultracarb ODS 20 2.15 n.m. n.m.
Supelcosil LC-18-DB 2.15 n.m. n.m.

" Compound 19 from Table I, pKa = 8.21.
• Acetonitrile-buffer ratio adjusted to maintain k' within a narrow range.
, Plates/m measured by Foley-Dorsey method".
d AF10 and N not measurable because of extremely long time for peak to return to baseline.

Finally, as no silanol suppressing additives were needed in the mobile phase, we
determined how selectivity between basic, acidic, and neutral analytes was affected by
altering mobile phase conditions.

In Table II there is a list of primarily organic bases, their pKa values, capacity (k')
and asymmetry factors (AF to) on a Suplex pKb-100 column using acetonitrile-25 mM
aqueous potassium phosphate pH 7.0 mobile phase (2:98) at 35°C. As mentioned, at
this pH residual silanol groups should be fully effective.

Even though the new reversed-phase column shows a significant improvement in
peak symmetry in comparison to some other commercial deactivated reversed-phases
(see Table III), "silanol effects" are still observed, as indicated by peak asymmetry (see
Table II). Peak asymmetry of the bases depends, in part, on their pKa values.
Compounds 10-13, for example, are dimethyl-substituted pyridine isomers. The
asymmetry factors increase with pKa values in the order 1.43, 1.57, 1.70 and 1.77 for
compounds 10, 11, 12 and 13, respectively. Two of the pKa values are not reported, but
could be approximated from the inductive effect of substitution in the ortho-, meta
and para-positions on the basicity of the compounds. We assumed that compound 12
has a pKa value comparable to that of compound 13, as one additional ortho- replaces
a para-substituent. Compound 11, a m,p-isomer, should have a pKa between 6.15 and
6.99 in comparison to an m,m- and o,p-analogue, respectively.

On the other hand, not only pKa but also steric factors in the close vicinity of the
basic nitrogen contribute to the "silanol effect", as can be seen for compound 6 VS.

compounds 2-5. Here, an unhindered, protonated planar Sp2 nitrogen is compared to
a protonated Sp3 nitrogen. Compound 6, with a pKa of9.6, has an asymmetry factor of
3.12 VS. 1.31-1.72 for compounds 2-5 which have pKa values between 9.2 and 10.2.
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Fig. 3. Log p o/w (octanol-water partition coefficient) vs. log k', retention on a Suplex pKb-IOO column.
Conditions and compounds as in Tables I and II.

improving resolution. Whereas in the analysis of bases on traditional RP-HPLC
columns it is necessary to work at low pH to suppress silanols, the Suplex phase
expands the workable pH range. For example, Table V shows the effect of pH of
a 25 mM potassium phosphate buffer on retention on a Suplex pKb-lOO column.
Retention of amines 3, 4, 6 and 14 increases with increasing pH. The neutral
compound, methylparaben, is unaffected while that of three organic acids (pro
benecid, maleic and p-toluic acids) decreases. The percent of acetonitrile was adjusted
to maintain all k' values within the 0-7 range.

By increasing the pH, the extent of ionization of basic compounds is decreased,
hence increasing the compound's hydrophobic character and increasing its retention

TABLE V

EFFECT OF pH OF A 25-mM POTASSIUM PHOSPHATE MOBILE PHASE ON RETENTION BY
SUPLEX pKb-IOO

Conditions: column, 150 x 4.6 mm Suplex pKb-lOO; mobile phase, acetonitrile-25 mM potassium
phosphate (ratio indicated in table); flow-rate, 2 mljmin; temperature, 35°C.

Compound % CH3 CN k'

No. Name pH 7.01 pH 5.50 pH 3.49 pH 2.06

4 p-Phenethylamine 2 3.55 1.21 0.58 0.35
3 Amphetamine 2 6.20 2.78 1.55 0.59

14 Aniline 2 5.00 4.69 0.35 0
6 4-Dimethylaminopyridine 2 3.28 0.94 0

22 Methylparaben 25 2.88 3.05 2.85 2.78
23 Maleic acid 2 0.09 5.41 32.0
24 Probenecid 35 1.49 9.20 27.0
25 p-Toluic acid 25 0.91 9.19 14.5
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coated silica can be evaluated from value for the native silica by applying a correction
for the weight increase, L1G, caused by the coating6

. The corrected specific surface area,
a;, of the native silica is then

a; = as (I - LI G)

The different values of as. viz., as of the native silica, using am = 0.162 nm 2
, a; of

the coated silica, using the weight-corrected as of the native silica, a~·162 of the coated
silica, using am = 0.162 nm 2 and a~·20 of the coated silica, using am = 0.20 nm 2

, are
given in Table 1. Several observations can be made. A decrease in the specific surface
area of the coated silica takes place compared with that of the native material for
Zorbax PSM 60 and Silasorb Si 600, taking a;, a~·162 and a~·20 into consideration, and
in these instances pore blockage seems highly probable. The simple weight correction
of the native silica provides no conclusive means of judging the effect of coating on as:
the as values are lower than, equal to or higher than the as values of the coated silicas
either using am = 0.162nm 2 oram = 0.20nm2;theas valueswitham= 0.20nm 2 ofthe
coated silicas are higher than those of the native silica, using am = 0.162 nm 2 for PSM
500, PSM 1000, LiChrosorb Si 100, LiChrospher Si 500, Silasorb Si 300 and silica, PD
= 200 nm. This increase is difficult to explain, however; it might be that the polymer
coating itself develops some porosity with micropores which additionally contribute to
the internal surface area.

Effect ofcoating on the spec!(ic pore volume (SPVj and the pore-size distribution (PSD j
In order to assess the effect of polymer coating on the Spy and PSD of the silicas,

the corresponding values have to be compared before and after the polymer
immobilization. Significant changes are expected for the mesoporous silicas whereas
the macroporous silicas should maintain their native pore structure. For the

TABLE II

SPECIFIC PORE VOLUME (SPV) OF NATIVE AND POLYSTYRENE-COATED SILICAS

SPV(G) = specific pore volume according to the Gurvitch rule estimated from the saturation uptake of
adsorbed nitrogen B SPV(Hg) = specific pore volume from mercury porosimetry measurements estimated
from the volume of intruded mercury at maximum pressures.

Silica SPV (mllg)

0.70 (G)
0.41 (G)

0.31 (Hg)
0.26 (Hg)

Zorbax PSM 60
Uncoated
Coatcd

Zorbax PSM 500
Uncoated
Coated

Zorbax PSM 1000
Uncoated 0.24 (Hg)
Coated 0.23 (Hg)

Silica, PO = 200 nm
Uncoated 0.36 (Hg)
Coated 0.36 (Hg)
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mesoporous Zorbax PSM 60 the SPY was calculated from the saturation uptake of
adsorbed nitrogen, n" acording to the Gurvitch rule assuming a liquid adsorbate8

. The
Spy of the macroporous silicas was calculated from mercury porosimetry measure
ments as the corrected volume of intruded mercury at maximum pressure. The results
are given in Table II. As expected, the SPY ofZorbax PSM 60 as an example is reduced
by about 40% after immobilization. The SPY of Zorbax PSM 500 and PSM 1000 is
diminished, whereas that of the silica, PD = 200 nm, remains unaffected.

The average thickness of the polymer coating calculated from the density of the
polymer, the mass load and the specific surface area of the silica is about 2 nm. Hence it
is conceivable that the mean pore diameter of the Zorbax PSM 60 is drastically reduced
by the coating and correspondingly the Spy changes.

The PSDs of the macroporous silicas were determined by two independent
methods: (i) mercury porosimetry using the Washburn equatition9 and (ii) size
exclusion chromatography measuring the elution volumes of standard polystyrenes
and using the calculation procedure advocated by Knox and co-workers tO

•
12

.

Fig. I shows as an example the cumulative pore size distribution curve assessed
by mercury porosimetry (MP) and by size-exclusion chromatography (SEC) of
uncoated and coated Zorbax PSM 1000. The coating slightly diminishes the PSD
derived from MP measurements. The pore-size reduction is seen to be more dramatic
on comparing the curves from SEC measurements: the mean pore diameter at 50% of
the cumulative pore volume is about 80 nm before and to 40 nm after the
immobilization of the polymer. The discrepancy in the PSD between the two methods
is not surprising because they are based on different assumptions and the samples are
measured under widely different conditions. In MP, mercury is forced by pressure into
the pores of the dry powder. In SEC, the particles are filled with benzene as solvent and
the polymer coating is solvated and might swell. This extension in volume might lead to
pore blockage and limit the access of polystyrene molecules in SEC experiments.

• W • • ~
U _.'I~.........,....., .....' ...." ,",,,1_.........., .....' ....' 'w"w..I_~,.....' .u'' ...." .....1 ----'--"-,.....' 'u.'....." d U

Fig. I. Cumulative pore-size distribution of the uncoated and coated Zorbax PSM 1000. Mercury
porosimetry data using a contact angle of mercury of 1400 and a surface tension of480 mN/m 2

: A = before;
B = after polymer immobilization. Data from SEC using the method of Knox and co-workers; C = before;
D = after polymer immobilization.





EFFECT OF POLYSTYRENE COATING ON SILICA PACKINGS

·----·-·t----

i
i
I..... --r---
I
i

--t-J

i i
I I

- i- j
1 r.•.

399

Fig. 3. Separation ofa mixture ofamines on a coated Zorbax PSM 500 column. Column, 250 x 4 mm I.D.;
mobile phase, water-acetonitrile (40:60, v/v); flow-rate, 0.5 ml/min; UV detection (280 nm). Solutes:
I = 2,6-dimethylpyridine; 2 = I-naphthylamine; 3 = benzylamine.

between the mobile and the stationary phases is of the same order as in conventional
RP columns (C :::; 0.1), i.e., the polymer coating did not impair the kinetic performance
of the silicas in terms of plate height and plate number13

.

The completeness of coverage of the silica by a polymer can be checked by
monitoring the retention and peak width of basic compounds under reversed-phase
conditions. The chromatograms for 2,6-dimethylpyridine, I-naphthylamine and
benzylamine on the column packed with coated Zorbax PSM 500 (Fig. 3) show totally
symmetrical peaks, indicating no effect of residual silanols on retention. The excellent
pH stability of the coated packings under acidic conditions was demonstrated by
separating peptides and proteins during several months ofcontinuous operation of the
same column under gradient elution conditions at pH 1-2.

The highly dense coverage of the surface of silica together with the multi-point
attachment of the polymer also promises a high temperature stability. This favourable
property can be utilized for the rapid separation of peptides at elevated temperatures.
Such studies are in progress.
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The volume ofreactor I is 250 J.lI whereas that ofeach of reactors II and III is only
79 J.ll. Even though a better support was chosen for making reactors II and III, the
decrease in reactor volume to only 79 J.lI has the result that the conversion efficiency for
none of the sugars reached 100%. The splitting of the flow after addition of the
make-up will also decrease the flow-rate through each of the detection paths compared
with the use of only one detection path (reactor I). Therefore, the signal responses to
the sugars will decrease and the detection limits will increase compared with the
single-line detection system. The repeatability, expressed as relative standard deviation
(R.S.D., %), for ten injections of the spiked spent sulphite sample is given in Table IV,
and was typically less than 6%.

CONCLUSIONS

The use of a selective post-column detection devise based on immobilized
enzymes is clearly demonstrated to be preferred to the generally used RI detector.
Spent sulphite liquor constitutes a complex matrix for which an unselective detector is
non-optimum. Even if separation problems have not been fully solved, the use of two
enzyme-based selective detection systems working in parallel can solve a specific
problem. The parallel detection system also greatly reduces the laboratory time and
amount of equipment because only a single injection is required with one chromato
graphic system to give a true picture of the composition of the sample.

Reactor I retained 85% of its initial activity after 3-4 weeks. A faster
deactivation of the IMERs was observed when the detection system was applied to the
determination of sugars in spent sulphite liquor compared with standard solutions
prepared in pure water. This may be due to inadequate clean-up of the spent sulphite
liquor in which a large number of compounds in the complex matrix may be present
which can interact with, inhibit or denature the enzymes. A more elaborate sample
clean-up step including a solid-phase extraction procedure is therefore currently being
studied in order to overcome this problem and also to make it possible to use this
separation and detection system to follow the fermentation of spent sulphite liquor to
ethanol described in the Introduction.
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Fig. 11. FT-JR reconstructed chromatograms obtained after the I-JPLC deposits had been developed on the
alumina TLC plate with chloroform-n-hexane (50:50). (From ref. 19 with permission).

14 shows the collection device. The disk is placed in a circular stainless-steel holder
with a 5-mm high flange and locked by means of a constant spring at the side of the
flange. The disk holder has an opening 8 mm wide, and is about 110 mm long near the
edge at the base to allow an IR beam to pass through the holder with a crystal in place.
The chromatographic effluent is brought onto the salt surface as the disk rotates. The
turning speed of the disk can be changed between 2 and 198 min per revolution by the
motor drive. After the chromatographic run, the salt disk, together with the holder, is
removed from the holder mounting shaft and then transferred to a 3 x beam condenser
that is equipped with a disk rotary assembly whose construction is the same as that
outlined above. The disk is rotated once again with the identical drive unit and spectral
data are continuously obtained by using GC-FT-IR software.

To illustrate the performance of this device, a separation of polymer additives
was performed on a 20 cm x 0.53 mm J.D. fused-silica size-exclusion chromato-
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Fig. 12. Filed IR spectra of the components of the test mixture in Fig. 11. (From ref. 19 with permission.)
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chromatographic system. This technique has found great utility for the in vivo study of
neurotransmitters2

- s.
This report describes the application of in vivo microdialysis perfusion to the

determination of the pharmacokinetics of acetaminophen (APAP) in the blood and
liver of an anesthetized rat. The dialysis samples were analyzed by liquid chromato
graphy with UV absorbance detection. This allowed the detection of APAP as well as
its major metabolites, the sulfate and glucuronide conjugates. Well defined pharma
cokinetic curves could be constructed using a single animal while experiments on
multiple animals were highly reproducible. Simultaneous sampling at different sites in
the animal was accomplished by using multiple dialysis probes. The relative rates of
clearance from various organs could therefore be determined.

