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An authoritative review... highly recommended...

Optimization of

Chromatographic Selectivity

A Guide to Method Development

by P. Schoenmakers, Philips Research
Laboratories, Eindhoven, The
Netherlands

(Journal of Chromatography Library, 35)

“The contents of this book have been put to-
gether with great expertise and care, and repre-
sent an authoritative review of this very timely
topic... highly recommended to practising analy-
tical chemists and to advanced students.” (Jul.
of Chromatography)

“..an important contribution by a worker who
has been in the field almost from its inception
and who understands that field as well as
anyone. If one is serious about method devel-
opment, particularly for HPLC, this book will
well reward a careful reading and will continue
to be useful for reference purposes.” (Mag. of
Liquid & Gas Chromatography)

This is the first detailed description of
method development in chromatography -
the overall process of which may be sum-
marized as: method selection, phase selec-
tion, selectivity optimization, and system op-
timization. All four aspects receive attention
in this eminently readable book.

The first chapter describes chromatographic
theory and nomenclature and outlines the
method development process. Guidelines are
then given for method selection and quantita-
tive concepts for characterizing and class-
ifying chromatographic phases. Selective sep-
aration methods (from both GC and LC) are

given - the main parameters of each method
are identified and simple, quantitative rela-
tions are sought to describe their effects.
Criteria by which to judge the quality of sep-
aration are discussed with clear recommenda-
tions for different situations. The specific
problems involved in the optimization of chro-
matographic selectivity are explained. Optimi-
zation procedures, illustrated by examples,
are described and compared on the basis of a
number of criteria. Suggestions are made
both for the application of different proce-
dures and for further research. The optimiza-
tion of programmed analysis receives special
attention, and the last chapter summarizes
the optimization of the chromatographic sys-
tem, including the optimization of the effi-
ciency, sensitivity and instrumentation.

Those developing chromatographic methods
or wishing to improve existing methods will
value the detailed, structured way in which
the subject is presented. Because optimiza-
tion procedures and criteria are described as
elements of a complete optimization pack-
age, the book will help the reader to under-
stand, evaluate and select current and future
commercial systems.

Contents: 1. Introduction. 2. Selection of
Methods. 3. Parameters Affecting Selectivity.
4. Optimization Criteria. 5. Optimization
Procedures. 6. Programmed Analysis. 7. Sys-
tem Optimization. Indexes.

1986 1st repr. 1987 xvi + 346 pages
US$ 110.50 / Df1. 210.00
ISBN 0-444-42681-7
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THE STANDARD TEXT ON THE SUBJECT...
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D.L. Massart, Vrije Universiteit Brussel, Belgium,
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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.

“..it is apparent that the book is the most comprehensive available on chemometrics.
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. Like its predecessor, this book will be the standard text on the subject for
some time.” (Trends in Analytical Chemistry)

1988 485 pages US$ 85.25 / Dfl. 175.00 ISBN 0-444-42660-4
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UNIFAC model as a heuristic guide for estimating

retention in chromatography

Jung Hag Park*, Jung Eun Lee and Myung Duk Jang

Depariment of Chemistry, Yeungnam University, Kvongsan 712-749 (South Korea )

Jian-Jun Li and Peter W. Carr

Department of Chemistry, University of Minnesota, 207 Pleasant Sireet S. E., Minneapolis, MN 55455 (USA)

(First received February 8th, 1991; revised manuscript received June 18th, 1991)

ABSTRACT

The usefulness of the UNIFAC activity coefficient estimation method for understanding the magnitude of solute-solvent interactions
in gas and liquid chromatography has been investigated. To demonstrate the power of UNIFAC it was used to investigate the origin of
the Martin equation, to explore the methylene group selectivity and relative retention in reversed-phase liquid-liquid partition chroma-
tography, to examine solute-solvent interactions in eluents in normal-phase liquid chromatography and to examine mixed stationary
phase effects in gas-liquid chromatography. Although not accurate enough to be useful for quantitative predictions of retention,
UNIFAC is fairly useful in explaining a wide variety of issues of general imporiance in chromatography such as the prediction of the
order of elution of polar versus non-polar solutes and the relative strengths of solvents in all types of chromatography.

INTRODUCTION

The UNIFAC (UNIQUAC functional group ac-
tivity coefficient) model is an activity coefficient esti-
mation scheme that is used generally in chemical
engineering [1]. Its major use is for the prediction of
vapour-liquid {2] and liquid-liquid equilibria [3].
There have only been a few studies on the applica-
tion of UNIFAC to chromatography [4-6]. It has
not been systematically explored, nor is it widely
appreciated how generally applicable UNIFAC is
as a guide to understanding the magnitude of sol-
ute—solvent interactions in chromatography.

As UNIFAC is a method oriented towards func-
tional groups, it is broadly applicable in a predictive
sense. Forty-four different “main” groups have
been defined and the relevant interaction param-
eters made available. Thus, in principle, the activity
coefficients in any mixture of species consisting of
molecules containing these functional groups can

0021-9673/91/$03.50 ©

be computed. This makes the UNIFAC method far
more powerful in terms of its generality than other
approaches such as those based on the separation of
cohesive energy densities which are used frequently
in chromatography [7-9]. As has been shown, UNI-
FAC is not accurate enough, at this stage of its de-
velopment, to be useful for the quantitative predic-
tion of retention [10]. As chromatographic separa-
tion is able to distinguish between two types of sol-
ute molecules that differ in the strength of their in-
teractions with the mobile and stationary phases by
only around 10 joules per mole, there is as yet no
general predictive method that suffices for use in
chromatography. Nonetheless UNIFAC is suffi-
ciently accurate that it is useful for the prediction of
the relative retention of polar versus non-polar
compounds, the relative strengths of solvents and
other important chromatographic properties.

The purpose of this paper is to introduce the
UNIFAC method, to show how it can be applied to

1991 Elsevier Science Publishers B.V. All rights reserved
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a wide variety of issues of general importance in
chromatography and to use it to explain a number
of important chromatographic observations.

UNIFAC METHOD

UNIFAC combines the UNIQUAC model of so-
lutions [11] and the so-called analytical solution of
group (ASOG) concept [12]. UNIQUAC (universal
quasi-chemical) is an approximate model of liquid
mixtures developed by the application of Guggen-
heim’s quasi-chemical lattice model of liquid mix-
tures [13] through the use of a component’s local
area fraction as the main concentration variable. In
essence this approach is a simple alternative to the
highly unrealistic random mixing model which is
the basis for regular solution theory. The ASOG
approach is based on the idea that a solution can be
viewed as a mixture of independent functional
groups of all the individual components, and as-
sumes that the contribution any functional group
makes to the activity coefficient of a molecule is in-
dependent of any other functional group in that
molecule, that is, the free energy of interaction of
one species with a second species is assumed to be
the additive sum of independent functional group
contributions. Thus, in principle, the ASOG meth-
od can be made more realistic by simply redefining
the set of functional groups to contain a larger and
more complex group of units until the set includes
all possible molecules. The UNIQUAC equation
for the activity coefficient of component i is:

Iny; = Iny¢ +  InyR )]
combinatorial residual

where
Iny§ = In(y/x:) + (z/2) g; In(0:/ @) +

h

+hi— @ifx; Z xil; @)

i=1

lny? = QI[l — 1n< 6]Tj,'> -
j=1

i <9ﬂu/ ‘; Qkajﬂ €)
such that '
=) @i—q) — (i = 1);2=10 (4)
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6, — [ini/i qjxj]; 0; = I:ri-xi/ i i‘jxj] %)

ji=1

tji = exp[— (u; — ui)/RT] (6)

In the above expressions, x; is the mole fraction of
component i, n is the number of components, §; is
the area fraction of component i and ¢; is the seg-
ment (or volume) fraction of component i. The val-
ues of r; and ¢; are measures of pure component
molecular Van der Waals volumes and surface ar-
eas. The two binary interaction parameters, 7;; and
1j;, are evaluated from experimental phase equilib-
rium data. The combinatorial term can be viewed as
a slightly improved Flory—Huggins like athermal or
entropic term. Similarly the residual term represents
the enthalpic contributions to solution non-ideality.
Thus the binary parameters 7;; and t;; respresent the
energy of interaction of two separate molecules.

The UNIQUAC expression for the combinato-
rial activity coefficient term is used directly in the
UNIFAC model. The r; and ¢; parameters are cal-
culated in the UNIFAC model as the sum of the
molecular i group volume and area parameters, Ry
and Q, [11].

g

g
ri= Y wPRiand ¢; = k;} viP0x N

k=1

where g is the number of different groups in compo-
nent i and v, is the number of k-type groups in the
molecule. These group volume and area parameters
are obtained from the Van der Waals group vol-
umes and surface areas V,,, and A4, given by Bondi
[14] and normalized by Abrams and Prausnitz [11]
to- best represent the true ‘molecular volumes and
surface areas.

The solution of groups concept is used in UNI-
FAC to determine the residual portion of the activ-
ity coefficient.

gz w9lnly — Inl'P] (8)

k=1

Iny;® =

where g’ is the total number of different functional
groups in the mixture, I'; is the group residual activ-
ity coefficient and I','? is the activity coefficient of
group k in a reference solution containing only mol-
ecules of type i. This reference term normalizes the
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expression so that as x; approaches unity, the activ-
ity coefficient of component i is forced to unity to
obey the Raoult’s law standard state.

The group residual activity coefficient (I,) is cal-
culated in a manner similar to the molecular resid-
ual activity coefficient in the UNIQUAC model:

Il = Qk[l - 1n< qZ Omt//mk) -
gz <0ml/1km/gZ: Gnl//nm>:| (9)

where
b= @unl( £ 05 (10)
lpnm = exp[_(umn - unm)/RT]

= exp('—amn/RT) (11)

In the above expressions x,, is the mole fraction of
group m in the mixture and w,, is a measure of the
interaction energy between groups m and n. The
group interaction parameters, a,,, are determined
from banks of experimental phase equilibrium data
[15]. Note a,, is not equal to a,, and, by definition,
awm = 0. For the purpose of improving the group
volumes and surface areas, a number of functional
(main) groups are divided into “subgroups” and as-
signed subgroup R, and Oy values. The interaction
parameters used in the residual activity coefficient
term, however, are assigned only by main groups.
Recently two different modified UNIFAC meth-
ods, which show substantially improved accuracy
for the prediction of y, have been reported [16,17).
However, the two modified UNIFAC methods use
six interaction parameters between two interacting
groups, whereas only two parameters are used in
the original version of UNIFAC, thus the flexibility
of the modified methods is substantially reduced. In
addition, the number of available group interaction
parameters in the modified UNIFAC methods is
smaller than in the original version of UNIFAC.

CALCULATIONS
All calculations were performed on an IBM com-,

patible personal computer using programs written
in GWBASIC. The double-precision option was

3

employed to improve the computational accuracy.
For these calculations the original UNIFAC model
with a combinatorial term modified as suggested by
Kikic et al. [18] and the revised parameters for va-
pour-liquid equilibria by Gmehling et al. [15], Ma-
cedo et al. [19] and Tiegs et al. [20] were used.

RESULTS AND DISCUSSION

Martin equation

Most chromatographers are familiar with the
Martin equation which states that in many forms of
chromatography the logarithmic partition coeffi-
cient, and therefore the logarithmic capacity factor,
is a linear function of the number of methylene
groups within a homologous series of solutes.

log K(orky = A4+ B-n (12)

where n denotes the homologue number. Agree-
ment with this equation is so generally accepted
that it is frequently used as the basis for estimating
column dead volume in gas-liquid chromatography
(GLC) and reversed-phase liquid chromatography
(RPLC) [21]. The Kovats retention index is also
largely based on the observed compliance with the
Martin equation. Similarly Smith’s scheme for es-
tablishing a retention index in RPLC relies in part
on the linearity between log k' and n [22,23].

To assess the agreement between UNIFAC and
the Martin equation in GLC two extreme types of
common stationary phases were chosen, namely
hexadecane and dimethyldodecylamine, and a ho-
mologous series of solutes. The logarithmic parti-
tion coefficients were then computed from the pure
component vapour pressures via the equation:

log K = log RT — log V, — log y®p° (13)

where V; is the molar volume of the stationary
phase, y* and p° are the infinite dilution activity
coeflicient and vapour pressure of the pure solute,
respectively, and RT is the product of the gas con-
stant and temperature in degrees Kelvin. As can be
seen in Fig. 1, in all instances the computed parti-
tion coefficients are essentially linear functions of x.
UNIFAC produces the desired qualitative result
and if computed K values on hexadecane are com-
pared with measured values, a fairly good quantita-
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Fig. 1. Plots of calculated logarithmic gas-liquid partition coefficients (K) of homologous solutes versus n in (A) hexadecane and (B)
dimethyldodecylamine at 298.15 K. Symbols: (O) alkanes, (@) alkenes, (A) alkylbenzenes, (A) 2-ketones, (0) alkyl ethers, (W)

l-alcohols, (V) carboxylic acids and (V) 1-bromoalkanes.

tive agreement is observed, except for the carboxyl-
ic acids (inverse open triangle and dashed-crossed
line in Fig. 2).

A similar analysis is carried out using estimates of
the partition coefficients for transfer from water to
hexadecane as an admittedly oversimplified and a
very crude model of RPLC. In this instance the par-

6.00

5.001

Fig. 2. Comparison of experimental (lines) and calculated (sym-
bols) gas-liquid partition coefficients of homologous solutes in
hexadecane (K,) at 298.15 K. For symbols, see Fig. 1. Experi-
mental data are from ref. 43: (—) alkanes, (——-) alkenes, (- - - -)
alkylbenzenes, (- - — — ) 2-ketones, (-----) alkyl ethers, (= - ~---)
1-alcohols, (X —x —x ) carboxylic acids, (....) I-bromoalkanes.

tition coefficient is computed from the molar vol-
umes of the two phases and the infinite dilution ac-
tivity coefficients estimated by UNIFAC:

Kh/w = VWV\OS/(VhVI?O) (14)

where V;, and V,, indicate the molar volume of hex-
adecane and water and y° and y® denote the com-
puted infinite dilution activity coeflicient of a solute
in hexadecane and water, respectively. The results
for several homologous series are shown in Fig. 3;
linearity is once again observed. The computed log-
arithmic activity coefficients are not linear with »
(Fig. 4), whereas the logarithms of the measured
vapour pressures are linear (Fig. 5). It should be
noted that the vapour pressure does not enter into
the result, thus the linearity is not a consequence of
an apparent linear variation in log p° with n.

A detailed examination of the UNIQUAC-UNI-
FAC equations show two distinctly different causes
of the fact that log y® is not a linear function of the
homologue number. First, the combinatorial term
used in UNIQUAC, and in the simple Flory-Hug-
gins model, does not predict that log y® will be lin-
ear with n. For a solute at infinite dilution it is cer-
tainly true that the first term in eqn. 8 is linear with
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Fig. 3. Plots of calculated water-hexadecane partition coeffi-
cients (K, ) versus n at 298.15 K. For symbols, see Fig. 1.

fw.

the homologue number of the solute. This term rep-
resents the interactions of the solute with its sur-
roundings. However, the second term in eqn. 8 rep-
resents the interaction of the pure solute with itself
in the pure solute reference state. As the homologue
number of the “solute” is varied, that of the refer-
ence “‘solvent” is also varied as in the reference state
the “solute” and “solvent” are identical species. It
follows that log ¥ is not a linear function of homo-
logue number. Further there is no fundamental rea-
son to think that log y*® ought to be a linear func-
tion of homologue number. It must be understood
that in many circumstances the combinatorial con-
tribution to log y* will be small. Further, when the
transfer of a solute at infinite dilution from one
liquid to a second is considered, the reference state

0.50

A, B
1.20+ . e
L] . o
T 0104+ _° e
A Laa to P
§ 0704 + v, 8 oaa
& LN v, & 5w
o a o [
© RN s, o .'--.
—0.30+
0.204 .
° ° ¢ ° ° ’ v v
—-0.30 +— 1 t —-0.70 ~+ t t t
0 2 4 & 8 0 2 4 6 8 10
n n

Fig. 4. Plots of calculated y® values versus n in (A) hexadecane
and (B) dimethyldodecylamine at 298.15 K. For symbols, see
Fig. 1.
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term in eqn. 8 will exactly cancel. This leaves the
first term in eqn. 8 as the dominant term in estab-
lishing log y* and this term is strictly linear with
homologue number. Thus log Ky, is linear with 7.

It is noted, in agreement with Cheong and Carr
[24] who measured activity coefficients in water and
in aqueous mixtures of a variety of miscible sol-
vents, that the activity coefficients of non-polar,
non-hydrogen bonding solutes in water are large
and vary greatly with . In contrast, activity coeffi-
cients in non-polar solvents are small and are not
very variable. The slopes of plots of log Ky versus
n are greater than the slopes of plots of log K, versus
n.

UNIFAC can also cast some light on the impor-
tance of homologue number in normal-phase liquid
chromatography. In normal-phase adsorption
chromatography the Snyder model [25] is based in
part on the assumption that solute-solvent interac-
tions in a low-polarity mobile phase are negligible
relative to the magnitude of solute and solvent in-
teractions with a polar adsorbent such as silica. In
essence Snyder argues that the principal effect of a
change in the eluent phase is to modulate the solute
interactions with the stationary phase; direct sol-
ute—eluent effects are said to be small. It will be
shown here that the effect of solute homologue
number in the mobile phase is fairly small, at least
relative to the effect of homologue number in RPLC
and GLC. For simplicity normal-phase partition
chromatography is considered with hexane as the
eluent and f,f'-oxydipropionitrile as the stationary

Fig. 5. Plots of vapour pressures of pure solutes (p°) at 298.15 K
versus n. For symbols, see Fig. 1.
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Fig. 6. Plots of calculated f,5 -oxydipropionitrile-hexane parti-
tion coefficients (K,,) versus n at 298.15 K. Symbols: (O) al-
kanes, (@) alkylbenzenes, (A) ketones, (A ) alcohols, ([J) esters
and (B) amines.

phase. togarithms of estimated partition coeffi-
cients for the transfer from hexane to f§,f'-oxydi-
propionitrile (Ky,) are plotted versus n in Fig. 6.
The change in log K, with n and the parent func-
tional groups are fairly small relative to the changes
in RPLC. Thus in normal-phase liquid chromato-
graphy very minor differences in retention are ex-
pected between molecules that differ only by a
methylene group as a result of solute—solvent inter-
actions in the mobile phase.

Phase composition effects

Mixed liquid stationary phases in GC. Laub and
co-workers introduced the concept of a diachoric
solution in the mid-1970s [26-29]. In essence they
observed that plots of the partition coefficient (Ky)
of a solute distributed between a binary liquid sta-
tionary phase (B + C) and a gas phase versus the
composition of the stationary phase were linear
within experimental error (which in some instances
reached + 10%) with the volume fraction of the two
solvents.

Kuv = 0K + @cKc (15)

where @; represents the volume fraction of solvent
component i and K; is the partition coefficient in
either pure solvent. The system behaved as if the
mixture of solvents was in fact not mixed. To in-
vestigate this effect plots of gas-liquid partition
coefficients are presented for a variety of solutes in
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0.4 . 1.0
*ONP
Fig. 7. Plots of calculated gas—liquid partition coeflicients (K) of
various solutes in mixtures of squalane with dinonyl phthalate
(DNP) at 303.15 K versus volume fraction (@) of the second
solvent. Symbols: (O) hexane, (@) octane, (A) cyclohexane,
(A) methylcyclohexane, (O3) toluene and (@) benzene.”

mixed stationary phases of squalane and bis(3,5,5-
trimethylhexyl)phthalate (dinonyl phthalate) (Fig.
7). The solid line shown in each figure is the line that
connects the end-points of the plot. As can be seen
there are systematic deviations that will be obscured
by experimental imprecision. Martire [30] has
shown that diachoric solution theory is valid only if
any associations occurring between the solute and
either stationary phase are of the 1:1 type and that
the two stationary liquids form an ideal solution.
Later Martire and co-workers [31,32] showed, both
experimentally and theoretically, that plots of Ky
versus ¢ are curved and the extent of curvature

- depends on the strength of the interactions between

the two solvents. UNIFAC can correctly predict
curvature in such plots, as shown in Fig. 7.
Mobile phase effects in RPLC. Mobile phase
composition effects are very important in liquid
chromatography. The exact form of the relation-
ship between k' and the volume fraction of a strong
solvent in RPLC has been the subject of much de-
bate. A linear relationship between log k" and vol-
ume percent is thought to bé more accurate for
methanol-water mixtures than for mixtures with
other solvents [24]. Other workers, based on lattice
theories [33] and simple regular solution theory [34],
have advocated quadratic relationships. The dis-
placement model of Geng and Regnier [35,36] ar-
gues for a linear relationship between log k" and the
logarithm of the molar concentration of the mod-
ifier. The use of empirical parameters such as the
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Fig. 8. Plots of calculated hexadecane-aqueous mixture partition coefficients (K) of various solutes versus volume fraction of (a)
methanol, (b) acetonitrile and (c) tetrahydrofuran at 298.15 K. Symbols: (O) benzene, (A) ethylbenzene, (&) heptylbenzene, (V)

benzyl alcohol, (V) phenol, (<) chlorobenzene and () aniline.

ET(30) scale to correlate retention in RPLC have
been discussed at length [37,38].

Mobile phase effects in RPLC can be modelled
using the UNIFAC approach by assuming, as
above, that RPLC is a pure partition model. This is
certainly not true [24]. For simplicity the effect of

the organic solvent that partitions into the station- .

ary phase will be neglected. This is a good approxi-
mation for methanol and acetonitrile mixtures with
water if hexadecane is used as the stationary phase
(39]. However, isopropanol and tetrahydrofuran
are really fairly miscible with both water and hexa-
decane. Plots of log K versus composition for a judi-
ciously selected series of solutes chosen to span a
wide range in properties (dipolarity, hydrogen bond
donor and acceptor strength, and size) are shown in
Fig. 8. It is seen in this figure that UNIFAC can
predict elution sequences. For example, UNIFAC
predicts that the elution sequence in RPLC would
be benzyl alcohol < chlorobenzene < ethyl ben-
zene < naphthalene at a given mobile phase com-
position, as is invariably observed in RPLC. It
should be pointed out that the solid lines are those
connecting the end-points and not least-squares

lines. Clearly the plots are not precisely linear but
there appears to be more curvature for the aceto-
nitrile than the methanol mixtures. The slopes of
the least-squares fits as well as the slopes of the lines
shown in the figures are summarized in Tables I-III.
Clearly the slopes vary almost linearly with the
number of methylene groups or the number of aro-
matic rings. Also, as observed by many workers
[40-42], there is a strong correlation between the
intercept in pure water and the slope of the curves
(Fig. 9). This correlation is forced on the system as
follows. All solutes have very small activity coeffi-
cients of the order of unity in a pure organic mobile
phase, whereas in water the activity coefficients are
very large and very different. As in water all solutes
start with large activity coefficients and end up with
similar activity coefficients in the organic solvent,
the slopes must correlate with the intercept.

For benzyl alcohol, phenol and aniline UNIFAC
predicted a minimum in plots of log K versus vol-
ume fraction of modifier. This is in fact observed for
these solutes in RPLC. Schoenmakers and co-work-
ers [34,42] have shown that log &k varies non-line-
arly with the volume fraction of organic modifier



TABLE 1

REGRESSION ANALYSIS OF EFFECT OF VOLUME
FRACTION ON HEXADECANE-AQUEOUS METHANOL
PARTITION COEFFICIENTS

The data are the results of regressing log K versus volume frac-
tion for the organic solvent in the aqueous mixture. The number
of data points is 11 in all regressions.

Solute Intercept” Slope” r

Benzene 3.32(3.30) 2.60(2.59) 0.9999
Toluene 3.97(3.96) 3.19(3.18) 1.0000
Ethylbenzene 4.48(4.45) 3.52(3.61) 0.9999
Propylbenzene  4.99(4.96) 3.93(3.91) 0.9999
Pentylbenzene 6.00(5.90) 4.73(4.71) 0.9999
Heptylbenzene  6.99(6.94) 5.54(5.51) 0.9999
Naphthalene 4.86(4.82) 4.04(4.02) 0.9998
Anthracene 6.35(6.29) 5.48(5.46) 0.9998
Benzyl alcohol 1.74(1.13) 2.82(2.73) 0.9889
Phenol 0.23(0.30) 1.34(1.35) 0.9959
Chlorobenzene  4.10(4.13) 3.35(3.37) 0.9999
Aniline 0.99(1.14) 1.21(1.13) 0.9611

® The numbers in parentheses are the intercepts and slopes for
lines connecting end-points.

(®,). The curvature is more pronounced for a less
polar organic modifier and even in methanol-water
the curvature is readily apparent if & data are col-
lected over a sufficiently wide range of ¢,. For a
given mobile phase system, the curvature is general-

TABLE II

REGRESSION ANALYSIS OF EFFECT OF VOLUME
FRACTION ON HEXADECANE-AQUEOUS ACETONI-
TRILE PARTITION COEFFICIENTS

Data calculated as in Table 1.

Solute Intercept Siope r

Benzene 3.36(3.30) 2.92(2.89) 0.9989
Toluene 3.99(3.96) 3.50(3.48) 0.9999
Ethylbenzene 4.50(4.45) 3.79(3.76) 0.9998
Propylbenzene 5.01(4.96) 4.17(4.13) 0.9998
Pentylbenzene 6.01(5.96) 4.93(4.88) 0.9999
Heptylbenzene  7.00(6.94) 5.69(5.63) 0.9999
Naphthalene 4.92(4.82) 4.49(4.44) 0.9994
Anthracene 6.42(6.29) 6.07(6.00) 0.9993
Benzyl alcohol  1.80(1.93) 2.82(2.73) 0.9922
Chlorobenzene  4.15(4.13) 3.64(3.63) 0.9999
Aniline 0.83(1.13) 1.74(1.41) 0.8855
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TABLE 111

REGRESSION ANALYSIS OF EFFECT OF VOLUME
FRACTION ON HEXADECANE-AQUEOUS TETRA-
HYDROFURAN PARTITION COEFFICIENTS

Data calculated as in Table 1.

Solute Intercept Slope ¥
Benzene 3.29(3.30) 3.30(3.31) 0.9999
Toluene 3.94(3.96) 3.92(3.93) 0.9999
Ethylbenzene 4.42(4.45) 4.37(4.38) 0.9999
Propylbenzene  4.92(4.96) 4.86(4.88) 0.9999
Pentylbenzene 5.89(5.96) 5.86(5.87) 0.9998
Heptylbenzene  6.85(6.94) 6.84(6.86) = 0.9997
Naphthalene 4.80(4.82) 4.91(4.92) 0.9999
Anthracene 6.25(6.29) 6.52(6.53) 0.9999 .
Benzyhalcohol 1.57(1.93) 2.62(2.54) 0.9544
Chlorobenzene  4.09(4.13) 4.16(4.18) 0.9999

6.00
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o 4.00+4
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o
b3.001
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o
1.00 t t 4 t
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intercept

Fig. 9. Plot of slope versus intercept in the regression of effect of
volume fraction on hexadecane-aqueous methanol partition
coefficients. Data from Table 1.

ly more pronounced for more polar solutes and a
minimum is observed for a solute such as phenol
which strongly associates. The predictions by UNI-
FAC is in agreement with the experimental obser-
vations.

CONCLUSIONS

As has been shown, UNIFAC is fairly useful in
explaining a wide variety of issues of general impor-
tance in chromatography such as the prediction of
elution order of polar versus non-polar compounds
and the relative strengths of solvents in all types of
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chromatography. It is, however, not accurate
enough to be useful for the quantitative prediction
of retention.
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ABSTRACT

The desirability function, a multi-criterion decision-making method proposed by Derringer, was investigated to optimize different
chromatographic performance goals. This function is a measure of overall quality and provides a convenient means to compare several
chromatograms obtained by high-performance liquid chromatography (HPLC) and to select the separation with the most desirable
properties. Other solutions to the problem of multi-criteria optimization in HPLC, such as the Pareto-optimality, chromatographic
response functions and combined threshold criteria are compared with the proposed method, and the advantages and disadvantages of

each are discussed.

INTRODUCTION

The optimization of strategies for high-perfor-
mance liquid chromatography (HPLC) requires
criteria to decide whether one chromatogram is

superior to another. The selection of suitable criteria *

to achieve an optimum judgement may vary consid-
erably from one example to another, according to
the different goals that have to be met in the
optimization process. This selection procedure is not
clearly defined and an expert system has been
proposed [1] to assist in it. Often a compromise
between conflicting goals, such as maximizing the
separation while minimizing the analysis time, has to
be found. Balancing these goals against each other
should result in the most acceptable solution to the
optimization problem. Chromatographic optimiza-
tion may therefore be considered as a multi-criterion
problem. This paper reports an exploration of
Derringer’s desirability function [2], an approach
from multi-criterion decision-making (MCDM), a
branch of operations research, to tackle this
chromatographic problem.

0021-9673/91/$03.50 ©

THEORY

One type of problem, which resembles the multi-
criterion problem, arises in HPLC when a global
separation criterion, i.e., a criterion describing the
separation between more than one pair of sub-
stances is to be developed. A well known approach
was given by Drouen er al. [3]. They proposed using
the calibrated normalized resolution product r*,
which is defined as

n—1

rt= I (R, [R) (D
i=0

where

. n—1

RS = (1/)’1) p2 Rsi‘i+1 (2)

i=0
Rs,,. 1s the resolution between the ith and (i + 1)th

peak and # is the number of peaks.

The aim of r* is to achieve an equal distribution of
peaks over the chromatogram. A very different
method, with the same aim of obtaining an even

1991 Elsevier Science Publishers B.V. All rights reserved
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distribution of peaks, was proposed by Mazerolles et
al. [4]. This method is based on information theory.

The problem becomes more difficult when criteria
of a very different and nearly always conflicting
nature are to be included, such as separation quality
and time. In HPLC, there have been attempts to
solve this problem using several different methods.
The earliest approaches were modifications of
Morgan and Deming’s chromatographic response
function (CRF) [5-9]. Such response functions con-
sist of a factor related to time and another factor
which describes the separation quality:

CRF = “separation factor” + X“time factor” (3)

where X is a weighting factor.

If the sample consists of a mixture of an unknown
number of components, new peaks may be discov-
ered during optimization. In the response functions
proposed by Wright et al. [10] and by Berridge [11], it
is possible to consider simultaneously the resolution,
time and number of peaks detected.

A time-separation quality compromise may also
be achieved with a threshold approach [9,12-16].
First, using resolution-based criteria, solutions are
defined where all the peaks are considered to be
sufficiently separated, i.e., they have at least a min-
imum resolution. From the set of acceptable solu-
tions, that with the optimum analysis time is
selected.

Another method of simultaneously optimizing
different criteria, proposed by Smilde and co-
workers [17-19] uses the concept of Pareto-opti-
mality. This approach fits in with what is usually
considered as MCDM by operations research spe-
cialists. Smilde and co-workers considered the min-
imum resolution as a measure of separation and the
maximum capacity factor as a measure of analysis
time. In the available factor space, the capacity
factors of each solute can be predicted at any point
using a model obtained from an experimental design
plan. All predicted criteria values at each solvent
composition are presented in a two-dimensional
picture. The next step consists in establishing the
Pareto-optimal points. A point is called Pareto-
optimalif there exists no other experiment which has
a better result on one criterion without having
a worse result on another. There are usually several
Parcto-optimal experiments and the advice of an
expert will be necessary to decide which of the points
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is preferable. Software for this application has been
published [20] and a commercial version of the
software is available [21].

In summary, the multi-criterion nature of chro-
matographic evaluation and optimization has been
studied in three different ways, namely the weighted
or unweighted summation of criteria, the threshold
approach of finding a region acceptable from the
point of view of one criterion and then optimizing
the other, and the Pareto-optimality method.

As far as is known, all such methods have been
limited to the simultaneous optimization of two
types of criteria, and it is not difficult to think of
additional criteria such as the detection limit and
asymmetry of the peaks. It was investigated whether
methods could be developed that included more
than two different types of criteria. Operations
research has for a long time studied the problem of
MCDM and a literature search revealed that several
such methods could be applied to optimization in
chromatography. The approaches which seemed to
be the most promising were the already described
Pareto methodology, PROMETHEE, a method
developed by Brans and Vincke [22] for finding
optimal locations, and the desirability function
approach of Derringer and Suich [2]. The applica-
tion of PROMETHEE to a chemical experimental
design method has already been described [23]. The
Derringer method does not seem to have been

* studied at all and this work investigated whether it

could be of use in the optimization of HPLC. This
mathematical model, first presented by Harrington
[24], but put into a more general form by Derringer,
was used originally to optimize quality in product
development (Derringer’s application is about the
multi-criterion optimization of a tyre tread com-
pound) and is probably the most widely used
approach to MCDM in that field. Tt is based on the
transformation of the measured properties to a di-
mensionless desirability scale for each criterion, so
that values of several properties, obtained from
different scales of measurement, may be combined.
The desirability scale ranges between d = 0, corre-
sponding to a completely udesirable level of quality,
to d = 1, which indicates an ultimate level of quality
beyond which further improvements would have no
value.

To transform the individual criteria into desirabil-
ity values, two types of transformation are possible,
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Yi

5 20 Y

Fig. 1. Possible one-sided transformations of response variables
Y; into desirability values d;. (a) Resolution; (b) retention times
and asymmetry factors.

a one-sided and a two-sided transformation. In the
one-sided transformation, the response variables ¥;
(i=1,2,..., k, where k is the number of response
variables), are transformed to the d-scale with the
following equations (see also Fig. 1):

d,' == 0 lf YL' < Yi(-.)

Y-y Y
di = <W> if Y,'(_) < Yi < Yi(+) (4)

di = 1 if ¥, > v

where Y{7) is the minimum acceptable value of
criterion ¥; and Y{*) is the value beyond which
improvements would serve no useful purpose. Both
values have to be selected by the user. When

separating two substances, for instance, it might be .

decided that R, < 0.5 is of no use, whereas
increasing R, beyond 2.0 would bring no further
gain. Therefore, d = 0 for R, < 0.5 = Y{7),
d=1for R, > 2.0 = Y{" and a value in between is
given for 0.5 < R, < 2.0 (Fig. 1a). The selection of
a suitable value of r offers the user flexibility in the
definition of desirability functions. Consider
Fig. 1b. Suppose the highest acceptable retention
time is 20 and it is not considered of interest that the
time required should be less than 5. The most
obvious way of giving a desirability value to times
between 5 and 20 is by drawing a straight line
between those two points. This is equivalent with
r = lineqn. 5. It may be reasoned that all times
higher than 5 make the separation much less desir-
able and this would lead to a curve such as that
obtained with r = 3. On the other hand, it might be
reasoned that anything less than 20 becomes rapidly
more desirable and this would then require a desir-
ability function such as that with r = 0.3. Itis up to
the user to decide. In practice, the user is asked to
estimate how desirable certain responses are (for
instance, t = 8, 12, 15), and then to decide on ¥, SO
that the resulting desirability function fits the given
desirabilities as well as possible.