EXPERIMENTAL

Materials
APAP, p-glucuronidase (type B-1 from bovine liver) and sulfatase (type H-I

from Helix pomatia) were purchased from Sigma (St. Louis, MO, U.S.A.). HPLC
grade acetonitrile was obtained from Fisher (Fair Lawn, NJ, U.S.A.). All other
chemicals were reagent grade or better and were used as received.

Microdialysis apparatus
Microdialysis sampling was performed using a CMA/IOO microinjection pump

from Bioanalytic Systems (BAS)/Carnegie Medicin (West Lafayette, IN, U.S.A.)
coupled to the dialysis probe which was implanted in the animal (Fig. I). The perfusion
medium was pumped through the probes at a flow-rate of 5 Ill/min for all experiments.
This perfusion rate was chosen to provide both reasonable recoveries and sampling
times. As the perfusion rate is increased, the recovery decreases as does the time needed
to collect sufficient sample for chromatographic analysis. The perfusion rate used for
any given experiment depends upon several factors including the type of chromato
graphic system (i.e. conventional or microbore) and sensitivity of the detector. For
intravenous sampling a BAS/Carnegie Medicin dialysis probe of the "cannula" type
was used (Fig. IA). These probes have a 4-mm dialysis membrane made of
polycarbonate ether with a molecular weight cutoff of 20 000. For intravenous
insertion of the microdialysis probe a probe guide from BAS/Carnegie Medicin was
used. For tissue sampling the probe was constructed in-house from dialysis tubing
purchased from Spectrum Medical Industries (Los Angeles, CA, U.S.A.). The tubing
was regenerated cellulose with an J.D. of 150 11m, a wall thickness of 9 11m and
a molecular weight cutoff of 9000 daltons. The ends of a ca. 5 mm length of dialysis
tubing were sealed to pieces of 26-gauge stainless steel with "hot melt" glue. "Hot
melt" glue (Ridlen/AAI Adhesives, Dallas, TX, U.S.A.) is a wax-based adhesive and
was found to be easy to use and provide leakproof seals. This probe design is illustrated
in Fig. IE.

Prior to use, the dialysis tubing was activated by pretreatment with sodium
hydroxide. The tubing was primed with a solution of isopropyl alcohol and 20% (v/v)
glycerol for 5 min. The tubing was then hydrolyzed for 2 min with 0.1 M methanoIlc
sodium hydroxide. A neutralizing solution containing 1% (v/v) acetic acid and 20%
(v/v) glycerol in isopropanol was next pumped through the probe for 5 min. The probe
was finally perfused with distilled water for several hours to remove residual glycerol.
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vestigation of the optimization of the experimental conditions of a separation for
maximum production rate.

INTRODUCTION

Because of the importance recently acquired by preparative chromatography as
a separation technique for the industrial extraction and purification of synthesis
intermediates and of products in biotechnology, there is renewed interest in
fundamental chromatography. In order to optimize a separation process, we need to
be able to predict its results. In the case of preparative chromatography, we want an
accurate prediction of the concentration signal observed at the outlet of the column as
a function of the experimental parameters and of the initial and boundary conditions.

The derivation of accurate predictions requires the use of a sophisticated model.
Such a model can rarely be solved exactly by an analytical solution, i.e., in closed form.
Approximations may be necessary or numerical solutions may be calculated. The
former can be differentiated and the optimum conditions for maximum production
rate under any combination of constraints regarding collected fraction purity and
component recovery yield can be derived in a straightforward way. The latter have the
advantage of being accurate, calculable with the required precision and available for
almost any combination of the experimental parameters, but they require the selection
of the proper numerical value for each parameter involved. Further, optimization is
difficult to carry out using the numerical approach, as it needs repetitive calculations of
chromatograms, for a long series of sets of variable experimental parameters.

Therefore, analytical solutions are highly desirable in order to investigate in
detail the influence on the production rate of the column length, the size of the packing
particles, the mobile phase flow velocity and composition, i.e., the selectivity of the
phase system, the non-linear behavior of the isotherm, the sample size and relative
composition, the axial dispersion and the kinetics of radial mass transfer. Analytical
solutions are so useful that we are ready to sacrifice some accuracy, make simplifying
assumptions, in order to formulate a model which can be resolved into closed forms. It
is important to know, however, what the importance of the error made in these simpler
models is and the extent to which the profiles they predict for the concentration signal
at the column exit deviate from the true profiles. The aim of this paper is to review the
various analytical solutions that have been derived, assuming that the chromato
graphic phase system is constantly at equilibrium or very near it (i.e., high column
efficiency). In forthcoming papers, we shall present a similar investigation of the
kinetic models of chromatography and a comparison between semi-equilibrium and
kinetic models!.

Although separation methods, and chromatography in particular, concern the
extraction and purification of certain components of mixtures, the main thrust of this
work will be on the prediction of the elution profile of pure compounds. There are
several modes under which chromatography can be carried out, e.g., isocratic, step and
gradient elution, frontal analysis and displacement, but most of the theoretical effort
has dealt with isocratic elution. More importantly, the difficulties with the two
component problem are such that very few papers have discussed it.
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other hand, we have also shown that the ideal model is valid when the reduced loading
factor exceeds 35, which in most instances (i.e., with columns having several thousand
theoretical plates and values of k'o in excess of 2) corresponds to loading factor of
several percent (k'o = 2, N = 2500 give m = 35 for Lr = 3%). In the intermediate
range of sample sizes, there is no satisfactory solution, although the band width of the
profile at any fractional band height can be approximated, using the procedure
suggested by Knox and Pyper42

.

As there is no analytical solution available, we have to resort to numerical
calculations. Two approaches are available: the semi-ideal model, which can be used
only when the limit efficiency of the column at infinite dilution of the sample exceeds
ca. 500 theoretical plates, and the kinetic models, which are valid in the whole range of
values of the rate constants. We discuss only the former approach, as this work deals
with equilibrium and semi-equilibrium models. Kinetic models are discussed in
a separate paper1

.

Numerical solutions
In the semi-ideal model, the mass transfer kinetics are handled in the same way as

by Van Deemter et al. 14 and by Haarhoff and Van der Linde20
. The axial dispersion

coefficient, D, in the mass balance equation is replaced by an apparent dispersion
coefficient, Da = Hu12, which combines all the effects which, in linear chromato
graphy, are traditionally lumped in the column HETP. The system of the mass balance
equation (eqn. 1) and the kinetic equation (eqn. 4) is therefore replacec.i by eqn. 12. This
equation is an excellent approximation of the system ofpartial differential equations in
chromatography whenever the mass transfer kinetics are fast enough and at very low
sample sizes the band profile tends towards a Gaussian profile.

The great advantage of this approach is that we do not need any detailed
information regarding the mass transfer kinetics and their dependence on the solute
concentration. Such information is usually difficult to collect and requires long,
complicated experiments which provide only indirect determinations. With the
semi-equilibrium model, we need to know the column efficiency at infinite dilution, the
sample size and the equilibrium isotherm between the two phases, which is also needed
with the kinetic models. The numerical solutions can accommodate any isotherm of
physical significance and require no simplification.

Numerical solutions, however, do create truncation errors, because of the
necessary use of finite values of space and time increments in the integration. These
errors must be minimized or controlled. The classical method of finite differences lends
itself to a straightforward application in the present instance. Two approaches are
available. They have been discussed in detail in several previous publications35

,49,50,

so we present here only a brief review of the numerical analysis problems.
Characteristic procedure. In this approach3 ,51, we neglect the right-hand side of

eqn. 12, i.e., we write a program as if we wanted to calculate solutions of the ideal
model (eqn. 14). We calculate the concentration at each point of a grid (nh,jr). We
replace each differential by a finite difference, calculated for small but finite increments
of the variables, space (h) and time (r), respectively. Various finite difference schemes
can be used, each introducing different truncation errors. For example, we may write3
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that in the previous section between the profiles predicted by this equation and by the
analytical solution of the ideal model. -

Fig. 14 compares the band profiles predicted by the Haarhoff-Van der Linde
equation and by the numerical solution, both using a parabolic isotherm, for loading
factors between 0.01 and 0.2% and a column efficiency of 2500 theoretical plates. In all
four cases, the agreement between the two profiles corresponding to the same loading
factor is excellent. Fig. 15 shows the same comparison, except that a Langmuir
isotherm is used for the calculation of the numerical solutions, and the two-term
expansion of this Langmuir isotherm for the calculations of the Haarhoff-Van der
Linde equation. Although the agreement between the two profiles corresponding to
a given loading factor is still very good, some significant difference begins to appear at
the highest column loading. This result confirms, nevertheless, that the Haarhoff-Van
der Linde equation is an excellent approximation of the band profile at low loading
factors.

Fig. 16 compares the profiles predicted by the Haarhoff-Van der Linde equation
and the numerical solution, both for a parabolic isotherm and for a loading factor of

"Cl
o

U

o...

1015 1100 1125 1150 1115 1200 1225 1250 1275

Time (5)

Fig. 14. Comparison between the band profiles predicted by the Haarhoff-Van der Linde equation and
calculated by the numerical solution of the semi-ideal model. Parabolic isotherms, as for Fig. I. Conditions
as in Fig. I, except column efficiency, 2500 plates. Loading factors: (I) 0.01 %; (2) 0.02%; (3)0.1 %; (4) 0.2%.
The Haarhoff-Van der Linde profiles are identified by squares.
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Fig. IS. Comparison between Ihe band pr~files predicted by the Haarhoff-Van der Linde equation and
calculated by the numerical solution of the semi-ideal model. Parabolic isotherm as for Fig. I for the
Haarhoff-Van der Linde equation, Langmuir isotherm for the numerical solution. Conditions as in Fig. 14.
Loading factors: (I) 0.01 %; (2) 0.02%; (3) 0.1 %; (4) 0.2%. The Haarhoff-Van der Linde profiles are
identified by squares.

0.2%, with increasing column efficiency. The agreement is excellent in all instances,
from 500 to 25 000 plates. This agreement, and also the agreement observed between
the experimental results and the predictions of numerical solutions a~moderate and
high loading factors4o

,41, confirm the validity of our numerical algorithm, and
especially the soundness of the choice of the space and time integration increments for
the proper simulation of the column efficiency (see above). The progressive change in
band profile when the column efficiency (i.e., the mass transfer coefficient) decreases is
in excellent agreement also with the prediction of the kinetic model12

. The band width,
the thickness of the shock layer22 and the band retention time increase while the band
height decreases with decreasing column efficiency. The semi-equilibrium models
cannot predict the changes in the band profile which take place when the mass transfer
coefficient decreases further and the column efficiency becomes much lower than 500
theoretical plates. This problem is discussed elsewhere1

.

Figs. 17 and 18 compare the profiles derived from the Haarhoff-Van der Linde
equation and from the numerical solution, with either a parabolic or a Langmuir
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Chromatography
The non-porous spherical silica packing particles were prepared according to the

method described by Unger and Giesche9
. All chromatographic experiments were

carried out at room temperature (23 ± 2°C). The reported values are the means of at
least three measurements. The polystyrenes were injected together with the marker
(toluene) unless peak overlap necessitated injection of the polymer and the marker
separately.

THEORY

Various theoretical models have been developed to describe the migration of
solutes in HDC8 ,l4-19. Most of these models include solute-wall interactions and
therefore lead to complex expressions for the migration rate. Athough solute-wall
interactions are of importance in HDC18,20,2\ we assume they are absent in our
experiments on the elution behaviour of polystyrenes. On that condition, a general
equation is valid for the migration rate, expressed by a relative quantity r as functi.on of
the aspect ratio A:

(1)

where r = tpl tm and A= rdR, tpand tm are the retention times of the polymer and the
low-molecular-weight marker solute, respectively, ri is the radius of the solute molecule
and R is the radius of the flow channel.

For the simplest model based on a Poiseuille flow profile, the value of Cwould be
1. For secondary effects such as rotation, C departs from I and ranges between I and
5.3 in the different models, depending on the type of solute, e.g., permeable or
hard-sphere polymers8

.

In contrast to capillary HDC, the geometry of the flow channel in a packed bed is
not well defined, which makes it difficult to express A. In order to apply the various
models to packed beds, the hydraulic radius Ro is often used. This is the radius of
a capillary having the same surface-to-volume ratio as the packed bed under study. For
spherical particles, the value of Ro can be calculated from the particle size, dp, and the
bed porosity 1::, according t0 22

(2)

In a packed bed the radius of the flow channel R is then replaced by Ro.
By using eqn. 1, an expression can be derived for the resolution Rs between two

solutes i and j eluting close together1o:

(3)

where (Jt is the standard deviation of peak i, rx is the ratio of the radii of solutes i and j,
where ri' > rj, and N is the number of theoretical plates.
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The main characteristics of the investigated columns are summarized in Table L
In all experiments the porosities B of the columns were calculated from the void volume
as determined by weighing the columns filled with pure solvents of different densities.
The porosities calculated in this way agreed very well with those calculated from the
retention times of the marker and the flow-rate settings.

The flow resistance parameters 0 for the HDC columns in Table I are about half
those usually obtained for porous particles. This results from the fact that ¢ is
calculated from the migration velocity of a non-sorbed solute rather than from the
velocity in interparticle space. With porous particles these two velocities differ by
a factor of about 2, whereas in our case they are the same. Consequently, pressure
limitations in HDC on non-porous particles are not as severe as in HPLC on porous
particles.