It is possible that the most desired values are not
beyond a certain limit, but are in between. In that
instance a two-sided transformation is required,
which is given by:

i Yi(—) *
¢=<£——~>ifﬂ”<nsq

C; — Yi(_)
Y, — YO\

d,=<m> if Ci<Y,'<Yi(+) (5)
¢ — Iy

di = O lf Y,' < Yi(_) or Yi > ),,'(+)

where c; is a target value that can be selected
anywhere between Y{~) and Y{*). Consider Fig. 2.
Suppose the highest acceptable retention time again
is 20, but retention times should not be less than
5 (for instance, in a separation with a large solvent
peak) and that, preferably, they should be around
10. If retention times smaller than ¢, make the
separation less desirable, this would lead to a curve
such as that obtained with s = 3. If any time above c;
but below Y{*) is almost as desirable as any other
time between ¢; and Y{*), a desirability function is
required such as that with ¢+ = 0.3; s and ¢ thus play
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Fig. 2. Possible two-sided transformations of response variables
Y, into desirability values d;.

the same role as r and allow a compromise to be
found between two extremes.

In a second step the overall quality D is calculated
by combining the desirability values obtained for the
different criteria by using the geometric mean:

D = (dy-dy - d)*

If one of the properties has an unacceptable value
(that is, if d = 0), the overall product will also be
unacceptable (resulting in D = 0), regardless of the
value of the remaining properties. On the other
hand, if all the properties are acceptable, the value of
D will fall in the interval [0,1] and will increase with
increasing d-values. It should be noted that the last
step is similar to the solution proposed by Drouen et
al. [3] to obtain global separation criteria.

RESULTS

To study the application of the desirability func-
tion in chromatography, it was applied to the
selection of a chromatogram with the most desirable
combination of three types of response, namely
separation quality, analysis time and peak asym-
metry.

The resolution between peaks (R,) is used as the
measure of separation. This means that (n — 1)
resolution values are determined between successive
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pairs of n substances. Alternatively, R, , the lowest
resolution value observed in the chromatogram, and
r* are also used. This does not mean that the
resolution parameters are considered to be better
parameters to quantify separation than, for in-
stance, a-values or peak-to-valley ratios. The object
of the study is to demonstrate the feasibility of the
desirability function approach.

The retention time of the last peak is used as
a measure of the analysis time and a maximum
acceptable value has to be specified above which any
result would be considered unacceptable.

Asymmetry factors (4,) are taken into considera-
tion because severe band tailing and broad peaks
may cause inferior chromatograms. In the optimiza-
tion of a reversed-phase separation of a mixture
containing basic drugs, asymmetry often occurs. A
is calculated as the ratio of the leading half of the
peak to the trailing half, measured at a peak height
of 0.1. Values of asymmetry factors have to ap-
proach as closely as possible the optimum value of 1.
In theory, the opposite phenomenon of tailing is
possible and could lead to values below 1. In
practice, this does not often happen and it was not so
in this application. If it were to occur, a two-sided
transformation of A, to d-values would be needed.

Asan application, the optimization of an artificial
mixture containing diazepam, papaverine, pheno-
barbital, amitriptyline, triamterene and flufenamic
acid was studied. The mobile phase compositions,
mixtures of methanol and phosphate buffer, are
given in Table I. Two variables, the pH and the

TABLE I

MOBILE PHASE COMPOSITIONS AND NUMBER OF
OBSERVED PEAKS IN THE CHROMATOGRAMS

The numbers refer to Fig. 3.

Chromatogram  Fraction of pH of Number of
No. methanol (%) buffer peaks
3a 30 3.0 5

3b 39 3.0 5

3c 21 3.0 5

3d 30 2.0 4

3e 39 5.0 5

3f 30 6.0 5

3g 30 4.0 6

3h 21 5.0 6

3i 27 5.4 6
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volume percentage methanol of the mobile phase,
were optimized. The upper pH limit was set at
6 because, for amitryptiline, the retention time
becomes too high at higher pH values. The lower pH
limit was set at the limit of stability of the stationary
phase, namely at pH 2 [25]. The volume percentage
of organic modifier was varied between 20 and 40%.
To scan the factor space defined in this manner, the
solutes were chromatographed under conditions
determined by seven points located in the factor
space according to a two-factorial Doehlert design
[26,27]. The results are shown in Fig. 3b-h. From
those results and an initial “first guess™ run (Fig. 3a),
a ninth set of experimental conditions was derived.
The result is shown in Fig. 3i. The values of the
response variables are given in Tables IT-VI.

The minimum [ ¥{~] and maximum [ Y{*)] accept-
able values of the response variables, Y;, are givenin
Table VII.

In general, a good separation between peaks is
considered to correspond to a resolution of 1.5. For
the one-sided transformation, Y{™ was set at 0.5
and Y{*) at 2.5. It might be argued that this is

W

a b [4

a rather wide interval and, in fact, this is true.
However, as this is a first application, it was
considered more important to demonstrate the
feasibility and principle of the method than to define
carefully the different boundaries for practical work.
For r*-values, which range between 0 and 1, Y{*
was set equal to 0.95, because, in practice, ideal
chromatograms showing r* = 1 will be rare, and
0.95 would be completely acceptable. Minimum
acceptable values of 0.05 and 0.005 were selected in
the comparison of chromatograms with five or six
peaks, respectively.

For demonstration purposes it was necessary to
study a situation where A factors are of importance
to the quality of the chromatogram and the separa-
tion conditions were chosen so that a high asym-
metry occurs in some of the chromatograms. For
that reason, the normal chromatographic require-
ments were relaxed and the A, value for which

= 0 was set to 3.

For retention times, as has been explained, a
linear function seems the most obvious to transform
the response values into desirability values. For

T T +

10MIN O

T
20 MIN

(Continued on p. 16)
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Fig. 3. Chromatograms following the Doehlert design (b-h), the expected “optimum” chromatogram (i) and a “first guess” run (a) of
a sample containing six solutes. Peaks: 1 = diazepam; 2 = papaverine; 3 = phenobarbital; 4 = amitriptyline; 5 = flufenamic acid;

6 = triamterene.

separation criteria and asymmetry factors it is not so
obvious whether a linear function should be applied
and r-values have to be selected depending on the
problem. If, for instance, a good separation is
considered very important, large values of r have to
be selected. This means that any resolution that is

a little less than the target value Y{™ will lead to
a rapid decrease in d-values. In this work r was set
equal to several values to demonstrate its effect
(Tables VIII and IX).

For chromatograms containing less than six
peaks, D-values equal zero because at least one
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TABLE II

ASYMMETRY FACTORS OF CHROMATOGRAMS WITH
SIX PEAKS

TABLE VI

RESOLUTIONS OF CHROMATOGRAMS WITH FIVE
PEAKS

Peak 3g 3h 3

[ 1.20 1.17 0.86
2 0.83 1.00 1.60
3 1.00 0.67 1.00
4 2.50 3.30 2.92
5 2.25 0.73 0.64
6 1.25 0.75 0.89

TABLE III

RESOLUTIONS OF CHROMATOGRAMS WITH SIX
PEAKS

Peak 3g Peak 3h 3i
pair pair

3-6 0.744  3-6 222 2.35

62 4.08 6-5 3.99 2.47
2-1 1.97 5-1 1.62 2.34
1-5 1.40 1-2 1.71 3.58
54 1.71 24 2.30 1.6l
TABLE IV

RETENTION TIME OF THE LAST PEAK (s,) AND CAL-
IBRATED NORMALIZED RESOLUTION PRODUCT (+*)

Y, r*

3a 103 0.287
3b 5.75 0.014
3c 160 0.242
3e 7.52  0.196
f 185 0.083
3g 116 0.010
3h 193 0.025
3 156 0.0418
TABLE V

ASYMMETRY FACTORS OF CHROMATOGRAMS
WITH FIVE PEAKS

Peak 3a 3c Peak 3e 3f

1 1.25 1.67 1 1.70 1.00
2 1.33 1.00 2 1.20 2.71
3-6 1.00 0.75 3 0.75 0.83
4 0.75 2.17 4 1.50 4.66
5 0.75 2.54 5-6 0.80 1.00

Peak 3a 3b 3c Peak 3e 3f
pair pair

3,62 210 1.25 3.56 3-5,6 1.08 1.76
2-1 3.18 1.69 2.09 5, 6-1  1.37 2.70
14 4.41 2.31 4.47 1-2 2.20 5.84
4-5 0.893  0.655 1.15 2-4 2.54 2.39
TABLE VII

MINIMUM [Y{] AND MAXIMUM [Y{*] ACCEPTABLE
VALUES OF THE RESPONSE VARIABLE Y; FOR ASYM-
METRY FACTORS (4,), RESOLUTION (R,), MINIMUM
RESOLUTION (R, ), CALIBRATED NORMALIZED
RESOLUTION PRODUCT (r*) AND RETENTION TIME
OF THE LAST PEAK (1) '

Response A, Ry R, r* t
variable

Yy 3.00 2.50 2.50 0.95 20.00
Yo 1.20 0.50 0.50 0.05 or 0.005 5.00

resolution is unacceptable. The chromatogram in
Fig. 3h has D = 0 and is ruled out because of the
excess tailing of amitriptyline. Treating the three
types of responses in the same way with r = 1 in the
one-sided transformation, the chromatogram of
Fig. 3g is marginally better than that of Fig. 3i
(Table VIII). Emphasizing departures from target
values for the analysis time compared with separa-
tion criteria and asymmetry factors, by setting
r = 3 for the retention time of the last eluted peak,
results in a preference for Fig. 3g, where the six
components are separated in an analysis time 4 min
shorter. If, however, larger values of r are applied for
the resolution or for resolution-based criteria, the
chromatogram in Fig. 3i is clearly preferred to that
in Fig. 3g. '

Although chromatograms exhibiting six peaks
represent better experimental conditions, the five
chromatograms with five peaks were also compared.
Purely as a further exercise, it was supposed that
they were chromatograms of only five substances
and Derringer’s method was applied to decide which
of the chromatograms with five peaks was the best.
Five such chromatograms were obtained. The chro-
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TABLE VIII

VALUES OF r FOR RESPONSE CRITERIA AND CAL-
CULATED D-VALUES OF CHROMATOGRAMS WITH
SIX PEAKS

r D

A R, R, r* I 3i 3g
1.0 1.0 — — 1.0 0.63 0.58
1.0 1.0 ~ - 3.0 0.52 0.53
1.0 3.0 — — 1.0 0.56 0.31
1.0 0.5 — - 1.0 0.66 0.65
1.0 0.3 — — 1.0 0.65 0.66
1.0 — 1.0 — 1.0 0.52 0.54
1.0 — 1.0 - 3.0 0.38 0.47
1.0 - 3.0 - 1.0 0.45 0.32
1.0 — 0.5 - 1.0 0.54 0.59
1.0 — 0.3 — 1.0 0.54 0.65
1.0 — - 1.0 1.0 0.37 0.37
1.0 — - 1.0 3.0 0.27 0.32
1.0 — — 3.0 1.0 0.17 0.10
1.0 - — 0.5 1.0 0.46 0.51
1.0 — — 0.3 1.0 0.49 0.58

matogram in Fig. 3f shows 4 > 3, leadingto D = 0.
The chromatogram in Fig. 3b also leads to D = 0 as
a result of the very poor resolution between peaks 4
and 5.

If all r values are set equal to 1, the chromato-

TABLE IX

VALUES OF r FOR RESPONSE CRITERIA AND CAL-
CULATED D-VALUES OF SOME CHROMATOGRAMS
WITH FIVE PEAKS

r D

As R, R, . f 3a 3c 3e
1.0 1.0 - — 1.0 0.79 0.60 0.77
1.0 1.0 - - 3.0 0.72 0.46 0.74
1.0 5.0 — — 1.0 0.38 0.35 0.31
1.0 0.3 — — 1.0 0.90 0.66 0.90
1.0 0.5 - - 1.0 0.86 0.64 0.86
1.0 - 1.0 - 1.0 0.73 0.50 0.79
1.0 ~ 1.0 — 3.0 0.65 0.34 0.75
1.0 - 5.0 — 1.0 0.29 0.26 0.39
1.0 - 0.3 — 1.0 0.86 0.56 0.90
1.0 — 0.5 - 1.0 0.82 0.54 0.87
1.0 — - 1.0 1.0 0.77 0.47 0.73
1.0 - — 1.0 3.0 0.68 0.32 0.69
1.0 - — 5.0 1.0 0.36 0.19 0.25
1.0 — - 0.3 1.0 0.88 0.55 0.87
1.0 - — 0.5 1.0 0.83 0.52 0.84
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grams in Fig. 3a and e best fulfil the postulated
requirements (see Table IX). If, however, a short
analysis time is the most important and a large value
of r is selected for the retention time, the resulting
D-values lead to a preference for the chromatogram
in Fig. 3e, with a 2-min shorter run, over that in Fig.
3a, although the peaks are better separated in the
latter chromatogram.

If large values of r are selected for the resolution,
the D-value for Fig. 3a is clearly better than that for
Fig. 3¢, and both are more desirable than Fig. 3e. If
the value of R, is used to quantify the separation,
Fig. 3e is preferred to Fig. 3a. The fact that R, _has
the highest value reveals nothing about the remain-
der of the chromatogram: except for the minimum
resolution nearly all the other resolution values of
Fig. 3a are higher than for Fig. 3e. If r* is used as the
separation criterion, Fig. 3a has the highest value of
the overall quality. Further research is needed to
decide with more certainty, but it seems that using
the separate R;-values is more indicated, as Ry
loses some information and to a large extent
achieves the same as D with the separate R;-values.

DISCUSSION

Derringer’s desirability function has been intro-
duced to chromatography to compare several chro-
matograms and select that with 'the most desirable
combination of properties. This MCDM model has
been shown to be convenient for the simultaneous
optimization of three chromatographic perfor-
mance goals and it should be possible to also apply it
to the optimization of a still larger set of varying and
opposing properties. The overall desirability func-
tion should also offer the possibility of using re-
sponse surface methods to search for an optimum
set of experimental conditions, or to restrict the
factor space to one or more regions where a desirable
combination of different aspects is achieved.

It is difficult to conclude at this stage which of the
MCDM methods is to be preferred. More work with
the different approaches is needed to achieve this.

For practical separations where it is justified to
use only R, and time as the criteria, the threshold
approach seems the easiest to perform. The compar-
ison does not include subjective elements, as is also
true in all other evaluation methods. It might be
argued that this completely eliminates the experi-
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ence of the user and, certainly, it is not easily feasible
to include additional criteria.

The essential difference between the Pareto-opti-
mal method and the CRF/COF and Derringer
approaches is that the former does not need a priori
decisions about weighting one criterion against the
other, whereas the latter do. The Pareto-optimal
method is easy to understand and should be better
known by the chromatographic community. This
procedure offers the important advantage that the
pay-off between the two criteria can be seen, allow-
ing the analyst to evaluate quantitatively the loss in
resolution against the gain in analysis time. In
situations where the goals are not khown, this seems
to be the better method. It can be applied with a few
more than two variables, but it then loses much of its
appealing simplicity. It is not an objective method,
as the final selection is made subjectively by an
expert and not mathematically. As long as a real
expert is available this is not a disadvantage and the
method is a good tool for an expert who wants to
know what are the best options available, before
making a selection.

The CRF/COF method and the Derringer meth-
od are both subjective methods in the sense that
weighting factors have to be selected for the former
and a desirability function for the latter. The fact
that a desirability function needs to be established
does have advantages: it is necessary to formulate
clearly a target and how departures from that target
will be evaluated. The fact of doing this is in itself
a very useful exercise. This way of thinking fits in
well with the total quality concept, which has
become so important in many applied laboratories.
If the desirability function is well designed, then the
Derringer approach should function well. It is much
less clear what the exact meaning of the weighting
factors in the first approach is, and it is concluded
that of the two the Derringer method is to be
preferred. The Derringer method is also the only
method for which it is easy to incorporate more than
two variables.

The Derringer method is not affected by peak
cross-overs, because the identity of the peaks need
not be known, at least in those situations where it is
considered necessary to separate all substances.
When new peaks may emerge during the optimiza-
tion process, this means that for the chromatograms
with a smaller number of peaks the desirability

function will be updated to zero, because one
resolution was below the threshold, where it begins
to have a non-zero desirability.

In summary, it is concluded that the threshold
method, the Pareto-optimal method and the Der-
ringer approach, as introduced here, all have their
advantages and that the decision on which method
to use depends on the problem and the availability of
chromatographic expertise.
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ABSTRACT

Conventional high-performance liquid chromatographic columns are built up of small, uniform beads. The preparation of the
columns involves many expensive and cumbersome steps. This paper describes a simpler method, which is not based on the use of
preformed beads. The chromatographic bed consists of a compressed gel plug with intercommunicating “channels”, the “walls” of
which are impermeable to proteins. The gel bed is formed in one step: a monomer solution, including ligands, is polymerized in the
chromatographic tube under such conditions that the polymer chains aggregate into bundles, for instance, by hydrophobic interaction
[the voids (“channels”) thus created between the polymer bundles, are large enough to permit passage of eluent]. The gel plug is then
compressed 10-15 fold, which decreases the average diameter of the “channels”. The gel bed formed shows a resolution that, at
constant gradient volume, is independent of or increases with an increase in flow-rate, a property that it shares with a compressed,
non-porous agarose bed. The potential of a continuous gel bed has been previously illustrated by a cation-exchange chromatography
experiment. This paper gives details of the preparation of this cation-exchanger, as well as of beds for anion-exchange and hydrophobic-
interaction chromatography. The usefulness of the beds is demonstrated by the separation of model proteins on columns with the
diameters of 6 and 0.3 mm. For the micro column both on- and off-tube detection were used. In the latter procedure the protein zones
were transferred by a buffer flow to a conventional UV detector as they leave the gel bed, and then to a fraction collector. This detection
technique has the advantage that any detector and any flow-cell for high-performance liquid chromatography can be used. The sample
becomes diluted, but the resolution and the sensitivity are about the same as those obtained with standard micro-flow-cells (the same
technique has been used successfully for micro-preparative high-performance capillary electrophoresis). A new method of preparing
salt gradients for micro columns is presented.

INTRODUCTION

The preparation of a chromatographic bed in-
volves many steps: the preparation of the beads;
washing to remove the suspension medium; sieving
or elutriation of the beads to a uniform size (if they
are not made monodisperse in the first step); deriva-
tization; packing the column; and testing for bed
homogeneity by measurement of plate numbers.
This procedure is time-consuming and expensive.

We have recently described a considerably simpli-
fied method, which also has the potential to give a
more homogeneous bed than do conventional pack-
ing procedures and, consequently, higher resolution
[1]. The new method is based on polymerization of
the monomers (including ligands) directly in the
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chromatographic tube under such conditions that
“channels” are created in the polymer plug formed.
Following compression of the bed it is ready for use.
In a note on this new technique we described a
separation of proteins on a cation-exchanger [1].
The present paper deals with an extension of this
earlier study to anion-exchange and hydrophobic-
interaction chromatography (HIC), including ex-
periments on micro-columns with on- and off-line
detection. ‘

EXPERIMENTAL
Materials and apparatus

Electrophoresis-purity reagents [N,N’-methyl-
enebisacrylamide (BIS), ammonium persulphate,
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N,N,N’,N'-tetramethylethylenediamine (TEMED)]
and ammonium sulphate (HPLC grade) were ob-
tained from Bio-Rad Labs (Richmond, CA, USA);
N-allyldimethylamine from Fluka (Buchs, Switzer-
land); acrylic acid from Merck (Schuchardt, Ger-
many); and butyl acrylate from Aldrich (Steinheim,
Germany).

The HPLC pump (Model 2150), the LC controller
(Model 2152), and the recorder (Model 2210) were
from Pharmacia LKB Biotechnology (Bromma,
Sweden); and the UV monitor (Model 1306) from
Bio-Rad-Labs. The syringe pump for off-tube detec-
tion of proteins separated on the micro HIC column
(0.3 mm L.D.) was constructed by Mr. Per-Axel
Lidstrém and Mr. Hans Pettersson of this institute.
The stainless-steel tees were from Upchurch Scienti-
fic (Oak Harbor, WA, USA) and the PTFE tubing
(0.3 mm 1.D.) from Alltech (Deerfield, IL, USA).

The column tubes with 6 mm I.D. were made of
Plexiglas [2]. A fused-silica tubing with 0.3 mm I.D.
was purchased from SGE (Ringwood, Australia)
and employed as the micro column tube. The same
company supplied the 0.15-mm fused-silica tubing
attached to the micro-column for on-tube detection
of proteins in the eluate, and a 0.075-mm fused-silica
tubing for the introduction of buffer gradient and
sample. The design of the micro-column set-up is
outlined in Fig. 1. The devices for on- and off-tube
detection were the same as those we use routinely for
high-performance capillary electrophoresis (see refs.
3 and 4, respectively).

Column preparation

Preparation of continuous beds for anion- and
cation-exchange chromatography. N,N’-Methylene-
bisacrylamide (0.24 g) and N-allyldimethylamine
(0.12 ml) were dissolved, with stirring, in 9.5 ml of
0.01 M sodium phosphate (pH 6.4). The pH was
adjusted to 7 with 2 M HCl (ca. 400 ul). Ammonium
sulphate (0.5 g) and 100 ul of a 10% (w/v) aqueous
solution of ammonium persulphate were added.
Following deacration and addition of 100 pl of the
catalyst [a 5% (v/v) solution of TEMED] the
reaction mixture was poured into a 350 x 6 mm
I.D. column tube [the final concentration of N,N'-
methylenebisacrylamide was thus ca. 2.4% (w/v)].
After polymerization for 5 h, 0.01 M Tris-HCI (pH
8.5) was pumped into the column tube at a flow-rate
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Fig. 1. Block diagram of the micro-column set-up. | = HPLC
pump; 24 and 2b = zero dead-volume stainless-steel tees; 2¢ =
union (ref. 5); 3 = gradient PTFE tubing (500 x 0.3 mm 1.D.);
4 = 50-plsyringe; 5 = fused-silica tubing (150 x 0.075mm1.D.,
volume 0.64 ul) for the introduction of buffer gradient and
sample; 6 = stainless-steel nut (without bore); 7 = micro-
column (fused-silica tubing, 70 x 0.3 mm 1.D., containing the
compressed bed); 8 = post column (fused-silica tubing, 30 x
0.15 mm 1.D.) for on-line detection; 9 = on-tube detector; 10 =
syringe pump; 11 = off-tube detector; 12 = fraction collector;
v = valve.

of 0.5 ml/min. During this step the height of the gel
plug decreased continuously. The pumping was not
interrupted until the height became constant (ca 60
mm). The gel plug was then manually compressed
further with the aid of the upper piston. The final
height of the gel plug was 35 mm. The piston was
fixed at this position to prevent the gel plug from
expanding on eclution at lower flow-rates. The
compression thus decreased the height of the gel
plug 10-fold.

We have previously shown the usefulness of
continuous beds for the separation of proteins on a
cation exchanger [1]. The method for the prepara-
tion of the bed was similar to that described above.
The details were as follows. With stirring, 0.24 g of
N,N'-methylenebisacrylamide was dissolved in 10
ml of 0.05 M sodium phosphate (pH 6.8), which was
then supplemented with acrylic acid (0.005 ml),
ammonium sulphate (0.45 g) and 0.1 ml of a 10%
(w/v) aqueous solution of ammonium persulphate.
The polymerization was initiated by adding 0.1 ml of
a 5% (w/v) aqueous solution of TEMED to the
deaerated solution. This monomer solution was
poured into the column tube. Following polymeriza-
tion, the bed was compressed as described for the
anion exchanger.

Preparation of a continuous bed for hydrophobic-
interaction chromatography. With stirring, 0.48 g of
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N.N'-methylenebisacrylamide was dissolved in 20
ml of water. Following addition of 0.08 ml of
butylacrylate, 0.3 g of ammonium sulphate and 200
#lof a 10% (w/v) solution of ammonium persul-
phate, the mixture was deaerated and supplemented
with 200 ul of a 5% (w/v) solution of TEMED. Both
the 450 x 6 mm L.D. tube and the 600 x 0.3 mm
L.D. tube were filled with this catalysed monomer
solution, which was allowed to polymerize for 5 h.

The 6-mm diameter bed was compressed to a
height of 38 mm by pumping with a 0.01 M sodium
phosphate solution (pH 7.0) containing 2.5 M
ammonium sulphate, followed by manual pressing
down of the piston as described above for the
anion-exchange column.

The micro-column bed was prepared as follows. A
union (2¢ in Fig. 1) containing a metal frit (pore
diameter 2 um) was attached to the fused-silica
tubing containing the HIC bed (0.3 mm 1.D.) [3].
With the aid of the HPLC pump 1, the bed was
compressed at a flow-rate of 0.01 ml/min from a
height of 600 mm to 120 mm, and then further to 70
mm by increasing the pressure to 100 bar for 5 min.
At this stage the nuts 6 were screwed into the tees 2a
and 2b. The column tubing above the compressed
gel bed was cut off. The lower segment containing
the gel was coupled to the PTFE tubing 3 via the tee
2b.

The formation of small-volume salt gradients for
elution of the microcolumn

A 8.5-ml linear salt gradient was generated in a
10-ml cylinder (13 mm 1.D.) with the aid of the
HPLC pump. The gradient was formed from 2.25 M
ammonium sulphate in 0.01 M sodium phosphate
buffer (pH 7.0) (at the bottom) to 0.25 M ammo-
nium sulphate in the same buffer (at the top). Using
a marking pen, the cylinder was graduated from the
bottom into 17 equal sections. The distance between
two divisions thus corresponded to 0.5 ml. After
equilibration of the column bed by the pump I with
0.01 M sodium phosphate (pH 7.0) containing 2.25
M ammonium sulphate, the stainless-steel nuts (6 in
Fig. 1) in the tees 2a and 2b were replaced by a 50-ul
syringe 4 and a 0.6-ul tubing 5. Sodium phosphate
(0.01 M, pH 7.0) containing 0.25 M ammonium
sulphate was pressed into the gradient tubing 3 and
the tubing 5 with the aid of the HPLC pump 1. The
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valve v was then closed. The free end of the tubing 5
was immersed into the gradient, and 2 ul of the
solution at the centre of each section were taken up
with the 50-ul syringe 4 (starting with the top
section). The final volume of the gradient in tubing 3
wasthus2 x 17 = 34 ul(the volume of tubing 5 was
only 0.64 ul).

The free end of the tubing 3, now filled with 0.01
M sodium phosphate (pH 7.0) containing 2.25 M
ammonium sulphate, was dipped into the sample
solution, and I ul of the sample was taken up into the
tubing with the aid of the syringe 4. The tubing 5 was
then immersed into the equilibration buffer, and 2 yl
were taken up with the syringe 4 (the sample was in
this way introduced into the gradient tubing 3). The
syringe 4 and tubing 5 (with connecting nuts) were
replaced by the nuts 6. Valve v was opened and
pump 1 turned on. Since the minimum flow-rate of
the pump was 0.01 ml/min, the connection between
the pump 1 and the tee 2a was loosened until the
flow-rate in the column 7 was 0.001 ml/min.

The pore size in the “walls" of the “‘channels’ in the
gel bed

The porosity was studied by molecular-sieve
chromatography on the beds for both HIC and
anion-exchange chromatography (AEC) with stan-
dard proteins of different molecular weights dextran
2000 (M 2+ 10°) and sucrose as described for com-
pressed beds of nonporous agarose beads [6,7]. A
plot of elution volume against molecular weight
showed that the proteins and the dextran did not
penetrate the channel walls (sucrose probably pene-
trates only a thin surface layer, to judge from the
observation in Fig. 2 that its elution volume differs
only slightly from that of macromolecules).

Scanning electron microscopy of the continuous poly-
mer beds

Compressed continuous polymer beds for HIC,
AEC and cation-exchange chromatography (CEC)
were removed from the column tubes and frozen
immediately. Following freeze-drying, aliquots of
the beds were examined by scanning electron micro-
scopy. A micrograph of the HIC bed is shown in Fig.
3 (similar pictures were obtained for the AEC and
CEC columns).
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Fig. 2. Plot of elution volume (V) against the molecular weight
(M) of some standard solutes chromatographed on a continuous
bed. The figure illustrates that the “walls™ of the “channels™ in
the continuous bed are impermeable to proteins. (@) AEC
column (total volume 1.08 ml): (%) HIC column (total volume
LT ml).

The influence of the flow-rate on the resolution of the
AEC column at constant gradient volume

The bed (35 x 6 mm [.D.) was equilibrated with
0.01 M Tris- HCI (pH 8.5). The sample consisted of
20 pg of cach of the proteins myoglobin (M),
haemoglobin (H), ovalbumin (O), bovine serum
albumin (A) and R-phycoerythrin (P), dissolved in
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40 pl of the equilibration buffer. The desorption was
accomplished at the flow-rates 0.12, 0.25 and 0.50
ml/min by a 5.0-ml linear salt gradient generated
from the equilibration buffer and the same buffer
supplemented with 0.43 M sodium acetate (pH 8.5).
ty similar experiments were performed during 3
months on the same column without any change in
the appearance of the chromatograms, indicating a
good reproducibility and stability of the column.
The last run during this test period is presented in
Fig. 4.

A comparison between on-tube and off-tube detection
of proteins separated on the micro-column

The sample consisted of ca. 0.4 pg of cach of the
following proteins dissolved in | pl of the equilibra-
tion buffer: myoglobin (M), ribonuclease (R), oval-
bumin (0), a-chymotrypsinogen A (C) and R-
phycoerythrin (P). The separation of the proteins
was accomplished with a 35-ul negative, linear
gradient formed from 2.25 M ammonium sulphate
in 0.01 M sodium phosphate (pH 7.0) (the equilibra-
tion buffer), and 0.25 M ammonium sulphate in the
same phosphate buffer. The flow-rate was 1 ul/min.

For on-tube monitoring, the “*flow cuvette™ of the

10,m200kVU 177E3 006707 SE

Fig. 3. Scanning clectron micrograph of the continuous HIC polymer bed. The white bars represent a length of 10 um. If the micrograph
gives a true picture of the bed it is composed of “walls™ of aggregated particles and “channels™ between the aggregates in which buffer can
flow. (Preparation and photo: Leif Ljung, Department of Anatomy, University of Uppsala, Uppsala, Sweden).
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Fig. 4. Influence of flow-rate at constant gradient volume on the
appearance of the chromatograms obtained by AEC on a
continuous bed. The sample (40 ul) contained 20 ug each of the
proteins myoglobin (M), haemoglobin (H), ovalbumin (O),
albumin (A) and phycoerythrin (P). Bed dimensions, 38 x 6 mm
LD.; gradient, from 0 to 0.43 M sodium acetate in 0.01 A
Tris-HCI (pH 8.5). A 5-ml gradient was used at the flow-rates
0.50,0.25 and 0.12 ml/min. The figure shows that the resolution is
independent of the flow-rate.

detector 9 consisted of a 30 x 0.15 mm LD.
fused-silica tubing 8 attached to the outlet of the
micro-column 7 (see Figs. 1 and 5a). For off-tube
monitoring, the flow-through cell (volume 8 ul; light
path 10 mm) in the Bio-Rad Model 1306 HPLC UV
detector (11 in Fig. 1) was used (Fig. 5b). The
cross-flow solution, 0.01 M sodium phosphate (pH
71.0), was delivered from the syringe pump 10 at 0.06
ml/min.

RESULTS AND DISCUSSION

A comparison of Fig. 4 with Fig. 7a in ref. 11
indicates that the resolution of proteins on com-
pressed continuous beds is about the same as that on
compressed beds of the high-resolving non-porous
agarose beads [2,6,7,11]. In view of this high resolu-
tion of the continuous beds, in combination with the
very low cost and ease of preparation (which also
makes them attractive for fractionation on a large
scale), some readers may be interested in using such
beds. Therefore, we have described in detail both
the preparation and the handling of the columns.

25

e &
10 20 30 (min)
a b

Fig. 5. Micro-column HIC with on-tube (a) and off-tube (b)
detection. Bed dimensions, 70 x 0.3 mm LD. The sample
contained 0.4 ug each of the proteins myoglobin (M), ribonucle-
ase (R), ovalbumin (O), a-chymotrypsinogen A (C) and phyco-
erythrin (P). Sample volume, 1 ul. A linear 35-4l gradient from
0.01 M sodium phosphate (pH 7.0), containing 2.25 M ammo-
nium sulphate, to 0.01 M sodiuvm phosphate (pH 7.0), containing
0.25 M ammonium sulphate, was used at a flow-rate of 1 ul/min.
The principle of the on- and off-tube detection is given in Fig. 1.
The syringe pump 10 (see Fig. 1) delivered 0.01 M sodium
phosphate buffer (pH 7.0) at a flow-rate of 60 ul/min.

———
0 10 20 30 (min)

Studies in progress are aimed at further improve-
ment of the chromatographic properties.

Fig. 3 indicates that the continuous beds are built
up of “walls” of aggregated polymer particles
(diameter ca. 0.5 ym) and “channels” (diameter 34
um) between the aggregates. However, some caution
is warranted in deducing the structure of the bed
from the photo, since the preparation of the bed for
microscopy may have changed its appearance. For
instance, the observed “channel” diameter may be
larger than the actual one [9,10].

Since the “walls” of the “channels” do not permit
passage of proteins (Fig. 2) it is not surprising that
the beds, after compression, resemble the com-
pressed non-porous agarose beds [6-8] in the sense
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that the resolution at constant gradient volume is
independent of the flow-rate or even increase with
an increase in flow-rate (see Fig. 4 in this paper and
Fig. 1 in ref. 1). This characteristic and highly
desirable feature will be discussed in a forthcoming
paper.