Column efficiency
When using 1-3-pm non-porous particles in HDC, plate heights of a few

micrometres can be expected to. To conserve the high column efficiency in the
chromatographic system, severe demands are placed on the magnitude of the external
peak broadening. For instance, the volume standard deviation (lv for the marker solute
on a 150 x 4.6 mm LD. column filled with l-,um particles and having a reduced plate
height of2 would be 3.5,u1. The external contributions to zone dispersion, (lv,ext, should
then not exceed 1.7,uL In our case, (lv, ext could be minimized by using both a small
injection and detection cell volume and small-diameter connecting tubes, The total
external contribution was measured after connecting the injection valve directly to the
detector by means of a zero-dead-volume union, In the flow-rate range from 2,7 to 17
plls (corresponding to a linear velocity range of 0.4-2.6 mmls for the columns used),
(lv,ext was between 0,7 and 1.3 pI. It was therefore concluded that the measured plate
height would hardly be affected by extra-column band broadening,

As phase distributions are absent in HDC, existing plate-height theories23
-

25

predict that dispersion is determined exclusively by longitudinal molecular diffusion
and convective mixing, At high linear velocities, molecular diffusion has a negligible
influence on the overall dispersion, and a constant plate height is predicted,
irrespective of the value of the molecular diffusion coefficient. The dispersion due to
longitudinal molecular diffusion occurring at small linear velocities depends on the

TABLE I

COLUMN CHARACTERISTICS

Column L (mm) dp (flm)" Ro (flm)b 1>'

A 150 1.40 0.380 0.286 447
B 250 1.91 0.395 0.416 509
C 150 2.67 0.385 0.561 417

a SEM measurements.
b According to eqn. 2.
, According to 1> = Pd/j«v) '1 L).
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molecular weight of the polymer. Consequently, the higher the molecular weight, the
smaller will be the linear velocity at which the minimum in the plate height Curve is
reached.

Fig. 1 shows the plate heights obtained for three solutes of different molecular
weights and two particle sizes. It can be seen that the minimum of the plate height curve
shifts to lower velocities for larger polymers. It appears that extremely efficient
columns can be prepared with the non-porous particles used. For column C (Fig. la),
minimum plate heights of 3.6 J1m for toluene and PS 2.2 kilodalton and 3.8 J1m for 336
kilodalton were found. This corresponds to a minimum reduced plate height of
1.3-1.4. The optimum plate number was thus 42000 for the ISO-mm column.
Measured plate heights for column A (Fig. 1b) were even lower, in accordance with
theory. The minimum value of 2.2 J1m for PS 2.2 kilodalton (N = 68000) provides
a reduced plate height of 1.6, while the minimum for toluene had not been reached at
the highest accessible velocity. In contrast to theoretical prediction, the curves for PS
336 kilodalton at high linear velocities do not coincide with those obtained with PS 2.2

a
2

E
.:; 15
J:

10

20 b

.5 1.5

<v> (mm/s)

.5 1.5

<v> (mm/s)

Fig. I. Plate height, H. versus linear velocity, (v), of some standards on (a) column C and (b) column A.
Solutes: e, = PS 336 kilodalton; .. = PS 2.2 kilodalton; • = toluene.
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micro-capillary HOC, Tijssen et al. 8 could not make an experimental distinction
between the OG and BG models, because they had to use high solute concentrations (1
mg/m!) to obtain any detectable peaks. Indeed, the peaks they observed for the large
polymers were triangular and elution was probably considerably affected. In our
experiments, detection problems were ofless importance, so more dilute samples could
be used (0.1-0.3 mg/m!). We were therefore much better equipped to test the validity of
the two theoretical models and the available evidence strongly indicates a preference
for the OG model (C = 2.70).

For molecular weights up to 106
, the elution behaviour appeared to be

independent of the flow-rate under the selected circumstances. For these samples
a universal calibration graph was drawn by plotting log Aagainst r for three columns
(Fig. 5). It appears that all experimental points fall along one line with very little
scatter. This illustrates that, although columns may be prepared with different-sized
packing materials and with different packing pressures, hydrodynamic behaviour can
be described by one universal calibration equation. The only remaining adjustable
parameter in this equation is C, which at a later stage may be unequivocally
determined.

Separation ofpolystyrene mixtures
Fig. 6 shows rapid separations of a mixture of polystyrenes on columns A (Fig.

6a) and C (Fig. 6b). Column A appears to be well suited to separate this mixture
because the whole molecular weight range (r between 0.77 and 1) is covered. On
column C, Ro is larger, resulting in smaller aspect ratios and higher r values for all
components of the polymer sample. The peaks therefore elute closer together and the
resolution deteriorates (r between 0.83 and I).

From eqn. 3, it is clear that the resolution improves with higher plate numbers.
Only for this reason may the smallest peak widths be expected for separations on

• •
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Fig. 5. Universal HDC calibration graph for polystyrenes: • = column A; '" = column B; • = column C.
Linear velocity range: 0.21-0.87 mm/s.
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Fig. 8. HDC separation ofcolloidal silica particles on column A. Eluent: 10-4 M ammonia (pH 8.9). Sample:
I = colloidal silica particles 14 nm; 2 = acetone (marker). !, = 0.83.

CONCLUSIONS

(l) Spherical non-porous particles of 1.4-2.7 /lm can be efficiently packed in
150-250 x 4.6 mm J.D. columns for HDC.

(2) Reduced plate heights below 2 can be realized when the external band
spreading is kept at a level of 1 /l1.

(3) Non-porous packings of 1.4-2.7 /lm are suitable for the size analysis of
polystyrenes by HDC in the molecular weight range 104-107

.

(4) The migration behaviour of polystyrenes up to M w 106 agrees well with the
theoretical model described by DiMarzio and Guttman 1

•
2 for the investigated particle

sizes.
(5) For polystyrenes with M w > 106 the relative migration (r) is flow dependent

and indicates the occurence of shear degradation.
(6) The application of packed-bed HDC to the analysis of inorganic colloids

looks promising.
(7) The high resolving power and the large volume scale of packed-column HDC

indicate that the micro-preparative use of this technique is very promising.
(8) It is worth investigating the reduction of the size of the packing particles, the

influence of the nature of the solvent and the type of polymer on the dution behaviour
in HDC and the applicability of HDC on small spherical porous particles in order to
extend the calibration of SEC with HDC.
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a fJ-position to the amino group. Ten different chloroformates (Table I) were prepared
and tested, using (S)- and (R, S)-metoprolol and, for seven of the reagents, L- and
DL-tyrosine as model compounds. As fJ-blockers can be sensitively detected by
fluorescence, it was considered an advantage if the reagent itself does not contain
fluorescent or UV-absorbing groups.

EXPERIMENTAL

Chemicals
Racemic I-(cyclohexyl)ethanol, 3-hydroxytetrahydrofuran and (- )-menthyl

chloroformate were obtained from Aldrich (Milwaukee, WI, U.S.A.), (R)-methyl
3-hydroxybutyrate and (S)-ethyI3-hydroxybutyrate from Fluka (Buchs, Switzerland)
and (S)-tert.-butyl 3-hydroxybutyrate from Merck (Darmstadt, F.R.G.). Isosorbide
2-mononitrate, 5-mononitrate and 2-monoacetate, isomannide mononitrate, (R, S)
and (S)-metoprolol, (R, S)-N-desisopropyl metoprolol and (R, S)-N-(2-hydroxy
propyl) acetamide were obtained from the Organic Chemistry Department, AB Hassle
(Malndal, Sweden). L-Tyrosine and DL-tyrosine were from Sigma (St. Louis, MO,
U.S.A.).

Chromatographic equipment
The liquid chromatograph consisted of a Model 7010 manual loop injector

(Rheodyne, Berkeley, CA, U.S.A.), a pump for isocratic elution, a Model 440 UV
detector (Waters Assoc., Milford, MA, U.S.A.), a Model LS4 spectrofluorimetric
detector (Perkin-Elmer, Norwalk, CT, U.S.A.) and a Model 3390A integrator
(Hewlett-Packard, Avondale, PA, U.S.A.). The column was 100 mm x 4.6 mm J.D.,
packed with 3-flm Microspher octadecylsilica particles (Chrompack, Middelburg, The
Netherlands).

Preparation of chloroformate reagents
Chloroformates 1-10 were prepared as follows: the corresponding alcohol

(0.5-5 mmol) and an equimolar amount of triethylamine were dissolved in toluene or
dry diethyl ether and the solution was added to cold (ODC) toluene containing 20%
(w/w) of phosgene (four-fold excess). The mixture was stirred at ODC for 2 h, then the
solid triethylammonium chloride was removed by filtration and the solvent was
evaporated in a rotary evaporator.

The optical purity of the non-racemic reagents 4-7 and 10 was investigated by
derivatization with (S)-metoprolol (optical purity >99.8%) and racemic metoprolol,
foIlowed by liquid chromatographic separation of the diastereomers formed. With
reagents 4-7, no enantiomeric impurity was detected (optical purity> 99%). Reagent
10 was 94% opticaIly pure (see Fig. IB), which probably reflects the optical purity of
the starting material. Reagent 10 was also analysed by liquid chromatography with
UV detection at 220 nm and was found to contain 10% of the parent alcohol. No
characterization was carried out that required further purification of the chIoro
formate reagents. No decomposition of the reagents (neat or dissolved in dichloro
methane) was observed after 1 week at +8°C or 1 month at -18°C.
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No. Compound

(R, S)-l-(Cyclohexyl)ethyl chloroformate

2 (R, S)-Tetrahydro-3-furanyl chloroformate

3 (R, S)-N-[2-(Chloroformoxy)propyl]acetamide

Formula

o
II

OCCI
I

CH3 CH CH2 NH ~ CH3
o

4

5

6

7

8

2-Chlorocarbonyl-L-isosorbide 5-mononitrate

5-Chlorocarbonyl-L-isosorbide 2-mononitrate

5-Chlorocarbonyl-L-isomannide 2-mononitrate

5-Chlorocarbonyl-L-isosorbide 2-monoacetate

(R)- Methyl 3-(chloroformoxy)butyrate

H

O~NO_2

Y
OCCI

II
o

~
H ~

o OCCI

ON02
0

H

ri:~CI
o~

O~CH3

o
o
II

OCCI
I

CH3 CH CH2~O CH3

o

r-t!C~
o~

ON02

9

10

II

(S)-Ethyl 3-(chloroformoxy)butyrate

(S)-tert.- Butyl 3-(chloroformoxy)butyrate

( - )-Menthyl chloroformate

o
II

OCCI
I

CH3 CH CH2~o CH2 CH3
o

o
II

OCCI
I

CH3 CH CH2~o C(CH3)3

o
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Derivatization of amines
To 20 /tmol of reagents 1-10, dissolved in 0.20 ml of acetonitrile, were added

0.4 ml of 0.25 M borate buffer (pH 8) and 0.4 ml of a solution containing up to
0.4 /tmol of the amine in 0.01 M hydrochloric acid. After' 1-60 min at room
temperature, the reaction was stopped by addition of 25 /tl of 1 M hydrochloric acid,
and the sample was then ready for injection into the chromatographic column.

Derivatization with (- )-menthyl chloroformate was performed in dichloro
methane owing to the low solubility of this reagent in aqueous solutions. Solid
metoprolol base (20 /tmol) was added to a mixture of the reagent (200 /tmol) and
triethylamine (200 /tmol). After reaction for 30 min at room temperature, aliquots
diluted lOOO-fold in the chromatographic eluent were injected.

RESULTS AND DISCUSS10N

Table II lists the separation factors obtained for derivatives of metoprolol and
tyrosine in reversed-phase systems. Different concentrations of the organic solvents
were used, and also different solvents, as the same solvent was not optimum for all
derivatives. l-(Cyclohexyl)ethyl chloroformate resolved neither metoprolol nor
tyrosine. Tetrahydro-3-furanyl chloroformate did not resolve metoprolol, but did
resolve tyrosine (a = 1.16). N-[2-(Chloroformoxy)propyl] acetamide resolved tyrosine
(a = 1.44), but not metoprolol.

Isosorbides and isomannides are 1,4-3,6-dianhydroglucitols with four chiral
atoms and a rigid, non-planar, two-ring structure. Derived from sorbitol and
mannitol, they are of high enantiomeric purity. No racemization was observed when
pure (S)-metoprolol was derivatized. Separation factors for tyrosine ranged from 1.07

TABLE 11

SEPARAnON OF DIASTEREOMER1C CARBAMATES OF TYROS1NE AND METOPROLOL BY
REVERSED-PHASE CHROMATOGRAPHY

Column, Microspher C I8 (3 /lm) (I 00 mm x 4.6 mm 1.0.); mobile phase, phosphate buffer (pH 3) (I = 0.02)
plus an organic solvent.

Reagenta Tyrosine Metoprolol

Mobile phaseb k' k' G( Mobile phaseb k' k' G(
1 2 I 2

1 20% ACN 9.07 ,,; 1.01 37% ACN 10.69 ,,; 1.0 I
2 10% ACN 9.92 11.49 1.16 37% ACN 5.30 ,,; 1.01
3 10% ACN 6.5 8.9 1.44 37% ACN 5.1 ,,; 1.01
4 10% THF 12.32 21.14 1.70 30% THF 19.6 20.8 1.06
5 10% THF 9.51 10.02 1.07 30% THF 23.4 24.4 1.04
6 10% THF 8.12 17.54 2.16 30% THF 15.72 16.93 1.08
7 5% THF 6.74 10.08 1.50 20% THF 21.6 22.9 1.06
8 37% ACN 12.50 13.48 1.08
9 37% ACN 21.41 23.22 1.08

10 50% ACN 10.60 11.63 1.10
II 72% Methanol 5.68 6.38 1.12

a See Table 1.
b ACN = Acetonitrile; THF = tetrahydrofuran.
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to 2.16, showing a strong dependence on the orientation (endo or exo) of the
chloroformyl group and the ester group. Separation factors for metoprolol were
modest and fairly uniform.' Separation factors of 1.04-1.08 were obtained when
tetrahydrofuran was used as an organic modifier. Less efficient separations were
achieved with mobile phases containing methanol or acetonitrile. Whereas good
resolution was obtained for metoprolol (R = 1.4), only partial resolution was obtained
for the primary amine N-desisopropylmetoprolol (a = 1.01~1.03), the best separation
being obtained with reagent 4.