The addition of ammonium sulphate to the mono-
mer solution served to increase the hydrophobic
interaction between the polymer chains formed and
thus to create “channels” between them (the mono-
mer should not be too hydrophilic). There are,
however, other possible ways to design continuous
beds, involving, for instance, the use of (mixtures of)
organic solvents to fit the polarity (hydrophobicity)
of the monomers and the polymers formed. By
carefully tuning the experimental conditions it is
undoubtedly possible to prepare more rigid and
homogeneous continuous beds than those described
herein and in ref. 1, thus increasing the efficiency of a
column.
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ABSTRACT

A porous hollow-fibre membrane containing L-phenylalanine as a pseudo-biospecific ligand has been prepared by radiation-induced
grafting of glycidyl methacrylate onto polyethylene microfiltration hollow fibre, followed by coupling of the produced epoxide group
with L-phenylalanine. The remaining epoxide group was hydrolysed into a diol group with sulphuric acid. The L-phenylalanine and the
diol group acted in a complementary way as a pseudo-biospecific ligand and a hydrophilic group, respectively. The adsorption capacity
of bovine gamma globulin on the resulting porous adsorbent could be determined by the specific surface area of the adsorbent when the

ligand was in excess over the protein.

INTRODUCTION

When one molecule of an affinity pair is immobi-
lized on a solid support, the resulting material is
called an affinity adsorbent capable of separating
the other molecule specifically from a complex solu-
tion. The separation technique using the affinity ad-
sorbents has been applied to the purification and
concentration of diluted and valuable proteins from
bioprocess fluids [1], and to the removal of undesir-
able proteins from human plasma [2]. Of various
kinds of affinity adsorbent, those based on agarose
gel beads have been widely used on a laboratory
scale. Since agarose retains water at the ratio of 40 g
of water per gram of dry agarose, wet agarose gel is
highly hydrophilic. Thus, agarose gel has the ad-
vantage that proteins will not adsorb on it non-se-
lectively. A great number of studies have been re-
ported concerning agarose-based affinity chromato-
graphy [3,4]. However, the relationship between
protein adsorption capacity and the ligand density

0021-9673/91/$03.50  ©

or specific surface area of the agarose-based affinity
adsorbents is not déﬁned, because of the difficulties
of varying the ligand density over a wide range and
determining the specific surface area in the wet state
for the agarose gel.

We have suggested a novel method of introduc-
ing functional groups into a porous polyethylene
hollow-fibre membrane [5,6]. This method is effec-
tive in that the functionality can be easily intro-
duced into the porous matrix at a given density by
selecting the reaction conditions of preparation.

The objectives of our study are two-fold: (1) to
prepare the porous adsorbent containing a hydro-
phobic amino acid as a pseudo-biospecific ligand,
and (2) to correlate the protein adsorption capacity
of the porous adsorbent with its ligand density and
specific surface area. In this study, L-phenylalanine
and bovine gamma globulin were selected as ligand
and protein, respectively. L-Phenylalanine has been
used as a ligand for the isolation of tRNA ligase [7]
and chorismate mutase/prephenate dehydratase [8]
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from E. coli, and for the purification of human IgA
from serum [9].

EXPERIMENTAL

Preparation of L-phenylalanine-containing mem-
brane

Fig. 1 shows the preparation process for the ad-
sorbent containing L-phenylalanine as a pseudo-
biospecific ligand. Commercially available porous
polyethylene hollow fibre (Asahi Chemical Indus-
try) was used as the trunk polymer for grafting. The
inner and outer diameters of the hollow fibre were
0.62 and 1.24 mm, respectively. Reagent-grade gly-
cidyl methacrylate (GMA) was purchased from To-
kyo Kasei Industry and was used without further
purification. L-Phenylalanine (L-Phe) was pur-
chased from Wako Pure Chemical Industry.

The hollow fibre was irradiated by an electron
beam 2t ambient temperature in a nitrogen atmo-
sphere. Immediately after irradiation, the hollow
fibre was exposed to a vapour of deaerated GMA,
which reacted with the trapped radicals in the trunk
polymer. Details of GMA grafting have been de-
scribed in previous publications [5,6]. The amount
of GMA introduced into the starting hollow fibre
was defined as the degree of GMA grafting:

degree of GMA grafting (d.g.) =
100{(W, = Wo)/Wol (1)

where W, and W, are the weights of starting and
GMA -grafted hollow fibre, respectively.

The epoxide group of the grafted branches was
coupled with L-Phe. L-Phe was dissolved in deion-
ized water, and the pH was adjusted to 13 with sodi-
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{CHaCH2}n —> -(CHz(':H)n
-(CHzQCHs}m
COCH2CHCHe
It ./
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«CHz2CH}»n
4CH2CCH3)
GOCH2GHCHa-NHCHCHz )
O OH COOH

Fig. 1. Preparation of the adsorbent with L-Phe as a pseudo-
biospecific ligand. The epoxide group in the GMA-grafted hol-
low fibre was coupled with L-Phe.
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um hydroxide. The GMA-grafted hollow fibre was
immersed in the L-Phe solution at 353 K. After a
predetermined time, the hollow fibre was removed
and washed repeatedly with water. Subsequently,
the remaining epoxide group in the hollow fibre was
converted into a diol group by immersing the hol-
low fibre in 1 M sulphuric acid at 353 K for 2 h. The
fibre was washed several times with water and then
dried under reduced pressure. The coupling efficien-
cy of epoxide group with L-Phe, X, and the ligand
density were defined as follows:

W, = Wy + (W, — Wo)[(142+165)X,/100+
(142 + 18)(1 — X./100)}/142

coupling efficiency (X.) = 100[142(W;— Wo)/
(W, — W,)—160}/147 2

ligand density = [(W,— Wy)/142]X,/100/W,  (3)

where W, is the weight of L-Phe-containing hollow
fibre, and the factors 165, 142 and 18 are the molec-
ular masses of L-Phe, GMA and water, respective-
ly. The resulting hollow fibre was designated as a
Phe-C fibre, where C denotes capillary.

To evaluate the amount of protein adsorbed non-
selectively on the Phe-C fibre, a diol-group-contain-
ing hollow fibre was prepared by hydrolysing the
GMA-grafted hollow fibre with sulphuric acid. The
resulting hollow fibre is referred to as a GMA-H-C
fibre.

Properties of the Phe-C fibre

After the Phe-C fibre had been dried, its specific
surface area was determined according to the BET
method. Two drying methods for the fibres were
compared: drying under reduced pressure and
freeze-drying.

Because a microfiltration hollow-fibre membrane
is used as the trunk polymer, the Phe-C fibre is still
permeable to water. The water flux was determined
using the apparatus described in ref. 10. To prevent
a decrease in permeability caused by particle accu-
mulation, water prepared by passage through an
ultrafiltration (UF) module was used as the feed
solution. The UF water permeated through the
membrane from the inside to the outside. The pure
water flux (PWF) was calculated by dividing the
flow-rate by the inner surface area of the hollow
fibre. The PWFs of the hollow fibres with and with-
out methanol treatment were determined. Metha-
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nol treatment indicates that, before the flux mea-
surement, the fibre was immersed for 10 min in
methanol, which was then replaced with water. The
filtration pressure was kept at 1.0 - 105 Pa. The feed
solution was kept at 303 K.

Adsorption and elution of bovine gamma globulin

Bovine gamma globulin (BGG) was purchased
from Sigma (No. G5009, Cohn Fraction II, III) and
used as received. BGG was dissolved in a buffer (3.3
M NaCl, 0.01 M Tris—HCI, pH 8.0). This buffer can
facilitate the hydrophobic interaction and inversely
depress the electrostatic binding between the pro-
tein and the polymer surface [11]. Adsorption iso-
therms were determined in a batchwise method. A
fixed amount of the Phe-C fibre was immersed in
the BGG solution. The mixture was incubated at
303 K for 24 h to allow the system to reach equilib-
rium. The amount of protein adsorbed on the fibre
was calculated from the decrease in BGG concen-
tration in the solution. The Langmuir isotherm
closely fitted the adsorption data, and then the sat-
uration capacity was determined. BGG was deter-
mined by UV spectroscopy.

Next, the BGG adsorbed onto the Phe-C fibre
was eluted by immersing the fibre in 0.01 M Tris—
HCI buffer containing 1-2 M NaCl, and in a mix-
ture of 50% v/v ethylene glycol and 1 M NaCl for
24 h. Elution was done at the same volume ratio of
fibre to eluate. The amount of BGG in each eluate
was determined. The elution ratio, i.e. the ratio of
the eluted amount to the initially adsorbed amount
was calculated.

RESULTS AND DISCUSSION

Preparation of the Phe-C fibre

L-Phe was introduced into the hollow fibre by
reaction of the epoxide group in the GMA -grafted
hollow fibre with the amino group of L-Phe. Fig. 2
shows the coupling efficiency as a function of the
reaction time. The coupling efficiency levelled off
after 24 h. By varying the degree of GMA grafting
between 10% and 200%, the final coupling efficien-
cy and ligand density were measured. Fig. 3 shows
that the final coupling efficiency was ca. 13%, irre-
spective of the degree of GMA grafting. The corre-
sponding ligand density ranged from 0.15 to 0.6
mmol per dry gram of the Phe-C fibre. Moreover,
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Fig. 2. Coupling efficiency as a function of reaction time. The
GMA-grafted hollow fibres with 80% (O) and 130% (A) degree
of GMA grafting were immersed in the L-Phe solution with pH
initially adjusted to 13. Temperature: 353 K.

the ligand density per wet volume of the fibre, 0.05—
0.28 mmol/ml, was calculated by multiplying each
apparent density of the fibre. The ligand density of
the Phe-C fibre was an order of magnitude higher
than that of commercial affinity beads based on
agarose, e.g. 0.01 mmol/ml [12]. The method sug-
gested in this study can provide the polymeric sup-
port with a desired ligand density by selecting either
the degree of GMA grafting or the coupling effi-
ciency in preparation.
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Fig. 3. Coupling efficiency as a function of degree of GMA graft-
ing. The coupling efficiency and ligand density were calculated
from eqns. 2 and 3, respectively.
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Fig. 4. Specific surface area of Phe-C fibre as a function of degree
of GMA grafting. The GMA-grafted hollow fibres were coupled
with L-Phe at a coupling efficiency of 13%. After the Phe-C fibre
was vacuum-dried (O) or freeze-dried (A), its specific surface
area was determined.

Properties of the Phe-C fibre

Fig. 4 shows the specific surface area of the hol-
low fibres. The specific surface area of the starting
hollow fibre was 23 m?/g. The specific surface area
of the Phe-C fibre decreased as the degree of GMA
grafting increased. This decrease is due to the for-
mation of the grafted branches on the surface of the
pores with relatively smaller diameters [13].

The pure water flux is shown in Fig. 5 as a func-
tion of the degree of GMA grafting, where the sym-
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Fig. 5. Pure water flux as a function of degree of GMA grafting.
Pure water flux was compared between the Phe-C fibres with and
without methanol treatment. The symbol (M) indicates that the
dried Phe-C fibre was immersed in methanol for 10 min and then
replaced with water.
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bol (M) indicates the hollow fibre pretreated with
methanol. Methanol filled the pores of the fibres
and then was replaced with water. The PWF of the
Phe-C fibre decreased gradually with an increasing
degree of GMA grafting. When the degree of GMA
grafting reached ca. 100%, the PWFs of the fibre
with and without methanol treatment coincided.
The epoxide group of the GMA-grafted fibre was
coupled with L-Phe to reach the final coupling effi-
ciency of 13%. Some of the uncoupled epoxide
group were hydrolysed into a diol group during
coupling, and some remained as epoxide. Since the
remaining epoxide was hydrolysed to the diol group
with sulphuric acid quantitatively, the density of the
diol group increased with an increase in the degree
of GMA grafting (d.g.) under a constant coupling
efficiency:

density of diol group
= [(W1— Wo)(1— X./100)/142)/ W, 4

(d.g)(1 — X,/100)/100
142+ (d.g.)(147X./100+ 160)/100

As a result, a degree of GMA grafting of ca. 100%
was regarded as the point at which the polyethy-
lene-based hollow fibre was satisfactorily hydro-
philised from the standpoint of the water flux.

Non-selective adsorption of BGG
A negligible amount of protein adsorbed non-se-
lectively on the adsorbents is one of the important
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Fig. 6. Saturation capacity of BGG on the diol-group-containing
fibre. The GMA-H-C fibre was prepared by hydrolysis of the
GMA-grafted fibre then equilibrated with the BGG solution
buffered with 0.01 M Tris—-HCI and 3.3 M NaCl (pH 8).
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requisites. Using exclusively diol-group-containing
hollow fibre (GMA-H-C fibre), which was prepared
by hydrolysing the GMA-grafted hollow fibre with
sulphuric acid, non-selective adsorption isotherms
of BGG were measured. The saturation capacities
of GMA-H-C fibres with different degrees of GMA
grafting can be obtained from the Langmuir plot of
the corresponding isotherm, and they are plotted in
Fig. 6 as a function of the degree of GMA grafting.
The saturation capacity of BGG on the GMA-H-C
fibre decreased as the degree of GMA grafting in-
creased. When the degree of GMA grafting exceed-
ed ca. 100%, it decreased to a constant value. The
dependence of non-selective saturation capacity on
the degree of GMA grafting was in excellent ac-
cordance with that of the water flux. Satisfactory
hydrophilization of the hollow fibre suggests that
the diol-group-containing grafted branches cover
the polyethylene matrix entirely and retain water on
themselves. Hydrated water on the polymer surface
will reduce the hydrophobic interaction between the
protein and the polymer surface. This effect has also
been observed during the design of a biocompatible
film modified with hydrophilic monomers, such as
2-hydroxylethyl methacrylate (HEMA) [14,15].

Specific adsorption of BGG

The amount of L-Phe immobilized on the hollow
fibre could be varied by changing the reaction time
during the coupling of the GMA-grafted hollow
fibre with a constant degree of GMA grafting (d.g.
= 70%, 110% and 150%). Fig. 7 shows an example
of adsorption isotherms for Phe-C fibres containing
an identical amount of the grafted branches and
different ligand densities. Fig. 8 indicates that the
saturation capacity exhibited a constant value irre-
spective of the density of the Phe ligand. In this
range of the ligand density, the molar ratio, R,, of
the L-Phe ligand to BGG (assumed molecular mass
156 000) adsorbed specifically on it was of the order
of 103; in other words, the ligand was far in excess
of what is required to bind BGG.

R, = (ligand density)/(molar conc. of protein
adsorbed at saturation) (5

However, the density of the diol group obtained
from the degree of GMA grafting of at least 100%
is necessary to minimize the amount of BGG ad-
sorbed non-selectively, as discussed above. Al-
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Fig. 7. Adsorption isotherms of Phe-C fibres with different li-
gand densities. The Phe-C fibres, which contained an identical
amount of graft branches (110%) and different ligand densities
0f 0.2 (A) and 0.55 (O) mmol/g fibre, were equilibrated with the
BGG solution.

though an excess ligand density is reported to in-
terfere with the affinity interaction [4], this phenom-
enon was not observed in this affinity system.

In order to examine the possibility and extent of
protein multi-point attachment on the Phe-C fibre
with increasing ligand density, BGG was eluted
from the Phe-C fibre with the Tris-HCl buffer con-
taining various concentrations of NaCl. Decreasing
salt concentration weakens the hydrophobic inter-
action between the Phe-C fibre and BGG [16]. As
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Fig. 8. Saturation capacity of BGG on Phe-C fibre as a function
of ligand density. The ligand density ranged from 0.02 to 0.52
mmol/g for GMA grafting varying from 70% to 150%, and cou-
pling efficiency ranging from 3% to 13%.
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ELUTION RATIO FOR DIFFERENT ELUENTS AT VARIOUS LIGAND DENSITIES

Ligand density Eluent

(mmol/g fibre)
0.01 M Tris-HCl

0.01 M Tris-HCl

50 v/v% EG*

+ 1 M NaCl + 2 M NaCl + 1 M NaCl
0.101 79% 79% 100%
0.185 81% 80% 100%
0.463 82% 3% 94%

¢ Ethylene glycol.

shown in Table I, no significant difference in the
elution ratio was observed in the range of the ligand
density of 0.101-0.463 mmol/g. The mixture of 50
v/v% ethylene glycol and 1 M NaCl eluted BGG
quantitatively. This indicates that the bond energy
is almost constant, irrespective of the ligand densi-
ty. However, it is difficult to explain the absence of
multi-point attachment to the ligand.

The amount of BGG adsorbed non-s¢lectively on
the Phe-C fibre was ca. 10% of the amount ad-
sorbed specifically (Fig. 6). Fig. 9 shows that the
saturation capacity of BGG can be determined
from the specific surface area of the porous hollow
fibre when the ligand is in excess of BGG. The gam-
ma globulin is a mixture of IgG and IgA. The pre-
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Fig. 9. Saturation capacity of BGG on Phe-C fibre as a function
of specific surface area. The theoretical lines were determined
from eqn. 6 for two extreme orientations: arm-collapsed and
arm-extended adsorptions.

dominant component, IgG, has a molecular mass of
150 000 and consists of four peptide chains: two
identical heavy chains and two identical light
chains. These chains are linked by strong disulphide
bonds into a Y- or T-shaped structure with hinge-
like flexible arms. Thus an IgG molecule would ex-
pand and contract significantly with the variation of
the ionization of the ionizable groups in the mole-
cule. When the molecule is fully charged, either at
low pH or high pH, the arms can be completely
extended because of charge repulsion. Where there
is no intermolecular charge interaction, the arms
would probably collapse, owing to an intermolec-
ular attractive hydrophobic interaction [17]. Since
the bottom end of the Y or T (the Fc portion) is
much more hydrophobic than the tips of the Y or T
(the F(ab"), portions) of the IgG molecules, end-on
adsorption of IgG on the Phe-C is certainly fa-
voured. There are thus two possible extreme con-
formations: arm-collapsed with end-on adsorption,
and arm-extended with end-on adsorption. The the-
oretical saturation capacity, g,, can be calculated
from the following:

gs = a.M/[(aNa) (6)

where a, and a are the specific surface area and the
cross-sectional area occupied by an IgG molecule,
and M and N, are the molecular mass of BGG and
the Avogadro number. Theoretical lines for arm-
collapsed and arm-extended adsorption are depict-
ed in Fig. 9 by inserting the corresponding estimat-
ed projection area per molecule, 3900 and 10 700
A2, Our experimental results were situated between
the two extreme conformations.
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CONCLUSION

A porous hollow-fibre membrane containing L-
Phe as a pseudo-biospecific ligand has been pre-
pared by radiation-induced grafting of GMA onto
a polyethylene microfiltration hollow-fibre mem-
brane, and thereafter by coupling of the produced
epoxide group with L-Phe. The remaining epoxide
group was hydrolysed to a diol group with sulphur-
ic acid.

The density of the diol group obtained from the
degree of GMA grafting of at least 100% was neces-
sary to minimize the non-selective adsorption of
BGG onto the Phe-containing adsorbent based on
polyethylene.

The molar ratio of the Phe ligand to BGG ranged
up to 10°. The excess ligand did not interfere with
the ordinary adsorption.

The adsorption capacity for BGG of the resulting
porous adsorbent could be determined by the spe-
cific surface area of the adsorbent when the ligand
was in excess of BGG.
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ABSTRACT

A method to map sugars two-dimensionally for the analysis of the structures of oligosaccharides from glycosphingolipids is de-
scribed. Nine neutral and ten acidic oligosaccharides were obtained from glycosphingolipids by endoglycoceramidase digestion and
labelled with 2-aminopyridine. The pyridylamino oligosaccharides were clearly separated by high-performance liquid chromatography
on commercially available C, g-silica and amide-silica column. All compounds tested were mapped without any overlapping. The
separation of the pyridylamino oligosaccharides on the C, g-silica column depended on the numbers and positions of sialic acid and
N-acetylhexosamine residues; on the amide-silica column, the separation depended on the total number of sugar residues.

INTRODUCTION

The oligosaccharides on cell surfaces change in
type and amount when the cells differentiate or
become malignant, so the involvement of oligosac-
charides in cell recognition is of much interest [1].
A glycosphingolipid consists of a hydrophobic ce-
ramide moiety and a hydrophilic oligosaccharide
moiety, making it amphipathic. Many ceramides are
only slightly different from other ceramides, so
analysis of the stuctures of the oligosaccharides in
glycosphingolipids can be difficuit, especially when
chromatography is used. Analytical methods for the
identification of the structures of glycosphingolipids
involve thin-layer chromatography, mass spectrom-
etry, and nuclear magnetic resonance (NMR). How-
ever, more than a trace amount of purified sample is
needed in these methods, and only certain structures
can be identified [2-3].

Hase et al. [6] developed a method for a kind of
pyridylamination in which there is fluorescence
labelling of oligosaccharides with 2-aminopyridine.
The combination of pyridylamination with high-

0021-9673/91/$03.50 ©

performance liquid chromatography (HPLC)
makes it possible to analyse oligosaccharides sensi-
tively, with a detection limit of 50 fmol of pyridyl-
amino (PA) oligosaccharides. PA-oligosaccharides
from glycoproteins have been analysed by HPLC on
reversed-phase and normal-phase columns, and
each elution position has been plotted two-dimen-
sionally by Hase er al. [7] and Tomiya et al. [8].
Higashi et al. [9] have reported a method for analysis
in which oligosaccharides from glycosphingolipids
are labelled with UV-absorbing reagent, p-amino-
benzoic acid ethyl ester (ABEE), and analysed by
HPLC. The sensitivity of detection of the ABEE
derivatives was inadequate, and at least 500 pmol of
oligosaccharides were needed for a typical analysis.
Large ABEE-oligosaccharides, such as ABEE-Gryy,
were not mapped with the reversed-phase column,
since they were eluted in the void volume.

Kondo et al. [10] reported an improved method in
which sialic acid residues are not released by pyridyl-
amination. We used this method for the analysis of
the structures of oligosaccharides obtained from
glycosphingolipids. PA-oligosaccharides were ana-

1991 Elsevier Science Publishers B.V. All rights reserved
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TABLE 1
ELUTION-POSITIONS OF PA-OLIGOSACCHARIDES FROM PALPAK TYPE R AND S COLUMNS

Elution positions on HPLC columns are expressed as the numbers of glucose units of the corresponding standard glucose oligomers. The
conditions for HPLC are described in Experimental. The abbreviations of Svennerhoim [16] for gangliosides are used for the
oligosaccharides of the corresponding gangliosides. The other oligosaccharides are abbreviated as recommended by the TUPAC-IUB
Commission on Biochemical Nomenclature [17]. Glc = glucose; Gal = galactose; GlcNAc = N-acetylglucosamine; GalNAc =
N-acetylgalactosamine; SA = N-acetylneuraminic acid; NeuGe = N-glycolylneuraminic acid.

Abbreviation  Structure of oligosaccharides No. of Glc units

Type R Type S

Lac Galp1-4Glc 0.9 2.1
Gg, GalNAcf1-4Galf1-4Glc 1.1 2.6
Gg, Galf1-3GalNAcf1-4Galp1-4Glc 0.9 3.8
Gus-A SA02-3Galp1-4Glc 32 2.1
Gums-G NeuGcea2-3Galf1-4Gle 2.9 2.5
G GalNAcB1-4Galpl-4Glc 3.3 2.6
3
|
SAa2
Gumy Galp1-3GalNAcf1-4Galf1-4Glc 3.3 3.4
3
|
SAa2
Gp; SAa2-88Ax2-3Galp1-4Glc 4.5 2.7
Gp: GalNAcp1-4GalB1-4Gle 4.5 3.2
3
|
SAa2-8SAa2
Gpia Galp1-3GalNAcp1-4Galf1-4Glc 52 3.5
3 3
| |
SAa2 SAx2
Gpip Galp1-3GalNAcp1-4Galp1-4Glc 4.3 4.0
3
|
SAx2-8SAa2
Gryp Galp1-3GalNAcp1-4GalB1-4Glc 6.3 4.0
3 3
| f
SAa2 SAa2-8SAa2
Ga1p GalB1-3GalNAcp1-4Galpl1-4Gle  10.0 4.3
3 3
| [
SAn2-8SAa2 SA02-8SAx2
Gb, Gala1-4Galf1-4Glc 1.2 2.8
Gb, GalNAcf1-3Gala1-4Galf1-4Glc 2.6 34
Gbg GalNAcal-3GalNAcf1-3Galal-4Gal$1-4Glc 3.6 4.0
Le,y GlcNAcf1-3GalB1-4Gle 2.2 2.7
Le, Galf1-3GlcNAcfS1-3GalB1-4Gle 2.7 35

nlc, Galf1-4GIcNAcf1-3Galp1-4Gle 2.4 3.6




HPLC OF PYRIDYLAMINO OLIGOSACCHARIDES

lysed by HPLC on an C silica column and also on
an amide-silica column. We plotted the elution
positions of the PA-oligosaccharides on a two-
dimensional sugar map. This mapping is useful for
the analysis of the structures of the oligosaccharides
in glycosphingolipids.

EXPERIMENTAL

Oligosaccharides and glycosphingolipids

The structure of and abbreviations for the oligo-
saccharides used are listed in Table 1. The oligo-
saccharides were released from the various glyco-
sphingolipids by digestion with endoglycoceramid-
ase from Rhodococcus sp. strain G-74-2 (Seikagaku
Kogyo, Tokyo, Japan). Glycosphingolipids Gy,
Gumz, Gus-A, Gpia Goins Griv, and Gq1b were
purchased from Bachem Feinchemikalien (Buben-
dorf, Switzerland). Glycosphingolipids Gbi, Gby,
Gbs, Gga, Gus-G, and Gp; were purchased from
BioCarb Chemicals (Lund, Sweden). Oligosaccha-
rides Lc, and nlc, were purchased from Seikagaku
Kogyo. PA-Gg, was prepared by acid hydrolysis of
PA-Gy; in 20 mM HCl for 1 h at 90°C. PA-Lc; and
PA-Gyp, were prepared from PA-Lc, and PA-Gpy,
respectively, by digestion with S-galactosidase from
an Aspergillus sp. as described below.

Enzyme reaction

The glycosphingolipids (10-300 nmol) were di-
gested at 37°C for 15 h with endoglycoceramidase
(0.5-10 mU) in 10-300 pl of 50 mM sodium acetate
buffer (pH 6.0) containing 5-150 ug of sodium
taurodeoxycholate [11]. The oligosaccharides re-
leased were detected by thin-layer chromatography
(HPTLC aluminium sheets, Silica Gel 60, E. Merck,
Darmstadt, Germany) developed in I-butanol-
acetic acid-water (2:1:1), and made visible with
orcinol-H,SO, reagent [12].

Pyridylamino derivatization

PA-oligosaccharides were obtained by the meth-
od of Kondo et al. [10] with use of a Palstation
apparatus (Takara Shuzo, Kyoto, Japan). Then
100 nmol of the oligosaccharide obtained were
aminated with 20 mg of the fluorescent reagent
2-aminopyridine in 10 ul of acetic acid at 90°C for
1 h. To the reaction mixture, 10 ul of acetic acid
containing 1.95 mg of dimethylamine borane was
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added, and a reductive reaction was allowed to
proceed at 80°C for 1 h. The reaction mixture was
evaporated at reduced pressure with a stream of N,
gas, and the residue was put on a Sephadex G-15
column (200 x 8 mm I1.D.; Pharmacia, Uppsala,
Sweden) to remove excess reagents [7]. The fractions
in each peak were hydrolysed in 4 M trifluoroacetic
acid at 100°C for 3 h, and the hydrolysate was
analysed with a Beckman Ultrasphere ODS column
(250 x 4.6 mm ILD.; S um particle size) by the
method of Takemoto er al. [13]. The fractions in
which the residue of the reduced end was PA-glucose
were regarded as containing PA-oligosaccharides.

The purified PA-oligosaccharides were checked
by 'H NMR measurements, digestion with various
exoglycosidases, and gas chromatography by the
method of Mega and Tkenaka [14].

Exoglycosidase digestion

To prepare PA-Lc; or PA-Gp,, 10 pmol of
PA-Lc, or PA-Gp,,, were digested with 0.2 U of
B-galactosidase (E.C. 3.2.1.23) from an Aspergillus
sp. (Toyobo, Osaka, Japan) in 0.1 M acetate buffer
(pH 5.0) at 37°C for 15 h. The structures of PA-Gp,
and PA-Lc; were checked by exoglycosidase diges-
tion and HPLC analysis only, because the amounts
of the purified samples were small. By HPLC with
the two columns described below, an acid hydrol-
ysate of PA-Gyp, was eluted at the same position as
PA-Ggj;. Next, 10 pmol of PA-nLc, were digested at
37°C for 15 h with 2 mU of B-galactosidase from
bovine testes (Seikagaku Kogyo) in 0.1 M sodium
citrate—phosphate buffer (pH 4.3) containing 1%
bovine serum albumin and 10% glycerol. PA-Lc;
was eluted at the same position as PA-nLc, digested
with f-galactosidase from bovine testes. Then,
10 pmol of PA-Lc; were digested at 37°C for
15 h with 2 mU of §-N-acetylhexosaminidase (E.C.
3.2.1.52) from jack beans (Seikagaku Kogyo) in
0.1 M citrate-phosphate buffer (pH 5.0), and the
digest was eluted at the same position as PA-Lac
during HPLC.

Analysis of PA-oligosaccharides by HPLC
PA-oligosaccharides were separated with a
Shimadzu LC-6A HPLC system with the two kinds
of columns.
Column I was a C, g silica column, Palpak Type R
column (250 x 4.6 mm LD.; 5 um particle size;



38

Takara Shuzo), used in reversed-phase HPLC. The
flow-rate was 1.0 ml/min at 40°C. Solvent A was
50 mAMf acetic acid, adjusted to pH 5.0 with triethyl-
amine, and solvent B was solvent A containing 0.5%
l-butanol. After injection of a sample into the
column equilibrated with solvent A, the ratio of
solvent B was increased on a linear gradient to 50%
over a 50-min period. PA-oligosaccharides were
detected by their fluorescence, with excitation and
emission wavelengths of 320 and 400 nm, respec-
tively.

Column IT was an amide-silica column, Palpak
Type S column (250 x 4.6 mm L.D.; 5 um particle
size; Takara Shuzo), used in size-fractionation
HPLC. The flow-rate was 1.0 ml/min at 40°C.
Solvent C was a 25:75 mixture of 200 mM acetic
acid, adjusted to pH 7.3 with triethylamine, and
acetonitrile, and solvent D was a 50:50 mixture of
the same two components. After injection of a
sample into the column equilibrated with solvent C,
the ratio of solvent D was increased. on a linear
gradient to 50% over a 25-min period. PA-oligosac-
charides were detected by their fluorescence, with
excitation and emission wavelengths of 310 and
380 nm, respectively.

Construction of two-dimensional maps

To standardize the elution positions of PA-oligo-
saccharides on HPLC columns, PA-isomaltooligo-
saccharides (Takara Shuzo) prepared from a dex-
tran hydrolysate were analysed on the same columns
and with the same solvents and conditions. Glucose
units were defined by comparison of ‘the elution
position of each PA-oligosaccharide with that of the
standard glucose oligomers. Glucose unit numbers
obtained by reversed-phase HPLC (Palpak Type R
column) were expressed on the abscissa, and those
obtained by size-fractionation HPLC (Palpak
Type S column) were expressed on the ordinate,
when two-dimensional maps were plotted.

Preparation of PA-oligosaccharides from bovine
brain acetone powder

The gangliosides were extracted from 50 mg of
bovine brain acetone powder by the method of
Folch et al. [15]). The extract containing gangliosides
was digested at 37°C for 24 h with 2.5 mU of
endoglycoceramidase in 100 ul of 50 mM sodium
acetate buffer (pH 6.0) containing 50 ug of sodium

K. OHARA et al.

taurodeoxycholate. Then two 1 mU amounts of
endoglycoceramidase were added, 24 h apart, and
digestion was continued for 24 h after the second
addition. The reaction mixture was evaporated, and
the residue was directly labelled with 2-amino-
pyridine as described above. The reaction mixture
was evaporated with a stream of N, gas under
reduced pressure. The PA derivatives of the oligo-
saccharides were purified by gel filtration on a
Sephadex G-15 column. Some of the fractions from
HPLC were lyophilized and dissolved in 50 pul of
0.1 M sodium acetate buffer (pH 4.5). The solution
was incubated with 50 mU of sialidase (E.C.
3.2.1.18) from Arthrobacter ureafaciens (Nacalai
Tesque, Kyoto, Japan) at 37°C for 15 h.

RESULTS AND DISCUSSION

HPLC of standard glucose oligomers

When a single variety of PA-oligosaccharide is
analysed by HPLC, it may elute at different times if
the column is from different lots, or if the column
contents have degraded, or if there are small differ-
ences in the preparation of the solvents, so it is
necessary to standardize the elution position. The
results of standardization are shown in Fig. 1. On
both columns, the smaller oligomers were eluted
sooner, and each oligomer was eluted separately.

HPLC analysis of PA-oligosaccharides

Nineteen kinds of PA-oligosaccharide prepared
from glycosphingolipids were analysed by HPLC
with the two types of column. Glucose units were
defined by comparison of the elution position of
each PA-oligosaccharide with that of the standard
glucose oligomers (Table I). To check for repro-
ducibility of the results, and for possible effects of
differences in the lot or the number of times the
column was used, three runs were done. Different
columns were used for each run, with two new
columns of different lots and one used column
(several to dozens of hours of use) of the same lot as
one of the new columns. For each PA-oligosac-
charide, except PA-Gg,,, the numbers of glucose
units obtained from HPLC were exactly the same
when rounded off from two to one decimal places.
Thus, column degeneration did not affect the results,
except for PA-Ggp. The numbers of glucose units of
PA-Gg,, were the same on the amide-silica column
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Fig. 1. HPLC profiles of pyridylaminoglucose oligomers (a) on a C, 4 silica column and (b) on an amide-silica column. The gradient starts

at time 0. Glucose unit numbers are indicated.

in the three runs, but those on the C, 4 silica column
became smaller as the column contents gradually
degraded.

On the C; silica column, HPLC of the nineteen
kinds of PA-oligosaccharides took 50 min; on the
amide-silica column, it took 25 min.

Two-dimensional mapping of PA-oligosaccharides

The glucose units obtained were plotted on a two-
dimensional map (Fig. 2).

An NeuAc residue bonded to a galactose residue
by an «¢2-3 linkage retarded elution from the C;q
silica column by two glucose units, but did not retard
elution from the amide-silica column. The following
four pairs gave such results, with the second of each
pair eluted later: PA-Lac and PA-Gy;-A; PA-Gg,
and PA-Gy,; PA-Gy; and PA-Gpy,; and PA-Gp,,
and PA-Gry,.

An NeuAc residue bonded to an NeuAc residue
by an «2-8 linkage retarded elution from the C,q
silica column by one glucose unit, and it retarded
elution from the amide-silica column by 0.5 glucose
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Fig. 2. Two-dimensional sugar map of PA-oligosaccharides. The
numbers on the abscissa and ordinate indicate the glucose unit
numbers obtained on the Palpak Type R and S columns,
respectively.
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units. The pairs giving such results were: PA-Gys-A
and PA-Gps; PA-Gy, and PA-Gp,; PA-Gy; and
PA-Gpiy; and PA-Gp,, and PA-Gryy,.