The 3-(chloroformoxy)butyrates were chosen for testing as they have a simple
chiral structure and contain an ester group that might be available for intramolecular
hydrogen bonding of the hydroxyl of metoprolol. They gave equal or higher
separation factors for metoprolol than the isosorbide and isomannide reagents. In this
instance, acetonitrile gave better resolutions than tetrahydrofuran, methanol or
2-propanol. Using a 100-mm column with 7700 theoretical plates, a resolution factor
(R) of 2.0 was obtained (see Fig. lA).

The menthyl carbamate derivatives ofmetoprolol were resolved in a chromato
graphic system similar to that used by Schmitthenner et al. 7 for menthyl carbamates of
propranolol and flavodilol. The a-value was slightly higher than for tert.-butyl
3-(chloroformoxy)butyrate (reagent 10). For applications to biological extracts, the
higher water solubility of reagent 10 was considered important. It allowed derivatiza
tion in an aqueous solution and injection of the reaction mixture directly into the
column.

Detection properties of reagent and derivatives
The molar absorptivity of reagent 4 (1 mM in acetonitrile) at 280 nm was too low

to be determined, and was calculated to be lower than 200 I mol- 1 cm - 1 at 254 nm. In
order to detect reagents 1-11 and the corresponding alcohols in the liquid chromato
graphic analyses, UV detection below 240 nm had to be used. Under the conditions
used for separation ofmetoprolol derivatives, reagents 1-10 eluted close to the front.
Owing to the small disturbance from reagent blanks, sensitive detection of the
metoprolol derivatives was easily obtained.

The molar absorptivity (280 nm) of metoprolol derivatives with reagent 4
appeared to be very close to that of metoprolol itself. The measured peak area of the
derivatives formed was ca. 95% of the decrease in peak area of metoprolol. The peak
area of the more retained diastereomer was slightly higher than that for the less
retained (a factor 1.03), but this might be due slightly tailing peaks. The fluorescence
properties were studied by coupling a UV and a fluorescence detector in series and
measuring the ratio of the fluorescence signal over the UV signal for each eluted peak.
The fluorescence yields of (S)- and (R)-metoprolol derivatives (reagent 4) were 90%
and 95%, respectively, relative to underivatized metoprolol. Similar results were
obtained when the UV and fluorescence properties of metoprolol derivatives with
reagents 7 and 10 were studied.

Reaction rates and recoveries
When reagent 10 was allowed to react with metoprolol (0.4 /lmol in 1.0 ml) under

the conditions given under Experimental, liquid chromatography showed a 50%
decrease in metoprolol concentration after 4.2 min. With reagent 4, the reaction was
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Fig. 1. Separation of (R)- and (S)-metoprolol after derivatization with tert.-butyl 3-(chloroformoxy)
butyrate (reagent 10). (A) Metoprolol racemate. (B) 99.9% Pure (S)-metoprolol. The small peak is due to ca.
3% enantiomeric impurity of the reagent. (C) Detection ofmetoprolol enantiomers in human plasma after
extraction and derivatization with tert.-butyl 3-(chloroformoxy)butyrate. Concentration in plasma ca.
4 ng/ml (15 nmol/I) of each metoprolol enantiomer. Chromatographic conditions for A, Band C as given in
Table II for reagent 10. ]n A and B, UV detection at 280 nm was used (0.16 a.uJ.s.); in C, Iluorescence was
measured at 306 nm (excitation at 228 nm). .
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about twice as fast. Tyrosine reacted considerably faster than metoprolol with both
reagents. When the reactions between metoprolol and reagents 4 and 10 were followed
by measuring the diastereomers formed, no difference in the rates of formation could
be detected between the diastereomers.

The recovery of metoprolol reacted with reagent 10 (20 mM) was found to be
independent of the initial metoprolol concentration (0.04-400 f.1M). It was calculated
to be 90-95% with no difference between the enantiomers. An accurate determination
of the recovery would require the synthesis of each diastereomer with a purity close to
100%.

Determination of metoprolol enantiomers in plasma extracts
In a preliminary investigation of the potential of the reagents for bioanalytical

applications, human plasma (I m!) containing metoprolol was extracted with a 1: I
mixture of dichloromethane and diethyl ether, according to the method of Balmer et
al. 8. The solvent was evaporated and the residue was treated with tert.-butyl
3-(chloroformoxy)butyrate (reagent 10) as described above. After a 30-min reaction
period, 150 f.11 of the reaction mixture (1.0 m!) were separated by reversed-phase
chromatography under the conditions given in Table 1. Fluorescence detection
(excitation at 228 or 272 nm, emission at 306 nm) showed little interference from
a plasma blank, and 15 nmol/I of each enantiomer of metoprolol could be determined
(Fig. IC). Using the procedure described, Cl-hydroxymetoprolol, a metabolite, will also
be extracted, derivatized and will be eluted in front of the metoprolol derivatives.
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Direct high-performance liquid chromatographic
determination of the enantiomers of alfuzosin in plasma on a
second-generation a1-acid glycoprotein chiral stationary
phase

ALAIN ROUCHOUSE*, MARTINE MANOHA, ALAIN DURAND and JEAN PAUL THENOT

Synthelaho Recherche (L.E.R.S.), 58 rue de la Glaciere, 75013 Paris (France)

SUMMARY

A direct liquid chromatographic method was developed for the determination
of the enantiomers of alfuzosin in human plasma, without derivatization, on a chiral
IXracid glycoprotein column. The influence of pH, of uncharged organic solvents and
of a cationic modifier (tetrabutylammonium) of the mobile phase on retention and
enantioselectivity was evaluated. The enantiomers and an internal standard, structur
ally related to alfuzosin, were extracted from plasma with dichloromethane-diethyl
ether from alkaline solution, then separated with a mobile phase of 0.025 M phos
phate buffer (pH 7.4) containing 0.025 M tetrabutylammonium bromide-acetonitrile
(94:6, v/v). The limit of quantification for each isomer was 1 ng/m!. The method has
been applied to the determination of the pharmacokinetic profile of alfuzosin
enantiomers in healthy volunteers after intravenous administration of the racemate.

INTRODUCTION

Alfuzosin (XATRAL, Fig. 1), a quinazolinyl derivative, is a selective postsyn
aptic IXt -adrenoceptor antagonist, recently introduced in therapeutics for the treat
ment of benign prostate hypertrophy. The compound is a racemate and the Rand S
optical isomers have similar pharmacological activity. For the determination of the
pharmacokinetic behaviour of each enantiomer after administration of the racemic
mixture, it was desirable to determine the two enantiomers simultaneously in plasma.

Chiral high-performance liquid chromatographic (HPLC) resolution can be
achieved by indirect or direct separations 1-4 but indirect chromatographic resolution
based on the formation of diastereomers with various chiral reagents5

-
12 has proved

to be difficult with alfuzosin. An improved version of a chiral column containing
IXl-acid glycoprotein (IX1-AGP) bound to silica was described by Hermansson 13

. In
this paper, we report a sensitive, stereospecific HPLC method suitable for the deter
mination of the enantiomers of alfuzosi\l in plasma on this IXl-AGP column. The
effects of pH, uncharged organic solvents\(acetonitrile, methanol, ethanol, 2-propa-

0021-9673/90/$03.50 © 1990 Elsevier Science Pqblishers B.V.
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Fig. I. Structures of alfuzosin and the internal standard.
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no\) and of a cationic modifier, tetrabutylammonium, of the mobile phase on the
retention and the enantioselectivity were evaluated. The assay procedure was applied
to the determination of the pharmacokinetic profile of the enantiomers of alfuzosin in
healthy volunteers after intravenous administration of the racemate.

EXPERIMENTAL

Materials
Racemic alfuzosin, its Rand S enantiomers and an internal standard structur

ally related to alfuzosin (Fig. I) were synthesized in the Chemistry Department of
Synthelabo Recherche (L.E.R.S.). Anhydrous KH 2 P04 and K 2HP04 . 3H20 were of
analytical-reagent grade from Merck (Darmstadt, F.R.G.), I M sodium hydroxide
solution and I M hydrochloric acid were obtained from Prolabo (Paris, France),
tetrabutylammonium bromide (TBA) from Aldrich (Strasbourg, France), HPLC
grade acetonitrile, UV-grade methanol and unstabilized diethyl ether (RPE grade)
from Carlo Erba (Milan, Italy) and analytical-reagent grade dichloromethane from
Prolabo. The water used for the preparation of the buffers was purified with a Milli-Q
system (Millipore, Bedford, MA, U.S.A.).

Stock solutions of alfuzosin and the internal standard were prepared in metha
nol at a concentration of 100 ng/1l1 and diluted for calibration. These solutions were
stable for at least I month when kept at O-SOC.

The liquid chromatograph consisted of a Beckman Model 110 B constant-flow
pump (Altex, San Ramon, CA, U.S.A.) and a JASCO 820 FP spectrofluorimeter
(Japan Spectroscopic, Tokyo, Japan), operated at 265 nm for excitation and 400 nm
for emission. The detector was coupled to an SP 4100 integrator-ealculator (Spectra
Physics, San Jose, CA, U.S.A.) for the determination of peak height.

Chromatography of alfuzosin enantiomers was performed on a commercially
available (ChromTech, Norsborg, Sweden) chiral-AGP column (100 mm x 4.0 mm
I.D.). Chiral-AGP is a second-generation chiral separation column with Q(l-acid gly
coprotein AGP immobilized on porous, spherical, 5-llm silica particles.
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Methods
The mobile phase buffer was prepared by dissolving 0.667 g of anhydrous

KHzP04 , 4.587 g of K zHP04 . 3HzO and 8.060 g ofTBA in II of purified water. The
standard conditions used for the determination of alfuzosin enantiomers in plasma
were a flow-rate of 0.9 ml/min, ambient temperature and a mobile phase of 0.025 M
K zHP04-KHzP0 4 buffer containing 0.025 M TBA-acetonitrile (94:6, v/v) (pH 7.4).

Extraction
To I ml of plasma in a 15-ml screw-capped Pyrex test-tube, fitted with a PTFE

screw-cap, were added 40 ng of internal standard (20 III of a 2 ng/III solution in
methanol), 1 ml of 0.1 M sodium hydroxide solution and 7 ml of extraction solvent
(dichloromethane-diethyl ether, 3:4). The tube was shaken for 25 min on an agitator
(Bioblock, Paris, France) then centrifuged at 1000 g for 5 min. The organic layer was
transfered to tubes and evaporated to dryness at 30°C under a gentle stream of
nitrogen. The residue was dissolved in 80 III of the mobile phase and 20 III were
injected into the chiral-AGP column.

Quantitative yield
Five plasma samples were spiked with alfuzosin to give final concentrations of

25 ng/ml for each enantiomer and extracted according to the procedure described
above, but without addition of internal standard. Exact volumes of the organic layer
were sampled, and 30 ng of internal standard were added. The peak-height ratios of R
and S isomers to the internal standard for the extracted samples were compared with
those obtained after evaporation of solvent samples containing equivalent concentra
tions of alfuzosin and internal standard (unextracted samples).

Calibration and calculation
The retention times of Rand S enantiomers were measured in duplicate, each

isomer being injected separately. The capacity factors were calculated as k' =

(tR- to)/to, the separation factors, IX, as k's/kRand the resolution, R[, as 2LltR/(WR +
Ws), WR and Ws being the peak width of the Rand S isomers, respectively.

The concentrations of the Rand S enantiomers in unknown samples were
calculated by interpolation from calibration graphs prepared as follows: to I-ml
blank plasma samples, 2, 5, 10, 20, 50 or 100 ng of alfuzosin racemate and 40 ng of
internal standard were added by using appropriate volumes of diluted solutions. The
samples were analysed according to the,procedure. Peak-height ratios (R enantiomer/
internal standard and S enantiomer/internal standard) were used to generate a least-'
squares regression line, weighted by I/concentration.

For assay validation, I-ml plasma samples were spiked with 10 or 50 ng of
alfuzosin racemate (5 or 25 ng of each isomer). Two analysts performed two assay
series, containing five control samples for each concentration and calibration samples
(I-50 ng for each isomer), on two separate days. Accuracy, precision, linearity and
sensitivity of the assay, sensitivity or limit of quantification, minimum concentration
that may be evaluated with a relative standard deviation (R.S.D.) < 10% and a
residue (percentage difference from theoretical value) < 15%, were measured. Fur
thermore, quality control samples were used in daily routine analysis.
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RESULTS AND DISCUSSION

A. ROUCHOUSE et al.

The retention times of (R)- and (S)-alfuzosin and the enantioselectivity were
strongly influenced by the charged and uncharged mobile phase additives the ionic
strength and the pH. When the separation of enantiomers was achieved, the R
enantiomer was always eluted before the S enantiomer.