PA-Gys-A was separated from PA-Gy;-G.

A GalNAc residue bonded by a 14 linkage did
not retard elution from the C,¢ silica column, but it
retarded elution from the amide-silica column by 0.5
glucose units. The pairs giving such results were:
PA-Lac and PA-Ggs;; PA-Gys-A and PA-Gy,; and
PA-Gp; and PA-Gp,.

A galactose residue did not retard elution from
the C,g silica column, but it retarded elution from
the amide-silica column by one glucose unit. The
pairs giving such results were: PA-Gy, and PA-Gy;
and PA-Gp,; and PA-Gpy,.

PA-Gg4, PA-Gg,, PA-Lac, and PA-Gb; were
eluted from the C, ;4 silica column at a position close
to the void volume, and they were not separated
well. On the amide-silica column, their separation
was satisfactory.

The elution positions of the PA-oligosaccharides
did not overlap, and were as predicted, except for the
number of glucose units of PA-Gg, on the amide-
silica column (Fig. 2). To judge from the results with
PA-Gg; and PA-Gy,, PA-Gy; and PA-Gp,,, and
PA-Lac and PA-Gys-A, PA-Gg, should have eluted
at the same position as PA-Gy; on the amide-silica
column; all of these pairs are different by the
presence or absence of an NeuAc residue bonded to
a galactose residue by an 2-3 linkage. The elution
position suggested that the structure of PA-Gg,
shown in Table I might be different from the correct
one, so the structure was checked as follows: (i) the
elution position of PA-Gg, was the same asthat of
the acid hydrolysate of PA-Gyy; (ii) the digests of
PA-Gg, with f-galactosidase from the Aspergillus
sp. were eluted at the same position as PA-Gg; on
a two-dimensional map; (iii) 'H NMR measure-
ments were consistent with the structure in Table 1.
Therefore, the structure in Table I was correct. We
do not know why PA-Gg, was retarded on the
amide-silica column. Perhaps PA-Gg, interacted
with the amide substituents or silica gel of the
amide-silica column.

Application of the two-dimensional map for charac-
terization of PA-oligosaccharides from bovine brain
acetone powder

PA-oligosaccharides prepared from bovine brain
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acetone powder were analysed by HPLC with the
C g silica column (Fig. 3a). Portions of the fractions
of peaks A to E were treated by acid hydrolysis,
followed by HPLC with a Beckman Ultrasphere
ODS column by the method of Takemoto et al. [13].
The peaks B to E, in which the residue of the reduced
end was PA-glucose, were then analysed on the
amide-silica column (Fig. 3b). Each fraction gave
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Fig. 3. HPLC profiles of PA-oligosaccharides released from
bovine brain acetone powder. (a) PA-oligosaccharides obtained
from 160 ug of bovine brain acetone powder were injected into
a Palpak Type R column. The gradient starts at time 0. Glucose
unit numbers are indicated. (b) Each peak B-E was chromato-
graphed again on a Palpak Type S column.
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a single peak, and each elution position on two
HPLC columns was plotted on a two-dimensional
map. The elution position of each fraction coincided
with one of the four standard oligosaccharides, as
follows: B and Gy; C and Gp;p; D and Gp,,; and
E and Gry,. To check these results, the fractions of
the peaks were digested with exoglycosidases, and
the digests were analysed by HPLC. Then the
elution positions were plotted on a two-dimensional
map. We found that peak B was converted into
PA-Gy;, by f-galactosidase from an Aspergillus sp.,
and that peak C was converted into PA-Gyp,. Both
peaks D and E were converted into PA-Gg, by
sialidase, but part remained as PA-Gy,. These
results of exoglycosidase digestion are consistent
with the structures we propose for the compounds
corresponding to peaks B to E.

In this use of two-dimensional mapping, all of the
major peaks correspond to points on the map. If new
oligosaccharides that correspond to nothing on the
map are found in a sample, the sample should be
digested with exoglycosidases and then analysed by
HPLC. The use of pyridylamination, together with
two-dimensional mapping and 'H NMR analysis,
should make structural analysis of complicated
sugar chains from small amounts of glycosphingo-
lipids easier than before.
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ABSTRACT

The retention behaviour of a six-helix bundle template-assembled synthetic protein (TASP) molecule and its amphiphilic building
blocks was investigated. The TASP consists of a circular template, cyclo(1-12)[KGlg, and six identical potentially a-helical peptides of
the sequence KLALKLALKALKLALKLA. As an o-helix, this peptide is amphiphilic along the axis of its helix. Based on this
sequence, the retention times of a set of acetylated peptides containing from seven to twenty amino acids on a Nucleosil C,; column
were compared with anotherset of peptides with the same amino acid composition but a non-amphiphilic structure. Peptide elution was
effected with linear trifluoroacetic acid (TFA)-water to TFA—-acetonitrile gradients. The difference in retention times increased with
peptide length; the 9-mers eluted at the same time, but there was a difference of 3.5 min for the 13-mers and 22.3 min for the 20-mer,
indicating the induction of secondary structure on binding to the stationary phase. The same pair of 20-mers on Vydac C g, C, and
bipheny! columns gave differences in retention times of 23.2, 16.7 and 12.3 min, respectively. The TASP molecule was irreversibly
adsorbed to C,, stationary phases, whereas it was eluted from C, and biphenyl columns as a single sharp peak. Several side-products
resulting from the synthesis of the TASP molecule were identified by matrix-assisted laser desorption ionization mass spectroscopy. A
comparison of the retention times of these side-products and the results of pre-column denaturation experiments indicated that the
tertiary structure of the TASP molecule is maintained on binding to biphenyl and C, columns.

INTRODUCTION

The de novo design of proteins with a predeter-
mined three-dimensional structure is impeded by
the limited knowledge of the rules governing pro-
tein folding. A promising approach to overcome
this problem is the concept of template-assembled
synthetic proteins (TASP) [1]. This approach com-
bines the prediction of secondary structure with the
power of synthetic chemistry: TASP molecules are

0021-9673/91/$03.50

built by coupling peptides with potentially amphi-
philic secondary structures to a template. The self-
association of the building blocks leads to compact
structures.

The TASP molecule under investigation was de-
signed to form a six-helix bundle with the lysine
side-chains exposed to the exterior. The inner sur-
face of the hollow bundle is lined with alanines
forming a hydrophobic cavity of about 0.7 nm di-
ameter.

© 1991 Elsevier Science Publishers B.V. All rights reserved
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The TASP molecule displays several features
which make it prone to irreversible binding on hy-
drocarboneous matrices. First, the molecule has an
unusually high content of hydrophobic residues.
The membrane protein bacteriorhodopsin [2], for
example, contains 60% hydrophobic amino acids,
whereas the TASP molecule described here contains
67%. Secondly, the highly basic TASP molecule has
36 amino groups but lacks carboxy groups. Interac-
tions of the amino groups with surface silanol
groups of the stationary phase could lead to irre-
versible adsorption, but they can be suppressed by
end-capping and by using trifluoroacetic acid
(TFA) in the mobile phase to prevent ionization of
the remaining silanols [3].

Finally, as has been reported elsewhere [4-8], the
binding of potentially amphiphilic helices to Cg and
C,s matrices induces a secondary structure and
leads to a considerably stronger retention. As the
TASP molecule contains six potentially amphiphilic
helices, strong adsorption is expected.

The tertiary structures of most proteins are stabi-
lized by hydrophobic interactions. On binding to a
reversed-phase (RP) matrix, these interactions were
ruptured. Various reports on the disrupton of the
tertiary structure on binding to RP columns exist.
Mant et al. [9] investigated the denaturation of
nineteen proteins on C;g, Cs, C4 and phenyl col-
umns. On C, 5, Cg and C, sorbents, all the proteins
were denatured. On the phenyl column, all the pro-
teins except Iysozyme and avidin were denatured,
whereas the latter showed only partial unfolding.
Similar findings were reported by Ingraham et al.
[10], for the rigidity of the 129-amino acid lysozyme
with four intrachain cystine cross-links. A compre-
hensive study of the RP chromatographic beha-
viour of proteins in different unfolded states has
been made by Lin and Karger [11]. By using only
mildly destabilizing conditions, such as low temper-
ature (4°C), a C4-bonded stationary phase and pro-
pan-1-ol as an organic modifier, a number of pro-
teins yielded two well separated peaks correspond-
ing to the folded and an unfolded conformation. In
addition, they distinguished between different states
of denaturation and found that the degree of un-
folding was as follows: folded << RP surface-un-
folded < pre-column urea-unfolded < pre-column
reduced and urea-unfolded.

There are no reports of the induction of an a-hel-
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ical conformation on binding to biphenyl columns.
Tn this work, the retention times of the potentially
amphiphilic twenty-amino acid o«-helix acLAK-
LALKLALKALKLALKLA on C4, Cis and bi-
phenyl columns was compared with the non-amphi-
philic helical sequence acLAKALKLKLALAL-
LAKLKLA, where the charged side-chains are dis-
tributed all around the helix cylinder. The helix-in-
ducing effect was investigated as a function of
peptide length using the same peptide and shorter
fragments thereof. In addition, the retention beha-
viour of the TASP molecule was studied using Cjg,
C, and biphenyl columns. It was investigated
whether the tertiary structure of the molecule is dis-
rupted on binding to the stationary phase.

EXPERIMENTAL

High-performance liquid chromatography

A Spectra Physics SP 8700 solvent delivery sys-
tem was used coupled to a Shimadzu UV-120-02
spectrophotometer and a Shimadzu C-R1B integra-
tor—printer. The columns used were Vydac (The
Separations Group, Hesperia, CA, USA) 214TP
5415 C,4, 218TP 5415 Cy5 and 219TP 5415 biphenyl
(15cm x 4.6 mm I.D., 5 um particle size, 30 nm
pore size, from Macherey-Nagel, Diiren, Germa-
ny). The flow-rate was 1 mi/min. Eluent A was
0.1% TFA; eluent B was acetonitrile + 0.1% TFA.
The absorbance units full scale (a.u.f.s.) values were
between 0.2 and 1. All chromatograms were ob-
tained at room temperature.

Peptide identification

The peptides were identified by directly analyzing
the collected peak fractions with a laboratory-built
laser desorption ionization mass spectrometer [12].
Typically, 5 ul of 107° M analyte solution were
mixed with S gl of 107 M sinapinic acid and 1 pl of
this mixture was applied to the probe tip.

Reagents

All reagents were of at least analytical-reagent
grade. Acetonitrile (spectroscopy grade) and guani-
dine hydrochloride (GuHCI) were from Fluka
(Buchs, Switzerland) and sodium dodecyl sulphate
(SDS) from Behring Diagnostics (La Jolla, CA,
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USA). The water was of MilliQ quality (Millipore,
Bedford, MA, USA). The eluents were degassed by
continuous sparging with helium.

Peptides

The design, synthesis and purification of the
TASP molecule and its building blocks has been
described in detail elsewhere [13]. Briefly, the poten-
tially o-helical 20-mers and their shorter derivatives
from four to nineteen amino acids were synthesized
by solid-phase peptide synthesis using standard
protocols for 9-fluorenylmethyloxycarbonyl protec-
tion of the N-terminus. After each coupling step, an
aliquot of resin was removed to obtain the shorter
fragments.

The TASP molecule was assembled in solution by
coupling the protected potentially amphiphilic 18-
mers via their free C-termini to the six e-amino
groups of the template. For reasons of simplifica-
tion, the potentially amphiphilic a-helical peptide
KLALKLALKALKLALKLA is denoted HELIX
(H), the TASP molecule TH¢ and the incomplete
coupling products TH;, TH, and THs.

Pre-column denaturation

Unless otherwise stated, 10 ul of oligopeptide in
95% TFA (containing 10 ug peptide/ul) were mixed
with 90 ul of 6 M GuHCl solution of 2% SDS solu-
tion and heated to 96°C for 10 min. After cooling to
room temperature, 50 ul were injected onto the col-
umn.

TABLE I
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RESULTS AND DISCUSSION

Retention behaviour of amphiphilic building blocks

Induction of secondary structure as a function of
peptide length. Two sets of peptides from seven to
twenty residues in length with the same amino acid
composition, but differing in their sequence, were
constructed; they are listed in TableI. The sequence
of the first set gives an amphiphilic structure on
a-helix formation, whereas the sequence of the sec-
ond set is non-amphiphilic (see helical wheel dia-
grams in Fig. 1).

The peptides were chromatographed on a 5 um,
10 nm Nucleosil Cyg column (25 cm X 4 mm I.D.).
Eluent A was 0.1% TFA; eluent B was 0.1% TFA
in acetonitrile. A linear gradient from 0 to 80% B in
80 min was used. The retention times (tg) are listed
in Table I. The 22.3 min difference in retention time
between the 20-mers decreases gradually with short-
er sequences. The 9-mers elute at the same time. The
retention times as a function of peptide length are
shown in Fig. 2; only the sequences with strongly
hydrophobic N- and C-termini were considered.
Fig. 2 implies that the minimum length for second-
ary.structure effects is between 9 and 13 residues.
Thus, the high accuracy in the prediction of reten-
tion times for peptides up to sixteen residues report-
ed by Guo et al. [14] cannot be obtained with the
amphiphilic set of peptides. In this set, as shown by
Houghten and DeGraw [15], the sequence domains
must be taken into account.

RETENTION TIMES OF AMPHIPHILIC AND NON-AMPHIPHILIC SEQUENCES

-

Sequences with strongly hydrophobic residues at either end are printed in bold. The peptides were chromatographed on a 5 ym, 10 nm
Nucleosil C, 4 column (25cm x 4 mm 1.D.). Eluent A was 0.1% TFA and eluent B 0.1% TFA in acetonitrile. A linear gradient from 0

to 80% B in 80 min was used.

Residue Amphiphilic sequence tp (min) Non-amphiphilic sequence tp (min)
20 acCLAKLALKLALKALKLALKLA 69.1 acLAKALKLKLALALLAKLKLA 46.8

19 acAKLALKLALKALKLALKLA 60.1 acAKALKLKLALALLAKLKLA 482

18 acKLALKLALKALKLALKLA 57.8 acKALKLKLALALLAKLKLA 487

17 acCLALKLALKALKLALKLA 62.1 acALKLKLALALLAKLKLA 47.8

15 acLKLALKALKLALKLA 56.7 acKLKLALALLAKLKLA 47.5

13 acLALKALKLALKLA 49.8 acKLALALLAKLKLA 46.3

9 acALKLALKLA 41.2 acALLAKLKLA 41.2

8 acLKLALKLA 40.7 acLLAKLKLA 40.5

7 acKLALKLA 334 acLAKLKLA 35.0




Fig. 1. Helical wheel diagrams of (A) the non-amphiphilic and
(B) the amphiphilic 18-mer of Table 1, looking from the C-termi-
nal end (residue 18) down the helix axis.

Induction of secondary structure as a function of

the matrix. The retention times of the 20-mers in Ta-
ble T were evaluated using C,5, C; and biphenyl
columns of the same dimensions. The results are
given in Table IT and Fig. 3. The biphenyl station-
ary phase shows the weakest retention, whereas the
C.s column exhibits the strongest interaction. As
expected, the amphiphilic peptide is retained more
strongly.

The results may suggest that C, 4 ligands have the
strongest and biphenyl ligands the weakest effect on
the induction of secondary structure. However,
when the 4- to 20-mers were compared on C;g and
biphenyl columns, there was no significant differ-
ence between short peptides without secondary
structure effects and the longer sequences with pu-
tative ligand-induced conformational stabilization
(Fig. 4). Note that the columns used for the two sets

TABLE 11

RETENTION TIMES OF THE AMPHIPHILIC AND NON-
AMPHIPHILIC 20-MER

Sequences are given in Table 1. The peptides were chromato-
graphed on Vydac 5 um, 30 nm columns (15cm x 4.6 mm 1.D.).
Eluent A was 0.1% TFA; eluent B 0.1% TFA in acetonitrile. A
linear gradient from 0 to 80% B in 80 min was used.

Matrix tp(min) Aty
Non-amphiphilic Amphiphilic
20-mer 20-mer
Cis 429 66.1 23.2
" 41.3 58.0 16.7
Biphenyl 37.5 49.8 12.3

V. STEINER et al.
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Fig. 2. Retention times of amphiphilic and non-amphiphilic pep-
tides as a function of length. (A) Potentially amphiphilic; ()
non-amphiphilic peptide. Sequences and conditions as in Table
L

of separations have different dimensions. It seems
that the interaction with biphenyl-bonded phases is
in general weaker.

Retention behaviour of TASP

TASP on Cyg, C4 and biphenyl columns. Fig. 5
shows the chromatograms of TASP (THe) and its
building block peptide KLALKLALKALK-
LALKLA (denoted as HELIX) on C;g, C4 and bi-
phenyl columns. As predicted, TASP interacts
strongly with the C;g matrix, leading to a small
broad peak indicating denaturation and partly irre-
versible binding. In contrast, on the C4 and biphe-
nyl columns, the TASP molecule elutes much earlier
and as a sharp peak. This result raises the question
of whether the tertiary structure of the TASP mole-
cule, in which predominantly lysine side-chains are
exposed at the surface, is maintained on binding to
C, and biphenyl phases.