Influence of uncharged modifier
Organic solvents of different character affect the enantioselectivity differently:

their adsorption changes the conformation of the aI-glycoprotein, and a "new" chiral
phase is created by a simple adjustment of the mobile phase l4

. Table I summarizes the
influence of different uncharged organic solvents in the mobile phase (4% methanol,
ethanol, 2-propanol or acetonitrile) on the retention behaviour and the enantioselec
tivity. With alcohols the capacity factors decrease inversely with their hydrophobic
ity: the Rand S enantiomers are eluted by 2-propanol (a = 1.03) and not eluted by
ethanol and methanol. The addition of alcohols reduces the retention, but these
alcohols often reduce the chiral selectivity I5. With 4% acetonitrile as organic solvent
the capacity factors are higher than those obtained with 2-propanol, but the sep
aration factor is better (a = 1.17). In a series of experiments, other mobile phases
with different percentage of modifiers were tested. The enantioselectivity was general
ly better with acetonitrile. Therefore, the resolution of alfuzosin enantiomers was
optimized with acetonitrile as organic solvent.

TABLE I

INFLUENCE OF UNCHARGED MODIFIERS

Mobile phase, modifier-O.OI M KH 2 P04 (pH 7.0) (4:96, v/v).

Modifier k~ k~ (t

2-Propanol 8.5 8.8 1.03
Acetonitrile 12.4 14.5 1.17
Methanol Not eluted Not eluted
Ethanol Not eluted Not eluted

Il1:fluence of a charged modifier (TBA) and ofpH
Fig. 2 shows the effects of pH and a cationic modifier, TBA, of the mobile phase

on the capacity factors (Fig. 2a) and on the resolution (Fig. 2b) of alfuzosin
enantiomers with a mobile phase of 0.05 M buffer-acetonitrile (94:6, v/v), with 0.025
M TBA or without TBA.

The influence of pH is more drastic than the effect of the cationic modifier. At
pH 7 the resolution is insufficient (R = 0.8) with or without TBA in the mobile phase.
The capacity factor and the resolution improve with increase in pH. A slight change
in pH affects the resolution. The latter increases from 0.8 to 1.3-1.4 when the pH
increases 7.0 to 7.4. A pH of 7.4 was chosen for the separation of alfuzosin
enantiomers.
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acetonitrile (94:6, vjv) with or without 0.025 M TBA.

The addition ofTBA to the mobile phase enhances the resolution. In particular,
it achieves enantioselectivity after 7 min (k's = 4.1 at pH 704). Without TBA, the
capactiy factors are too high. Under the same conditions at pH 704, kRdecreases from
804 to 3.1 when TBA is added to the mobile phase, whereas the resolution is slighty
improved from 1.3 to 104. Generally, the retention of the cationic solutes is signif
icantly decreased by addition of a cationic modifier, but the enantioselectivity is
almost unaffected14.
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7.4) containing TBA-acetonitrile (94:6, vjv).

Influence of ionic strength
Fig. 3 illustrates the effects of buffer and TBA molarity on the capacity factors

of the two isomers. The latter decreases in parallel with the buffer and TBA molarity,
but these effects are not drastic; the enantioselectivity is almost unaffected. Under the
analytical conditions [phosphate buffer (pH 7.4) containing 0.025 M TBA-aceto
nitrile (94:6; v/v)] , k's decreases from 4.4 to 3.7 when the buffer molarity increases
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from O.ol to 0.04 M, the TBA molarity being constant (0.025 M). When the total
molarity of the mobile phase is kept constant (0.05 M), k's decreases from 4.8 to 3.5 as
the TBA molarity increases from 0.01 to 0.04 M.

The final composition of the mobile phase, established through the influence of
these different parameters was 0.025 M KH 2POc K 2HP04 buffer (pH 7.4) contain
ing 0.025 M TBA-acetonitrile (94:6, v/v). The retention times of (R)- and (S)-alfuzo
sin and the internal standard were 5.32, 6.58 and 9.75 min, respectively, at a flow-rate
of 0.9 mljmin. The values for the separation factor (ex) and resolution were 1.35 and
1.45, respectively.

Assay validation
Rand S enantiomer plasma control samples (5 and 25 ng/ml) were assayed four

times by two analysts on two different days. The precision and accuracy of the meth
od for these two concentrations are shown in Table II. The analytical recoveries of
alfuzosin enantiomers in 20 plasma samples spiked with 5 and 25 ng/ml were identical
for the two enantiomers, averaging 106% (5 ng/ml) and 105% (25 ng/mI). The R.S.D.
was identical for both isomers, ca. 5 and 3% at 5 and 25 ng/ml, respectively.

TABLE II

SENSITIVITY LIMITS, PRECISION AND ACCURACY OF THE METHOD

Accuracy and reproducibility (n = 20)Enantiomer Sensitivity
limit
(ng!ml) Theoretical

concentration
(ng!ml)

Mean observed Di!ferencefrom
concentration theoretical
(ng!ml) value (%)

Relative
standard
deviation (%)

R

S

5
25

5
25

5.28
26.12

5.32
26.20

+5.6
+4.5
+6.4
+4.8

4.9
3.2
5.1
2.9

Calibration graphs, weighted by the inverse of the concentration, were linear
from I to 50 ng/ml for each isomer. The sensitivity limit, equal to the lowest point of
the calibration (R.S.D. < 10%; difference from the theoretical values < 15%) was I
ng/ml with fluorimetric detection. The quantitative yield of alfuzosin enantiomers in
human plasma was 97.7 ± 2.3% (n = 5). Alfuzosin and its enantiomers were stable
under our assay conditions.

The interference with the HPLC assay of other drugs that might be adminis
tered with alfuzosin in human therap,y was investigated. The retention times of these
compounds, listed in Table III, indicate that they would not interfere with the alfuzo
sin enantiomers. However, zolpidem was found to be eluted near the internal stan
dard.

Routine analysis
The method was used in routine analysis for the determination of alfuzosin

enantiomers in biological fluids, and tested by the assay of control samples (10 and 50
ng/ml of alfuzosin, i.e., 5 and 25 ng/ml for each isomer) over several days. The mean
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TABLE III

DRUGS TESTED FOR POSSIBLE INTERFERENCE

A. ROUCHOUSE et al.

Compound

Metoprolol
Betaxolol
Propranolol
Diazepam
(R)-Alfuzosin
(S)-Alfuzosin
Internal standard

Retention time
(min)"

5.5
6.8

10.01

Compound

Enalapril
Captopril
Furosemide
Zolpidem
Piroxicam
Warfarin

Retention time
(min)"

2.0
9.16

a - Not eluted and/or not detected.

values found were 10.6 and 52.0 ng/m1 (n
tively.

36) with R.S.D. 4.6 and 3.0%, respec-

Pharmacokinetic study
The method was applied to the preliminary evaluation of the pharmacokinetic

profile of the Rand S enantiomers in six healthy volunteers after a single intravenous
dose of 5 mg of alfuzosin. Chromatograms of 1 ml of blank plasma extract and 1 ml
of plasma extract, obtained from a healthy volunteer 20 min after intravenous admin
istration, are shown Fig. 4. Blank plasma samples were free from endogenous conta
minants at the retention times corresponding to a1fuzosin enantiomers and the in-

a

-vl--
10 min

b R

5

15

10 min

Fig. 4. Typical chromatograms of (a) blank plasma extract and (b) plasma extract obtained from a healthy
volunteer, 20 min following a single intravenous administration of 5 mg of alfuzosin. Chromatographic
conditions: column, 100 x 4 mm 1.0., chiral-AGP, 5 11m; mobile phase, 0.025 M KH 2P04-K 2HP04

containing 0.025 M TBA (pH 7.4)-acetonitrile (94:6, v(v); flow-rate, 0.9 ml/min; detection, A" = 265 nm,
)'em = 400 nm.
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TABLE IV

MEAN PHARMACOKINETIC PARAMETERS (n = 6) OF RAND S ENANTIOMERS OBTAINED
IN SIX HEALTHY VOLUNTEERS AFTER INTRAVENOUS ADMINISTRATION OF 5 mg OF
ALFUZOSIN BY PERFUSION OVER A 3D-min PERIOD

t
1
/
2

(f3)= Terminal half-life; AUC = area under curve; CI = systematic clearance; Vd = distribution
volume.

t 1/ 2 (f3) (h) AUC (ng/ml/h) CI (l/h/kg) Vd (l/kg)

R

Mean 3.6
Standard error 0.3

S

2.5
0.1

R

76.9
7.7

S

54.5
4.3

R

0.465
0.027

S

0.649
0.037

R

2.35
0.10

S

2.33
0.12

ternal standard. The mean plasma concentration versus time curves for (R)- and
(S)-alfuzosin after intravenous administration of the racemate shows that the phar
macokinetic profiles of the Rand S enantiomers are different.

The pharmacokinetic parameters (terminal half-live, area under curve, clear
ance, distribution volume) were calculated with the PHARM program 16 and are
reported in Table IV. The Rand S isomers are eliminated from the central compart
ment with terminal half-lives of 3.6 ± 0.6 and 2.5 ± 0.3 h, respectively. In the same
way, the area under the time versus concentration curve for the R isomer was larger
than that for the S isomer. There was no difference in the distribution volume.

CONCLUSIONS

As the amine function of alfuzosin is far from the chiral centre, the two chiral
centres of diastereomers formed with chiral reagents are too far apart to allow the
resolution of the diastereomers by reversed-phase chromatographyl. Direct resolu
tion of alfuzosin enantiomers has been achieved on a new chiral AGP column. The
present HPLC method is rapid, sensitive (l ngjml for each isomer) and was found to
be suitable for the simultaneous determination of alfuzosin enantiomers in plasma
after intravenous administration of the racemate (5 mg) to healthy volunteers.

The column performance decreased after the injection of 250 extracted plasma
samples. As the mobile phase contained a small amount of organic solvent, no pre
column could be used to protect the column. However, the efficiency can be restored
by repacking the first few millimeters of the stationary phase and then each column
allows the analysis of ca. 500 samples.
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SUMMARY

A chiral high-performanc.e liquid-chromatographic separation method was de
veloped for the analysis of some glycerol-based, ether-linked platelet-activating factor
precursors. Using a o-naphthylalanine-type Pirkle-column and tetrahydrofuran-hex
ane eluents, the retention-structure relationships were determined for a large number
of glycerol ether derivatives. The derivatives leading to the highest chiral selectivity
factors in the analytical separations were surveyed for their applicability in large-scale
isolation of chiral synthetic intermediates.

INTRODUCTION

Interest in ether-linked phospholipids has been steadily increasing over the last
two decades1

, in part due to their well known platelet-activating, antihypertensive,
antineoplastic and antiinflammatory properties2

,3. The synthetic pathways reported
to date for the preparation of racemic4--6 or chiral ether lipids7-9, however, are limited
relative to the methodologies that have been developed for the synthesis ofester-linked
phospholipids 10

. In the course ofdeveloping a new stereoselective synthesis ofglycerol
ether lipids from allylic alcohol precursors11,12 , a chiral analytical separation method
was needed to monitor the stereospecificity of the reaction pathway. The method
sought would also serve as the basis for the development of a preparative-scale
isolation method to produce chiral materials from racemic mixtures of mono- and
dialkylglycerolphosphate derivatives. Ifsuccessful, this method would provide a facile,
large-scale and low-cost route to these materials via nucleophilic ring-opening
reactions of racemic glycidol esters 11 by aliphatic alcohols. An analogous route has
been reported for the synthesis of chiral ether-linked phospholipids12

.

The 3,5-dinitrobenzoate (DNB) derivatives ofseveral racemic mixtures of chiral
alcohols were separated, though with low selectivity values, on naphthylalanine-type

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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Pirkle phases 13
. This paper reports our results of a retention-structure relationship

study aimed at establishing the best analytical chiral selectivity for a set of glycerol
derivatives the substituents of which allow further manipulation of the ether lipid
structure.

EXPERIMENTAL

Materials
Solvents were obtained from E. M. Science (Gibbstown, NJ, U.S.A.) and were

reagent grade or better. Glycidol, 1-hexadecanol, benzoyl chloride, acetyl chloride and
4-nitrobenzoyl chloride were obtained from Aldrich (Milwaukee, WI, U.S.A.).
Cyclohexylcarbonyl chloride and 3-nitrobenzenesulfonyl chloride were purchased
from American Tokyo Kasei (Portland, OR, U.S.A.). 3,5-Dinitrobenzoyl chloride
(99.5 plus %) was supplied by F1uka (Ronkonkoma, NY, U.S.A.). Trifluoromethane
sulfonic acid was obtained from 3M (St. Paul, MN, U.S.A.).

The reaction pathway used to prepare the cmpounds studied is shown in Fig. 1.
The solutes, in most cases, were synthesized by 1% trifluoromethanesu1fonic
acid-catalyzed ring opening of glycidyl sulfonate or carboxylate esters ll with
a threefold excess of 1-hexadecanol at 65-75°C for 5 h in the absence of solvent.
Alkylated glycerol si1yl ethers were prepared similarly using 2% tropy1ium tetrafluoro
borate as catalyst. The hexadecyl-derivatized material was isolated from the reaction
mixture by column chromatography [25 g silica per g of crude reaction mixture;
70-230 mesh; mobile phase: hexane-ethyl acetate (3: 1)], recrystallized from light

°~OH 3-N02PhS02CI

ElaN

C'6HaaOH.
CFaSOaH
65°C.5h

C'6Ha30Tf,
65°C.13h

40% aq.
(BU)4NOH.
THF,3h

40%aq.
(BU)4NOH

• THF, 3h

Fig. I. Synthetic pathway for the preparation of mono- and dialkyl glycerol ethers from glycidyl
3-nitrobenzenesulfonate. Carboxylate esters were prepared in a similar fashion using the corresponding
glycidyl carboxylate ester as starting material. DNB esters were prepared from the alcohol or diol precursor
and DNB chloride. Ph = Phenyl; Et = ethyl; Bu = butyl; THF = tetrahydrofuran; aq. = aqueous; Tf =

trifluoromethyl sulfonate.
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petroleum (b,p. 37.2-57.8°C) ether, and characterized by NMR, Fourier transform
(FT)-IR and mass spectrometry. Sulfonate ester cleavage was effected with a stoichio
metric quantity of 40% aqueous tetrabutylammonium hydroxide in tetrahydrofuran
to produce the free alcohols. DNB derivatives were prepared from these precursors in
the usual manner prior to HPLC analysis!3.

HPLC system
Separations were carried out with a custom-built liquid chromatograph

assembled from a Model 2020 pump, Model 2050 variable-wavelength UV detector
and Model RI 3 refractive index detector (all from Varian, Walnut Creek, CA,
U.S.A.), a pneumatically controlled Model 7010 injection valve equipped with a 1O-J,l1
sample loop (Rhe6dyne, Cotati, CA, U.S.A.), and a Maxima chromatographic work
station (Millipore, Bedford, MA, U.S.A.).

Rexchrom 250 mm x 4.6 mm I.D. columns, packed with 5-J,lm o-naphthyl
alanine silica stationary phase (Regis, Morton Grove, IL, U.S.A.) and thermostated at
30°C [for the capacity factor (k') studies] by a circulating water bath (Science
Electronics, Dayton, OH, U.S.A.) were used to effect the chiral separations. Eluents
were prepared from HPLC grade n-hexane and tetrahydrofuran (THF) (Fisher, Fair
Lawn, NJ, U.S.A.) according to the gravimetric method!4. The THF-hexane (10:90,
v/v) eluent was found to give 0.5 < k' < 30 values for all the solutes and was used
throughout the experiments.

RESULTS AND DISCUSSION

The synthetic objectives of this study require that the intermediates contain
a protecting group (X) that can be readily cleaved with retention of configuration at
the asymmetric center while retaining favorable chiral selectivity for preparative scale
separations. Chiral selectivity factors, peak resolution factors (Rs), and the k' values of
the more strongly retained enantiomers (with n-heptane as the dead volume marker)
for the materials studied are listed in Table I.

Compounds 1-9 in Table I represent leaving groups ofdiffering overall polarity.
It can be seen that solute retention increases significantly with the polarity of
X (compounds 1-6). When the X groups have comparable polarities, secondary
effects, such as size (compounds 2 vs. 3) may slightly after the retention order.
Comparison of the k' values of compounds 4 and 7 shows that when the two polar
functional groups are in the 1,3 positions, rather than in the 1,2 positions, larger
retention occurs. This agrees with a recent observation by Pirkle! 5

, who noted that the
retention of di(2,4-dinitrophenyl)-a,w-alkyldiamines varied significantly as the length
of the alkyl chain was varied, with maximum solute retention occurring when the
chains contained four methylene units. They postulated that the two distant polar sites
bind to two different strands of the chiral stationary phase, rather than to two sites on
the same strand. This effect is believed to be operational here as well.

It also can be seen that the presence of a very polar, n-acidic functional group
and the concomitant large retention alone is not sufficient to effect chiral recognition:
the k' values of compounds 5 and 6 are almost identical, yet only the DNB functional
group, believed to interact selectively with the naphthyl group of the stationary
phase13, will lead to noticeable chiral recognition. Since the a value is only 1.02, even
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TABLE I

CAPACITY FACTOR (k'), CHIRAL SELECTIVITY (0:) AND PEAK RESOLUTION (R,) OATA FOR
THE I-X-2-Y-3-Z-GLYCEROL DERIVATIVES

Stationary phase: D-naphthylalanine silica; eluent: THF-hexane (10:90, vjv); temperature: 30°C.

No. X Y Z k' a 0: R,2

I H H C16H 33 0.35 I 0
2 COC6H s H C16H 33 0.52 I 0
3 COCH 3 H C 16H 33 0.55 I 0
4 COC6H4-4-(N02) H C16H 33 1.0 1 0
5 COC6H 3-3,5-(N02h H C16H 33 2.08 1.02 0.5
6 S02C6H4-3-(N02) H C16H 33 2.11 I 0
7 COC6H4-4-(N02) C 16H 33 H 1.15 1 0
8 S02C6H4-3-(N02) C 16H 33 C 16H 33 0.46 1 0
9 COC6H 3-3,5-(N02h C 16H 33 C 16H 33 0.93 1.01 0.3

10 COC6H 11 COC6H 3-3,5-(N02)2 C 16H 33 1.84 1.02 0.4
II COCH 3 COC6H 3-3,5-(N02)2 C 16H 33 2.61 1.02 0.4
12 COC6Hs COC6H 3-3,5-(N02h C 16H 33 2.81 1.02 0.4
13 COC6H4-4-(N02) COC6H 3-3,5-(N02)2 C 16H 33 6.85 1.05 0.9
14 S02C6H4-3-(N02) COC6H 3-3,5-(N02)2 C 16H33 16.59 1.02 0.7
15 COC6H r 3,5-(N02h COC6H 3-3,5-(N02h C 16H33 31.38 1.06 1.3
16 COC6H 11 C 16H 33 COC6H 3-3,5-(N02)z 2.36 1.01 0.3
17 COCH 3 C 16H 33 COC6H r 3,5-(NOz)2 3.23 1.02 0.4
18 COC6H4-4-(N02) C 16H 33 COC6H 3-3,5-(N02h 8.76 1.01 0.3

a k~ = Capacity factor of the more retained enantiomer.

with the DNB group, an analytically useful separation requires the use ofcolumns with
comparatively large plate numbers (two 250-mm columns in series, operated at
a flow-rate of 0.5 ml/min and temperature of 15°C). The chromatogram, which can be
completed in less than 1h represents a possible, though certainly not optimum solution
of the separation problem.

Compounds 8 and 9, the dialkyl ethers, are the most desirable compounds for
further synthetic work. The presence of a second hexadecyl ether group in position 2,
however, greatly reduces the retention of the solutes regardless of whether the leaving
group is the 3-nitrobenzenesulfonate (NBS) or the DNB group. The second hexadecyl
ether group in position 2 also greatly diminishes the extent ofchiral recognition offered
by the DNB group. Therefore, though synthetically attractive, these solutes cannot be
used to achieve the final goals of this study.

An alternative approach requires the attachment of a chiral selectivity-enhanc
ing leaving group first, followed by epoxide ring opening (Fig. 1) and derivatization of
the resulting hydroxy group in position 2 with DNB to effect chiral resolution. Chiral
selectivity might be sufficiently increased by judicious choice of intermolecular
interactions and synthetic utility of the leaving group. Compounds 10-15 were
synthesized to test this possibility.

It can be seen in Table I that with a DNB group in position 2, retention again
increases rapidly as the polarity of the leaving group is increased. Just as with the
hydroxy group in position 2, the change of X from benzoate to 4-nitrobenzoate (NB)
results in an almost twofold increase in retention, as does the change from NB to NBS.
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Fig. 2. Chromatogram of compound 15. Conditions: 250 mm x 4.6 mm J.D. Rexchrom o-naphthylalanine
column; THF-hexane (10:90, v/v) eluent; flow-rate: 2.0 ml/min; temperature: 30°C; detection (UV): 205 nm.
Peaks at 44.85 and 47.23 min: enantiomers of compound 15.

However, unlike in the case ofcompounds 5 and 6, where NBS and DNB substitution
lead to identical increases in retention, the addition ofDNB to position 1results in an
almost twofold increase in k' (compare compounds 14 VS. 15).

The chiral selectivity values for the cyclohexylcarboxylate, acetate and benzoate
derivatives (compounds 10, 11 and 12) are as low (1.02) as that of the mono-DNB
derivative, compound 5, indicating that the lower polarity of these auxiliaries brings no
improvement in the separation. The situation is much more favorable, however, with
both the NB and the DNB functional groups: chiral selectivity increases to 1.05 and
1.06 for compounds 13 and 15, respectively. These selectivities are sufficiently large to
afford baseline-baseline resolution of the enantiomers of compound 15 on a single
250-mm column, even with an eluent flow-rate as high as 2 ml/min (Fig. 2). The
separation of compound 15, which can be completed in less than 1 h, promises to be
slightly better for preparative work than compound 13; however, the different
protecting groups of compound 13 provide greater regiochemical control of the
reaction products.

When the DNB substituent is moved to position 3 and the hexadecyl ether group
to position 2 (compounds 16-18), solute retention increases, presumably due to
multistrand binding, as in the case ofcompounds 4 and 7. However, it can also be seen
that multistrand binding decreases the chances of chiral resolution (which is based on
sterically localized interactions), and equal or lower chiral selectivity values are
obtained for each pair (compounds 10 VS. 16, 11 VS. 17 and 13 VS. 18).

CONCLUSIONS

Based on the structure-retention relationships of the glycerol ether derivatives
reported here, it can be concluded that:
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(i) The presence of a 3,5-dinitrobenzoate functional group is mandatory for
chiral resolution.

(ii) Solute retention increases with the polarity of the second polar group in the
order: hexadecyl ether < alcohol < cyclohexylcarboxylate < acetate < benzoate <
4-nitrobenzoate < 3,5-dinitrobenzoate < 3-nitrobenzenesulfonate.

(iii) Chiral selectivity is highest when the second functional group is either the
3,5-dinitrobenzoate or the 4-nitrobenzoate group.

(iv) Chiral selectivities are identical for the 1-(3,5-dinitrobenzoate)-2-X and the
1-X-2-(3,5-dinitrobenzoate) derivatives.

(v) Solute retention is larger and chiral selectivity is lower with the 3,5-dinitro
benzoate group and the second polar functional group in the 1,3 positions versus the
1,2 positions.

(vi) Both solute retention and chiral selectivity are greatly diminished for the
dialkyl ether derivatives, even with the 3,5-dinitrobenzoate group in position 1.

Work is under way in our laboratories using compounds 5, 13 and 15 to
determine their adsorption isotherms and develop viable preparative separation
methods to further their synthetic utility.
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SUMMARY

A bonded fJ-cyclodextrin chiral stationary phase was used for the chroma
tographic resolution of a series of 1,4-benzodiazepin-2-ones (BDZs). This column can
also be employed for the direct resolution of ionic BDZs as the hemisuccinate esters
of 3-hydroxy-BDZs. Nuclear magnetic resonance spectroscopy was used to obtain
preliminary information on the mechanism of chiral discrimination,

INTRODUCTION

In terms of prescribed volume, anxiolytic agents are one of the most important
classes of drugs. By far the most widely used subgroup of anxiolytics are the
1,4-benzodiazepin-2-ones (BDZs)l, several of which are chiraL Accordingly, stereo
chemical aspects of this group have received wide attention, in relation to both the
chromatographic resolution of enantiomers2

-
5 and also pharmacological studies on

the individual isomers6- 9
. For 3-hydroxy-BDZs (which accounl for the majority of the

therapeutically used chiral BDZs), the pure enantiomers cannot be easily recovered
because they undergo racemization in aqueous medium 10.11. Therefore, the relation
ship between their stereochemistry and pharmacological activity has been not
investigated. Several studies have been reported on the enantioselective interaction of
the esters of 3-hydroxy-BDZs with the receptor binding site 12

•
13

,

BDZs are known to interact with cyclodextrins 14
. Evidence for their stereo

selective complexation arises from the induced circular dichroism observed in the I: I
complex between fJ-cyclodextrin and an achiral or a racemic BDZ15. This observation
prompted us to use a fJ-cyclodextrin-based chiral stationary phase (CSP)16 for the

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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chromatographic resolution of several chiral members of this important class of
compounds. The commercially available CSP Cyclobond I was efficient in the
chromatographic resolution of several chiral BDZs, the enantiomeric separation of
which, on other CSPs, has been previously reported2- s. For the first time, resolution
was obtained for ionic BDZs, i.e., the hemisuccinate esters of 3-hydroxy-BDZs.
Simultaneous monitoring of the related hydrolysis product was also achieved. In
addition, separation of the enantiomers (a = 1.1) was observed for two BDZs
(uxepam and dihydrodiazepam), which are chiral by virtue of an asymmetrically
substituted C-5 carbon atom. Finally, a preliminary NMR study was carried out using
an aqueous solution of f3-cyclodextrin and the hemisuccinate esters of 3-hydroxy
BDZs as a model for the chromatographic system.

EXPERIMENTAL

Chromatographic separation
The chromatographic separations were carried out with a Jasco Twincle

apparatus connected to a Jasco Uvidec 100 variable-wavelength UV detector. Circular
dichroism (CD) detection was provided by a Jasco J-500C spectropolarimeter equip
ped with a high-performance liquid chromatographic (HPLC) micro-cell and a dou
blet of lenses to focus the light beam in the sample compartment3

•
17

. The two detec
tors were connected in series and both used at a fixed wavelength (254 nm). The
measurements were carried out using mixtures of acetonitrile and acetate buffer (pH
4.2,200 mM), or acetonitrile and phosphate buffer (pH 7.0, 100 mM) mixtures, at an
isocratic flow-rate of 0.5 or 1 ml/min. A Cyclobond I column (25 x 0.46 em J.D.)
from Astec (Whippany, NJ, U.S.A.) was used for all the measurements, which were
performed at room temperature. The solvents were HPLC-grade chemicals and were
filtered and degassed before use.

Instrumentation
1H NMR spectra were recorded on a Varian VXR-300 spectrometer operating

at 300 MHz. All measurements were carried out in 2H 20 solution at p2H 7 and at
22°C.

Mass spectra were obtained using a VG 70-70E instrument. Melting points were
determined with a Reichert Thermovar apparatus, and were uncorrected.

Preparation of the compounds
Compound 1,2 and 3 (see Fig. 1) were obtained by Soxhlet extraction (acetone)

of commercial pharmaceutical formulations. The products obtained were character
ized by NMR and mass spectrometry. The data were in accordance with the expected
structure 18 .

Compounds 4, 5 and 10-13 were kindly provided by Prof. W. H. Pirkle (School
of Chemical Sciences, University of Illinois at Urbana-Champaign, U.S.A.). Com
pounds 6, 7 and 8 were prepared by acylation of 1,2 and 3, respectively, with succinic
anhydride in the presence of pyridine, according to the reported procedure for 619

. The
experimental conditions were changed for the recovery of the crude 6, 7 and 8. These
compounds were extracted with chloroform from the hydrolysis mixtures and then
recrystallized from ethyl acetate-hexane (1:1, v/v). Compounds 6, 7 and 8 were
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~ H OCOBut H
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X • H OCOCCH" bCOCH CI-
I H OCOMe CI-
10 H Me H

11 Me Me H

12 H Pr i H-
13 H NE~ H

R

CI ,. H-
H ,.

CONH"

Fig. 1. Compounds studied. Me = Methyl; Bu' = terr.-butyl; Pr i = isopropyl; Et = ethyl.

obtained (70-80% yield) as the crystalline powder having m.p. 152-l54°C (lit. 19,

l5l-153°C), 170-172°C and 184-186°C, respectively. NMR and mass spectrometric
data were in accordance with the structure.

The pure enantiomers of 6 were kindly provided by Ravizza (Milan, Italy).
Compound 9 was a gift from Dr. E. Simon-Trompler (Central Institute for Chemistry,
Budapest, Hungary). Compounds 14 and 15 were kindly provided by Chemical Works
Gedeon Richter (Budapest, Hungary).

RESULTS AND DISCUSSION

Chromatographic data
The results for the resolution ofl-15 on Cyclobond I are reported in Tables I and

II. Fig. 2 shows the separations of 5 and 15 as representative examples. Separation
factors (a) up to 1.20 (Tables I and II) were observed for most of the compounds
examined. The resolution was poor for 2, 3 and 7 (Tables I and II): a broad peak was
observed using the UV detection, whereas CD detection provided evidence of partial
resolution and allowed the assignment of the elution order on the basis of the CD sign
at 254 nm 3

. No resolution at all was obtained for 8, 9, 11 and 12.
Several observations can be made regarding these results. Oxazepam (1) and its

3-ester derivatives (4-6) are well resolved (Table I). A relatively high on-column load
(5-10 flg) was employed in order to monitor the CD signal and then to obtain direct
stereochemical information. The efficiency of the CSP is affected by the on-column
load and, under the experimental conditions adopted, resolution factors of 0.69 and
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TABLE I

CHROMATOGRAPHIC RESOLUTION DATA ON CYCLOBOND I WITH ACETONITRILE
ACETATE BUFFER (pH 4.2) AS ELUENT AT 20°C

Compound Eluent (l'/l') k'l G(

1 15:85 2.5 1.17
2 10:90 5.0 1.0
3 10:90 4.9 1.0
4 10:90 4.0 1.15
5 15:85 10.2 1.15
6 15:85 4.9 1.08
7 15:85 6.6 1.0
8 15:85 7.6 1.0
9 15:85 2.7 1.0

10 10:90 6.6 1.04
11 10:90 8.5 1.0
12 10:90 13.2 1.0
13 10:90 2.7 1.05
14 10:90 3.5 1.08
15 10:90 6.0 1.10

CD"

+
+

" Sign of the CD at 254 nm for the first-eluted enantiomer.

0.75 were obtained for 5 (Fig. 2a) and 6 (Fig. 3), respectively. However, a baseline
resolution can be achieved by using a one-tenth on-column load.

Temazepam (2) and its hemisuccinate ester (7) (which differ from the oxazepam
analogues in that they have a methyl group in place of the hydrogen atom at N-l),
exibit only partial chiral resolution on this CSP; separation is observed only by
application of CD detection (Table I).

Lorazepam (3) and its 3-ester derivatives (8 and 9) show no chiral resolution at
all on this CSP. The structure of these analytes differs from that of the corresponding
oxazepam analogues in the presence of a chlorine atom at C-2' of the benzene ring
linked at C-5 (Fig. 1).

TABLE II

CHROMATOGRAPHIC RESOLUTION DATA ON CYCLOBOND I WITH ACETONITRILE
PHOSPHATE BUFFER (pH 7.0) AS ELUENT AT 20°C

Compound Eluent (v/l') k' G(
1

1 90:10 4.0 1.20
5 90:10 22.5 1.14
6 90:10 3.6 1.10

95:5 8.8 1.l2
7 90:10 4.4 1.0

95:5 12.3 1.0
8 90:10 4.3 1.0

95:5 11.6 1.0
14 90:10 5.5 1.10
15 90:10 5.3 I. I I

CD"

+
+

" Sign of the CD at 254 nm for the first-eluted enantiomer.
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Fig. 2. Enantiomeric separation of5 (a) (resolution, R, = 0.69) and 15 (b) (R, = 0.75) on Cyc1obond L UV
(A) and CD (Ii) detection at 254 nm. Eluent, acetonitrile-acetate buffer, pH 4.2 (15:85, v/v) (a) or (10:90,
v/v) (b); I ml/min flow-rate.

1,4-BDZs which have the asymmetric carbon at the 5-position (dihydrodiaze
pam, 14 and uxepam, 15) are resolved on the P-cyclodextrin-based CSP (Table I). The
first-eluted enantiomers of 14 and 15 have a positive CD at 254 nm and correspond to
(+ )-(S)-dihydrodiazepam and (+ )-(R)-uxepam, respectively. Interestingly, they
adopt the same conformation of the seven-membered BDZ ring20

.

8

a b

A

Fig. 3. Enantiomeric separation of 6 (a) (R, = 0.75) and analysis of (R)-( - )-6 (b) on Cyclobond I. IV (A)
and CD (Ii) detection at 254 nm. Eluent, acetonitrile-acetate buffer, pH 4.2 (15:85, v/v), 1ml/min flow-rate.
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This CSP allows the analysis of ionic BDZs, i.e., the hemisuccinate esters of
3-hydroxy-I,4-benzodiazepin-2-ones (6--8) without derivatization of the carboxyl
g~oup.

This column appears to be particularly useful for the analysis of the 3-ester
derivatives, because it allows the possibility of simultaneously monitoring the presence
of their hydrolysis products. This method may be used to monitor the possible
occurrence of hydrolysis during receptor binding studiesz1 . Significant differences
have been observed in the receptor affinity values of the esters of 1, depending on the
preparation of the'synaptosomal membrane, i.e., depending on the presence of brain
esteraseszz . As shown in Fig. 3, simultaneous measurement of the chemical and optical
purity of 6 is possiblez 1. The resolution can be improved by injecting smaller amounts
of samplez1 , although under these conditions CD detection became impracticable. In
Fig. 3a the chromatographic analysis of racemic 6 is reported and the resolution peaks
of the hydrolysis product, i.e., 1, is present at a shorter retention time. Interestingly, we
can observe the racemization of 1; in Fig. 3b, the chromatographic analysis of
(R)-( - )-6 is reported, and again two peaks are observable at shorter retention times,
owing to the presence of racemic 1.

N M R analysis
To elucidate the nature of the interaction between the substrate and the

chromatographic support, we carried out an investigation by 1H NMR spectroscopy
of the complexes fonped between the BDZ hemisuccinate esters, 6--8 and fJ-cyclo
dextrin, a system whi6h can be assumed to be a free solution model of the CSP.

1H NMR spectra (Table III) of the three BDZs were recorded in zHzO solution
at pZH 7 (phosphate buffer, 22°C) in the free state and in the presence of a 2-fold molar
excess of fJ-cyclodextrin. Spectral analysis led to the following observations.

Variations of the chemical shifts ofproton nuclei of6--8 are caused by interaction
with the cyclodextrin. This observation provides evidence for the formation of
inclusion complexes between cyclodextrin and benzodiazepine derivatives. The
changes in the chemical shifts are different for the two complexed enantiomers. With 6,
for which the two pure enantiomers were available, the (+ )-enantiomer showed
a larger complexation shift than the ( - )-isomer. This indicates that the former is more
tightly complexed within the cyclodextrin cavity than is the latter. This result agrees
with the data for elution order, (+ )-6 being the more retained antipode on the
fJ-cyclodextrin column. Both the actual molecular location of the protons which
differentiate in the diastereoisomeric pair and the magnitude of the diastereoisomeric
shift observed are different for 6, 7 and 8 (Table III).

It is the aromatic protons of 6--8 that are the most affected by interaction with
fJ-cyclodextrin, the diastereoisomeric shift being larger for these protons than for those
bonded to the alkyl chain. On this basis, it is reasonable to postulate that the three
hemisuccinate esters enter the cyclodextrin torus by means of the hydrophobic
aromatic nuclei. The magnitude of the above effects follows the trend 6 > 7 > 8.
Therefore, 6 (both enantiomers) forms more stable inclusion complexes with
fJ-cyclodextrin than does 7 or 8, at least under these experimental conditions.

The mode of interaction between the polar groups of the cyclodextrin and those
of the BDZs are probably different in all three instances. On interaction of racemic
6 with fJ-cyclodextrin, duplication of the alkyl chain protons is observed, whereas the
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proton H-3 bonded to the chiral centre does not differentiate. It therefore appears that
the carboxyl group of6 is probably involved in a electrostatic interaction with external
OH groups of the fJ-cyc1odextrin molecule. With 7 no relevant differences are found in
the chemical shifts of alkyl chain protons, whereas the H-3 and N-methyl resonances
duplicate in the two complexed enantiomers. With 8, duplication of resonances is not
observed for alkyl chain protons or the H-3 proton.

CONCLUSIONS

The fJ-cyc1odextrin-based CSP was efficient in the chromatographic resolution
of a series of 1,4-benzodiazepin-2-ones. This method is particularly useful for ionic
BDZs (i.e., the hemisuccinate esters of 3-hydroxy-BDZs), which can be analysed
without derivatization of the carboxyl group. This method also provided a means of
assessing the degree of hydrolysis that may occur when esters are used in in vitro
pharmacological studies.

On the basis of the chromatographic data for the hemisuccinate esters of the
3-hydroxy-BDZs and of the NMR data for the soluble model, the chiral discrimination
of fJ-cyclodextrin appears to be related to the interaction of the aromatic moiety of the
substrate with the hydrophobic cavity of the oligosaccharide and of the hemisuccinic
chain with the hydrophilic residues outside the cavity.

ADDITIONAL NOTE

A successful optical resolution of 3-hydroxy-BDZs was reported using fJ-cy
c10dextrin as a mobile phase additive23

. In the same paper, partially successful at
tempts were made to resolve the enantiomers of 3-hydroxy-BDZs on a fJ-cyclodex
trin-based CSP.
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Direct high-performance liquid chromatographic separation
of ( +)- and ( - )-medetomidine hydrochloride with an rt 1

acid glycoprotein chiral column

G. ORN*, K. LAHTONEN and H. JALONEN

Farmos Group Ltd., Pharmaceutical Division. Research Centre, P.O. Box 425. 20101 Turku (Finland)

SUMMARY

The aim of this work was to find a fast and reliable separation method for the
two enantiomers of the new animal drug medetomidine hydrochloride, Several at
tempts had earlier been made with commercially available chiral columns but with
unsatisfactory results. A direct, fast and reproQucible separation method using a
commercially available (Xl-acid glycoprotein column, Chiral-AGP, was developed for
the complete separation of the two enantiomers, The chiral stationary phase was
immobilized on porous spherical silica particles (5 /lm), which enables high-perform
ance liquid chromatography to be operated in the reversed-phase mode. The column
showed good stability during several months of frequent use. The separation was
performed with various mixtures of an organic modifier (i-propanol, 2-propanol,
methanol, ethanol and acetonitrile) and phosphate buffer as the mobile phase. The
effect of changing the mobile phase solvent ratio, temperature, flow-rate, buffer con
centration and buffer pH on the capacity factors, selectivity and resolution was stud
ied. The chromatographic conditions chosen for the separation permitted the rapid
separation of the two enantiomers within 8 min.

INTRODUCTION

Medetomidine hydrochloride (Recommended International Nonproprietary
Name, Rec. INN), (± )-4-[I-(2,3-dimethylphenyi)ethyl]-IH-imidazole hydrochloride
(DOMITOR®; Farmos Group) (Fig. I), a white, crystalline compound l , is an
(X2-agonist which has potent sedative and analgaesic effects2- 6 and is used to facilitate

Nr~:~ .HCI

// 1* n
""N CH 3 CH 3

I
H

Fig. 1. Molecular structure of medetomidine hydrochloride.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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minor surgical and diagnostic procedures in dogs and cats. Intensive pharmacological
studies with both enantiomers have been carried out in recent years and the results
have shown that only the (+)-form, dexmedetomidine hydrochloride (Rec. INN), is
pharmacologically active7,8. For future purposes, e.g., to determine the purity of one
enantiomer, it was necessary to develop a rapid and reliable direct method for the
separation of these enantiomers.

It is possible to separate the two enantiomers by forming carbamate derivatives
with ethyl chloroformate and to separate them by high-performance liquid chromato
graphy (HPLC) using a Bakerbond Chiral Phase DNBPG covalent column (1. T.
Baker, Phillipsburgh, NJ, u.S.A.)9. This very sensitive method has some drawbacks,
however. The reaction time between medetomidine hydrochloride and ethyl chIoro
formate is fairly long (2-3 h) and the reaction also produces minor side-products,
although these do not significantly interfere with the analysis.

A direct and a faster means of separating the two enantiomers of medetomidine
hydrochloride was needed, and we decided to investigate the use of different chiral
HPLC columns. First the "brush-type" column materials were studied 10-13. In these
commercial columns, N-(3,5-dinitrobenzoyl)leucine and D-phenylglycine are cova
lently bound to a spherical silica gel (5 Jim) (Bakerbond Chiral Phase DNBLeu
covalent, J. T. Baker, and Hi-Chrom reversible Pirkle leucine and L-phenylglycine
covalent columns, Regis Chemical, Morton Grave, IL, U.S.A.). It turned out,
however, that the interactions of the two enantiomers ofmedetomidine hydrochloride
with the "brush-type" phases were similar and resolution was therefore not observed.

Experiments with commercially available cavity columns based on IY..-, {3- and
y-cyclodextrin bound to a spherical silica gel (5 Jim)14,15 were performed (Cyclobond I,
II and III, Advanced Separation Technologies, Whippany, NJ, U.S.A.). Resolution,
based on the different strengths of the inclusion complexes of the enantiomers, was not
achieved, however.

After these attempts, our interest turned to protein columns, which are known to
be suitable for the separation of enantiomers of several drug substances. The
separation mechanism of these protein columns is based on bioaffinity with different
interactions. First a commercially available column based on bovine.serum albumin
covalently bonded to a silica ge1 16

,17 (Resolvosil BSA-7, Macherey-Nagel, Duren,
F.R.G.) was tried. Soon it turned out that a protein-type column could provide
a solution to our problem. A promising qualitative separation between the two
enantiomers of medetomidine hydrochloride was observed with this BSA column, but
the separation was not sufficient for quantitative work (Fig. 2a).

Finally another commercially available protein column was chosen. This
column was based on IO-Jim diethylaminoethylsilica gel onto which IY..I-acid glyco
protein has been immobilized by ionic binding and cross-linkingI 8

-Z
9 (EnantioPak

cartridge, LKB, Stockholm, Sweden). With this column a good quantitative separa
tion method for the two enantiomers was developed (Fig. 2b). Subsequently
a second-generation IY..I-AGP column (Chiral-AGP, ChromTech, Norsborg, Sweden)
was tested. In this column the protein is immobilized on 5-Jim silica particles by both
cross-linking and covalent binding. A suitable separation method was developd with
this column (Fig. 2c) and is discussed in this paper. A better resolution and improved
column stability were observed compared with the columns mentioned above.
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Chemicals and materials
Analytical-reagent grade chemicals were used unless indicated otherwise.
2-Propanol was obtained from J. T. Baker (Deventer, The Netherlands),

I-propanol, KHzHP04 and NazHP04 . 2HzO from Merck (Darmstadt F.R.G.),
acetonitrile and methanol ofHPLC grade from Mallinckrodt (Paris, KY, U.S.A.) and
ethanol from Alko (Rajamaki, Finland).

The water used was deionized, ultrafiltered, reverse osmosis water, prepared
in-house.

The phosphate buffers used were prepared according to Sorensen.
The HVLP 0.45-,um filters used for mobile phase filtration were obtained from

Millipore (Molsheim, France).

Apparatus
Chromatographic data were obtained using a Hewlett-Packard 1090 M liquid

chromatographic system equipped with a built-in diode-array detector (HP 79880A),
automatic sampling system (HP 79847A), variable-volume injector (HP 79846A),
binary solvent-delivery system (HP 79835A) and analytical workstation (HP 79994A).
The system was additionally equipped with a built-in oven and was connected to an HP
ThinkJet printer and a HP ColorPro graphics plotter.

A Chiral-AGP (particle size 5 ,urn) column (10 cm x 4 mm 1.0.) was used.

Chromatographic procedure
Racemic (± )-medetomidine hydrochloride and its pure enantiomers were

dissolved in water at concentrations of 0.03 mg/m!. The volume injected was 20,u1 and
the detection wavelength was 220 nm. Different mobile phase compositions (mixtures
of different organic modifiers and phosphate buffer) and parameters (mobile phase
solvent ratio, temperature, flow-rate, buffer concentration and buffer pH) were
changed in turn and the effects on the capacity factors (k'), selectivity (O!) and
resolution (Rs) were calculated from the recorded chromatograms using the equations

k' = tlta - I
O! = (tz - ta)/(t 1 ta)
R., = 2(tz - t1)/(W1 + Wz) ;:;:; (tz - td/[W1(h/Z) + WZ(h/Z)]

where t = retention time; ta = retention time of non-retarded componen, (methanol);
W = width of peak; W II / Z = width of peak at half height; 1 and 2 = 1st and 2nd eluted
component.

RESULTS AND DISCUSSION

The results are presented in Tables I-V. It can be seen that a rapid and complete
separation of the two enantiomers can be achieved by using the Chiral-AGP column
based on O!racid glycoprotein as a chiral stationary phase.

The results show that changing the temperature, flow-rate or buffer concentra
tion does not have a very significant effect on the selectivity or resolution. Changing
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TABLE I

EFFECT OF MOBILE PHASE SOLVENT RATIO WHEN USING 2-PROPANOL AS ORGANIC
MODIFIER ON CAPACITY FACTOR (k'), SELECTIVITY (cx) AND RESOLUTION (RJ

Mobile phase, 2-propanol-0.03 M phosphate buffer of pH 7.0; flow-rate, [.0 ml/min; temperature, ambient.

2-Propanol-huffer k'" cx R"
(v/v)

8:92 11.8 1.69 3.21
9:91 10.3 1.63 2.96

10:90 9.3 1.59 2.76
11:89 8.2 1.53 2.54

" Capacity factor of the second-eluted ( + )-enan'tiomer.

TABLE II

EFFECT OF TEMPERATURE ON CAPACITY FACTOR (k'), SELECTIVITY (cx) AND RESOLU
TION (R,)

Mobile phase, 2-propanol-0.03 M phosphate buffer of pH 7.0 (10:90); flow-rate, 1.0 ml/min.

Temperature
(OC)

Ambient (28)
30
35
40

k'"

9.1
7.7
6.4
5.4

1.52
1.48
1.43
1.39

R,

2.54
2.43
2.26
2.08

" Capacity factor of the second-eluted (+)-enantiomer.

TABLE III

EFFECT OF FLOW-RATE ON CAPACITY FACTOR (k'), SELECTIVITY (cx) AND RESOLUTION
(R,)

Mobile phase, 2-propanol-0.03 M phosphate buffer of pH 7.0 (10:90); temperature,. ambient.

Flow-rate
(ml/min)

0.6
0.7
0.8
0.9
1.0

9.2
9.2
9.2
9.2
9.1

1.53
1.53
1.53
1.53
1.52

R,

2.79
2.74
2.65
2.59
2.54

" Capacity factor of the second-eluted (+)-enantiomer.
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TABLE IV

EFFECT OF BUFFER CONCENTRAnON ON CAPACITY FACTOR (k'), SELECTIVITY (a) AND
RESOLUTION (R,)

Mobile phase, 2-propanol-phosphate buffer of pH 6.0 (5:95); flow-rate, 1.0 ml/min; temperature, ambient.

Buffer concentration k'"
(M)

R,

0.005
0.01
0.02
0.03
0.05

13.3
10.7
8.2
7.9
6.8

1.17
1.22
1.25
1.29
1.31

1.29
1.40
1.43
1.59
1.67

" Capacity factor of the second-eluted (+ )-enantiomer.

TABLE V

EFFECT OF BUFFER pH ON CAPACITY FACTOR (k'), SELECTIVITY (a) AND RESOLUTION
(R,)

Mobile phase, 2-propanol-o.03 M phosphate buffer (8:92); flow-rate, 1.0 ml/min; temperature, ambient.

pH

5.5
6.0
6.5
7.0
7.5

4.5
6.4
9.4

12.1
13.3

1.10
1.17
1.37
1.63
1.84

R,

0.67
1.03
2.05
3.04
3.61

" Capacity factor of the second-eluted (+ )-enantiomer.

the buffer pH, on the other hand, has a strong effect on all parameters. The higher the
pH of the buffer, the better is the resolution of the two enantiomers. As the use of pH
values higher than 7.5 for longer periods may decrease the column lifetime, owing to
decomposition of the silica, a pH of 7.0 was chosen for routine analysis.

A phosphate buffer concentration of 0.03 M was selected as suitable buffer
concentrations are 0.01-0.035 M and buffer concentrations above 0.03 M do not seem
to have a significant positive effect on the capacity factor.

A flow-rate of 1.0 mljmin was chosen as higher flow-rates permit much faster
separations, and this outweighs the fact that higher flow-rates give a slightly lower
resolution.

Ambient temperature was used for analysis, as higher temperatures had a slight
adverse effect on resolution.

When choosing the mobile phase solvent ratio for the analysis it was important
to obtain a baseline separation of the two enantiomers without too long analysis times.
In this instance 2-propanol-0.03 M phosphate buffer of pH 7.0 (11 :89) gave a baseline
resolution, but the ratio 10:90 was chosen for analysis to ensure a baseline separation
even if the column performance declined.

The above chromatographic conditions selected for the separation of the two
enantiomers of medetomidine hydrochloride permits. a baseline resolution within
8 min.
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TABLE VI

EFFECT OF MOBILE PHASE SOLVENT RATIO WHEN USING ACETONITRILE AS ORGANIC
MODIFIER ON CAPACITY FACTOR (k'), SELECTIVITY (0:) AND RESOLUTION (R,)

Mobile phase, acetonitrile-0.03 M phosphate buffer of pH 7.0; flow-rate, 1.0 ml/min; temperature, ambient.

Acetonitrile-buffer
(v/v)

k,a 0:

12.5:87.5
15.0:85.0
17.5:82.5
20.0:80.0
22.5:77.5

14.8
9.9
8.0
5.1
3.5

1.93
1.77
1.71
1.57
1.48

3.49
3.12
2.83
2.35
1.88

a Capacity factor of the second-eluted (+ )-enantiomer.

So far the experimental part of this work had been carried out using 2-propanol
as organic modifier. Other organic modifiers were also tested. I-Propanol, methanol
and ethanol separated the two enantiomers but not as well as 2-propanol. With
acetonitrile, however, a better separation was achieved. The effects of changing the
mobile phase solvent ratio when using acetonitrile as organic modifier on the capacity
facors, selectivity and resolution are ~hown in Table VI. The results show that a better
and faster resolution is achieved when using acetonitrile instead of 2-propanol as
organic modifier. Acetonitrile-O.03 M phosphate buffer (17.5:82.5) permits a baseline
separation.

The conditions chosen for analysis not only permit a baseline separation of the
( - )- and (+)-enantiomers (with retention times of ca. 3.5 and 5.2 min, respectively),

mAU

7

6
(+)

5 5.667

4

3

7652 3 4
Time(min)

Fig. 3. Chromatogram of 0.5% (- )-medetomidine hydrochloride in (+ )-medetomidine hydrochloride.
Mobile phase, acetonitrile-Q.03 M phosphate buffer of pH 7.0 (17.5:82.5); flow-rate, 1.0 ml/min; and
temperature, ambient.
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TABLE VII

STABILITY OF THE COLUMN BY COMPARING CAPACITY FACTOR (k'), SELECTIVITY (0:)
AND RESOLUTION (R,)

Mobile phase, 2-propanol-o.005 M phosphate buffer of pH 6.0 (5:95); flow-rate, 1.0 ml/min; temperature,
ambient. The filling of the column was done after the second check-point.

Time k'· 0: R,
(months)

0.5 10.5 1.42 3.22
1.5 7.7 1.34 1.78
4.0 8.6 1.31 1.42

4.0b 10.3 1.39 1.72

• Capacity factor of the second-eluted (+ )-enantiomer.
b Selectivity and resolution when the capacity factor is adjusted to the initial value (approximately)

by changing the mobile phase solvent ratio to 4:96.

but as the peak shape is sharp and symmetrical it is also possible to determine very
small amounts of ( - )-medetomidine hydrochloride when present as an impurity in
(+)-medetomidine hydrochloride, as shown in Fig. 3.

The Chiral-AGP column also showed satisfactory stability. During analysis the
performance of the column and the symmetry of the peaks declined. The "shoulder"
problem was solved by filling the empty space formed at the inlet end of the column
with new sorbent, which restored the peak symmetry. The frequent and diverse use of
the column inevitably had a slight negative effect on the column performance.
However, by slightly changing the chromatographic parameters, e.g., mobile phase
solvent ratio or buffer pH, it is easy to maintain a rapid and complete separation of the
two enantiomers even with a slightly deteriorated column.

The stability of the column (selectivity and resolution) can be seen in Table VII.
The selectivity and resolution decrease the longer the column has been in use, which is
due to a slight deterioration of the column. The capacity factor was higher at the
4-month check-point compared with the previous check-point, which is probably due
to the filling of the column.

When the capacity factor of the second-eluted (+)-enantiomer after a 4-month
interval is adjusted to approximately the same value as that at the initial check-point by
changing the mobile phase composition, it can be seen how much worse the resolving
ability of the column has actually become. It should be noted, however, that although
the selectivity and resolution have decreased after 4 months of use, the performance of
the column is still sufficient to perform a rapid baseline separation of the two
enantiomers of medetomidine hydrochloride.

CONCLUSION

The separation of the two enantiomers of medetomidine hydrochloride turned
out to be a difficult chromatographic problem. Only protein-type chiral columns
showed a sufficient separation capacity. The Chiral-AGP column was found to be very
suitable for the separation of the two enantiomers. With this column and the optimized
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conditions [mobile phase acetonitrile-O.03 M phosphate buffer of pH 7.0 (17.5:82.5),
flow-rate 1.0 mljmin and ambient temperature], it is possible to achieve a complete
baseline separation of (+)- and ( - )-medetomidine hydrochloride within 8 min. The
narrow and symmetrical form of the peaks also makes it possible to determine small
amounts of one enantiomer as an impurity in the other.
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For Superior Chiral Separation
The finest from DAICEL···· ..
Why look beyond DAICEL? We have developed the finest CHIRALCEL,
CHIRALPAK and CROWNPAK with up to 17 types' of HPLC columns; all
providing superior resolution of racemic compounds:
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.Separation Service
• A pure enantiomer separation in the amount of 100g~10kg is now available.
• Please contact us for additional information regarding the manner of use and application of our chiral columns and

how to procure our separation service.
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