L I 1 1 il Il t
0 10 20 30 40 50 60 70
retention time {min)

Fig. 3. Effect of matrix on retention time. 1, 2,3 = Non-amphi-
philic 20-mer peptide on biphenyl, C, and C,4 columns, respec-
tively; 1/, 2', 3’ = amphiphilic 20-mer peptide on biphenyl, C,
and C,, columns, respectively. Sequences are given in Table 1;
conditions as in Table II.
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t ret. (min)}
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number of amino acids

4 5§ 8 7 8 9

Fig. 4. Retention times of acetylated peptides a from four to
twenty residues on C,, and biphenyl columns. Dotted areas,
retention time on biphenyl column; hatched areas, retention time
on C,; column minus retention time on biphenyl column. The
sequences of the peptides are listed in Table I, or can be derived
from this table. Columns: 5 um, 10 nm Nucleosil C, 4 (250 cm x
4 mm I.D.) and 5 pm, 30 nm Vydac biphenyl 15 em X 4.6 mm
LD).

Conformation of TASP on RP matrices. It is gen-
erally known that most proteins are denatured on
binding to a RP matrix [16]. For the TASP mole-
cule, however, there were hints that this is not so.

First, as can be seen in Fig. 5, the elution times of
TASP and HELIX are very similar. On the biphe-
nyl column, for example, the retention time of HE-
LIX was 15.0 min, whereas the TASP molecule elut-
ed at 18.4 min. As has been reported for peptide
oligomers, there is a linear relationship between the
natural logarithm of the number [17] or the molec-
ular mass [16] of monomers and the retention time.
Based on this assumption, regression analysis was
performed using g values of the 11- to 20-mers on
the biphenyl column (data not shown). Under the
conditions where the single HELIX elutes at 15.0
min and TASP at 18.4 min, it was estimated that a
di-HELIX would elute at 21.9 min and a hexa-HE-
LIX at 34.3 min. Hence, despite the rough estima--
tion, it seems unlikely that the TASP molecule in-
teracts with the phenyl matrix by fully exposing the
hydrophobic faces of the six HELICES to it.

A second indication that the tertiary structure is
maintained on binding to biphenyl columns is the
retention behaviour of the intermediate condensa-
tion product TH, and TH;. Interestingly, they co-
eluted from the biphenyl columns with THg in the
same peak, although C, columns could partially
separate them.
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A H
215
Ce
/’J L THq
TR J
20 30 min
C4
THg
] ]
20 30 min
PHE -
6
H
] T
10 20 30. min

Fig. 5. Elution profiles of HELIX (H) and TASP (TH,) on Cis
C, and biphenyl columns. Injection, 60 ul; a.u.fs., 0.5; columns,
Vydac S pm 30 nm 15cm x 4.6 mm L.D.; solvent A, 0.1% TFA;
solvent B, 0.1% TFA in acetonitrile. Linear gradient from 10 to
90% B in 30 min.

A fragment condensation with ~5% imcom-
pletely protected HELIX fragments and the identi-
fication of side-products by matrix-assisted laser
desorption ionization mass spectroscopy gave fur-
ther information. During the reaction, a small
amount of di-HELICES, which were also partly
condensed on the template, leading to TH, ap-
peared as side-products. Fig. 6 shows the laser de-
sorption ionization mass spectrum of the reaction
mixture. In Table III, the experimentally deter-
mined masses are compared with the calculated
masses.

The biphenyl chromatogram of the reaction mix-
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Fig. 6. Laser desorption ionization mass spectrum (measured in
positive-ion mode) of TH_, the products from coupling HELIX
(H) to the template (T). For mass assignments, see Table II1.

ture (Fig. 7) shows that three different di-HELICES
(H,) appear. As a HELIX contains five g-amino
groups, the three peaks may be ascribed to the three
possible isomers. As has been reported by Buettner
and Houghten [7], amphiphilic helices are bound to
the RP stationary phase by exposing their hydro-
phobic side to the matrix. As with the HELIX, the
di-HELICES are also assumed to expose their hy-
drophobic sides to the matrix. Since the putative
hydrophobic contact areas are different for the
three di-HELIX isomers, they are eluted as three
distinct peaks. Another by-product is TH,, a TASP
molecule with an additional HELIX coupled to an
g-amino group of one of the six regular HELICES.
The main peak contains THy4, THs and THg. Two
details deserve closer examination: (1) H, elutes lat-
er than TH,; (2) although TH,, TH5 and THg clute

TABLE IIT

ASSIGNMENT OF MASS FOR THE PEPTIDES IN THE
REACTION MIXTURE (SEE ALSO FIG. 6)

Peptide  Calculated mfz é
molecular mass

H 1919.6 1921.4 1.8
H, 3821.2 3825.1 4.0
TH, 8717.7 8729.9 12.2
TH, 10619.2 106324 13.2
TH, 12520.8 12532.0 11.2
TH, 14422.4 14433.0 10.6

V. STEINER et al.

215

T T
10 20 min

Fig. 7. Elution profile of crude product from a condensation
fragment with incompletely protected HELIX. (H) HELIX; (H,)
di-HELIX; (TH,, TH,) incomplete TASP molecules; (TH)
TASP molecule; (TH,) TASP with an additional HELIX. Col-
umn, Vydac biphenyl 5 um, 30 nm, 15e¢m x 4.6 mm 1.D. Solvent
A, 0.1% TFA; solvent B, 0.1% TFA in acetonitrile. Linear gra-
dient from 10 to 90% B in 30 min.

at the same time, TH; the TASP molecule with an
extra HELIX, is considerably more retained. From
these characteristics it can be assumed that THy,,
THs and THg bind in their folded form as parallel
helix bundles with most of the hydrophobic side-
chains exposed to the interior. In contrast, the sur-
plus HELIX in TH;, is not integrated in the parallel
a-helix bundle and therefore seems to be able to
expose its hydrophobic face to the matrix, leading
to the stronger retention of TH.

Pre-column denaturation of HELIX and TASP

Lin and Karger [11] distinguished between RP
surface-unfolded, urea-unfolded and reduced-un-
folded forms of proteins. Pre-column urea-unfold-
ing was achieved by heating the protein in 8 M urea
to 90°C for 2-5 min and cooling before injection.
Similarly, the reaction mixture used here (dissolved
in 95% TFA and containing H, H,, TH;, THy,
THs THg and TH,) was mixed with a nine-fold ex-
cess of 6 M GuHCI (v/v). No disrupture of the
structure could be observed after 15 min at room
temperature prior to injection onto a biphenyl col-
umn. Therefore, the samples were stored for 10 min
at 96°C. Fig. 8 shows the chromatograms of pure
HELIX with and without 6 M GuHCI1 and heat
treatment. It demonstrates that this harsh treatment
has only a minor effect.

Pre-column denaturation of the reaction mixture
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Fig. 8. Pre-column denaturation of HELIX with 6 M GuHCl and heat. (A) HELIX before, (B) HELIX after treatment. Column, Vydac
biphenyl 5 ym, 30 nm, 15 cm x 4.6 mm 1.D. Solvent A, 0.1% TFA; solvent B, 0.1% TFA in acetonitrile. Linear gradient from 10 to

90% B in 30 min.

shown in Fig. 7 indicates the breakdown of the ter-
tiary structure followed by irreversible adsorption,
whereas secondary structures of HELIX and the
three H, isomers seem more resistant (Fig. 9). SDS
is obviously not able to dissociate the tertiary struc-

215

T T
10 20 min

Fig. 9. Pre-column denaturation of the reaction mixture from
Fig. 7 with GuHCl and heat. Upper profile, before denaturation.
Column, Vydac biphenyl 5 gm, 30 nm, 15 cm x 4.6 mm L.D.
Solvent A, 0.1% TFA, solvent B, 0.1% TFA in acetonitrile. Lin-
ear gradient from 10 to 90% B in 30 min.

ture, as can be seen in Fig. 10, which shows the
chromatogram after treatment with 2% SDS and
heat. This suggests that SDS renders the peptides
more hydrophobic, but leaves the secondary and
tertiary structures intact.

T T
10 20 min

Fig. 10. Chromatogram of the reaction mixture from Fig. 7 after
treatment with 2% SDS and heat. Upper profile, before treat-
ment. Column, Vydac biphenyl 5 um, 30 nm, 15 cm X 4.6 mm
L.D. Solvent A, 0.1% TFA; solvent B, 0.1% TFA in acetonitrile.
Linear gradient from 10 to 90% B in 30 min.
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ABSTRACT

An epoxy-activated silica column (50 cm x 0.45 cm 1.D.) was derivatized with 8-[(6-aminohexyl)amino]-2'-phosphoadenosine-5'-
diphosphoribose; the bound ligand concentration was 11.4 umol/g of dry silica, and the useful loading capacity was 2.3 mg of
glutathione reductase. The new high-performance liquid chromatographic column specifically retained NADP *-dependent enzymes,
which were quantitatively eluted specifically by NADP* or, with better resolution, by potassium chloride. The new high-performance
liquid chromatographic support was applied to the purification of glutathione reductase and glucose-6-phosphate dehydrogenase from
cell-free extracts of baker’s yeast, fish liver and rabbit hemolysates, with high recoveries and excellent purification factors.

INTRODUCTION

High-performance liquid affinity chromatogra-
phy (HPLAC) combines the biospecificity of con-
ventional affinity chromatography with the speed of
operation, resolution and sensitive detection of
high-performance liquid chromatography (HPLC)
[1]. Adenine nucleotide derivatives have been used
for many years as general ligands for conventional
affinity chromatography [2,3], covalently attached
to insoluble supports through either the N-6 [4] or
the C-8 [5] adenine ring position, the hydroxyl
groups of the ribose ring [6] or the phosphate
groups [7]. Their ability to retain a certain enzyme
depends on whether the geometrical orientations of
the modified nucleotide properly fit the enzyme-
binding site [8,9]. The type of immobilized adenine
nucleotide also selects the kind of enzymes retained:
ATP, ADP and AMP bind mainly kinases [10];
NAD*, NADP*, 2"-phosphoadenosine, 5'-diphos-
phoribose (ATPR) and 2’,5-ADP retain NAD(P)*-
dependent dehydrogenases [11,12]; and 3',5'-ADP
is specific for coenzyme A-related enzymes [ 13}.

0021-9673/91/$03.50

Epoxy-silica has been successfully used in the
field of HPLAC [14-16] as a carrier for biological
ligands, since its mechanical rigidity and porosity
allows high pressures and flow-rates, resulting in a
fast technique for purifying biologically active mol-
ecules. Epoxy groups on the support react in the pH
range 3-7.5 with nucleophiles such as primary
amine, sulfhydryl or hydroxyl. The presence of such
groups in a wide range of biomolecules allows their
binding to the epoxy-activated silica. Other alterna-
tive chemical modifications of silica-based sup-
ports, with reactive groups such as tresyl [17], iso-
thiocyanate [18], or primary hydroxyl [19], have al-
s0 been used to link covalently several ligands con-
taining primary or secondary amino groups.

Alcohol dehydrogenase [17] and lactate dehydro-
genase [20,21] have been purified using AMP and
NAD™ bound to silica-based supports. Dyes struc-
turally related to pyridine nucleotides have also
been used for purification by HPLAC of several en-
zymes [2,22-25]. In this paper, we report the devel-
opment of a new support with an NADP* ana-
logue, 8-[(6-aminohexyl)amino]-2’-phosphoadeno-

@© 1991 Elsevier Science Publishers B.V. All rights reserved
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sine-5'-diphosphoribose (AHCS8-ATPR), attached
through the C-8 position of the adenine ring to
epoxy-activated silica, as a specific group ligand for
purification by HPLAC of several NADP"-de-
pendent dehydrogenases. The new support shows
very high specificity, excellent yields of the retained
enzymes and short operation times, and has been
used with several cell-free extracts, from which glu-
tathione reductase and glucose-6-phosphate dehy-
drogenase have been highly purified.

EXPERIMENTAL

Chemicals

Bromine, Dowex 1-X8 resin, bovine serum albu-
min, ovalbumin, baker’s yeast alcohol: NAD* de-
hydrogenase (EC 1.1.1.1), glucose-6-phosphate de-
hydrogenase (EC 1.1.1.49), glutathione reductase
(EC 1.6.4.2) and hexokinase (EC 2.7.1.1), Thermo-
anarobium brockii alcohol: NADP* dehydroge-
nase (EC 1.1.1.2), rabbit muscle lactate dehydroge-
nase (EC 1.1.1.27) and pyruvate kinase (EC
2.7.1.40), pig heart isocitrate dehydrogenase (EC
1.1.1.42) and citrate synthase (EC 4.1.3.7), and
NAD(P)*, NAD(P)H and 3-[N-morpholine]pro-
pane sulfonic acid (MOPS) were purchased from
Sigma. Bacto peptone was from Difco. Salts for the
mobile phases were from Merck. All other chem-
icals used were of the highest purity.

Equipment :

HPLC was performed using a Beckman appara-
tus equipped with two 110B pumps, an Altex 210A
injection valve, a 163 UV detector and a 406 analog
interface module. Integration was performed by an
AT computer with the System Gold software from
Beckman. Affinity chromatography was carried out
with Beckman Ultraffinity-EP (5.0 cm X 0.45 ¢cm
I.D.) columns, packed with epoxy-activated silica.
An LKB 2112 Redirac collector was used to frac-
tionate the column eluate for monitoring enzymatic
activities. A Spherisorb amino-propyl silica column
(5 um, 25 cm x 0.4 cm 1.D.) from Tracer Analitica
was used for chromatographic control throughout
the synthesis of the nucleotide analogue. Cell-free
extracts were filtered through 0.45-um filters before
application to the HPLC affinity columns.

Centrifugations were carried out on J2-21 and
L8-80M Beckman centrifuges. High-purity water
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was obtained from a Milli-Q water purifier (Milli-
pore). The eluting solvents were degassed under
vacuum for 30 min in an ultrasonic bath and filtered
through 0.2-um membrane filters. Spectrophoto-
metric measurements and enzyme kinetics were car-
ried out in a Beckman DU-7 spectrophotometer. A
Braun Labsonic apparatus was used for sonic disin-
tegration of yeast cells, and an IKA Ultraturrax
T-25 homogenizer for preparation of fish-liver ex-
tracts.

Enzyme assays

The enzymatic activities were assayed as previ-
ously published at the temperatures indicated: alco-
hol: NAD® dehydrogenase [26] 25°C, alcohol:
NADP* dehydrogenase [27] 40°C, lactate dehydro-
genase [28] 37°C, isocitrate dehydrogenase [29]
37°C, glucose-6-phosphate dehydrogenase [30]
25°C, glutathione reductase [12] 30°C, hexokinase
[31]25°C, pyruvate kinase [32] 37°C and citrate syn-
thase [33] 37°C. One unit of activity is defined as the
amount of enzyme catalyzing the transformation of
1 umol of substrate into product per minute.

Cell-free extract preparations

Baker’s yeast. Cells grown with 1% bacto pep-
tone and 2% glucose as carbon source were harvest-
ed by centrifugation at 15 000 g for 10 min, washed
with 250 mM MOPS buffer, pH 7.5, containing !
mM EDTA and centrifuged at 48 400 g for 10 min.
The pellet was resuspended with four volumes of
buffer and sonicated four times for 15 s at 1-min
intervals. Cellular debris was removed by centrifu-
gation at 48 400 g for 10 min, and the supernatant
was dialyzed overnight against extraction bufler.
The cell-free extract contained 0.62 U/ml gluta-
thione reductase (0.09 U/mg specific activity) and
0.42 U/ml glucose-6-phosphate dehydrogenase
(0.06 U/mg specific activity).

Rabbit hemolysate. Cells from freshly drawn rab-
bit arterial blood were collected by centrifugation
and lysed by osmotic shock with 5 mAM MOPS buf-
fer, pH 7.0, containing 1 mAM EDTA (2 ml per ml of
packed cells). Cellular debris was removed by cen-
trifugation at 48 400 g for 10 min and the super-
natant was again centrifuged at 184 000 g for 1.5 h;
the hemolysate was dialyzed overnight against a
suitable MOPS buffer (25-250 mM, pH 7.0-7.5).
The extract contained 0.31 U/ml glutathione reduc-
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tase (0.003 U/mg) and 0.61 U/ml glucose-6-phos-
phate dehydrogenase (0.005 U/mg).

Fish liver. Frozen Mugil cephalus liver was
minced and ground in liquid nitrogen. The powder
was extracted with a similar volume of 5 mM Tris-
HCl buffer, pH 7.4, containing 250 m M sucrose and
10 mAf reduced glutathione (GSH). The slurry was
diluted three-fold with 1.15% (w/v) potassium chlo-
ride solution and centrifuged at 9000 g for 10 min.
The supernatant was ultracentrifuged at 105 000 g
for 1 h, and dialyzed overnight against an appropri-
ate MOPS buffer (25-250 mM, pH 7.0-7.5). The
glutathione reductase activity in this extract was
0.28 U/ml (0.052 U/mg) and that of glucose-6-phos-
phate dehydrogenase 0.96 U/ml (0.158 U/mg).

Protein determination. Protein concentrations
were estimated by the bicinchoninic acid protein as-
say [34] using bovine serum albumin as standard.

Synthesis of the ligand

The synthesis of 8-[(6-aminohexyl)amino]-2'-
phosphoadenosine-5'-diphosphoribose (AHCS-
ATPR, Fig. 1) was carried out as a modification of
the procedure described by Lopez-Barea and Lee
[12]: NADP™* (4 g, 3.945 mmol), was dissolved in 15
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Fig. [. Monitoring of AHC8-ATPR synthesis. Column, Spheri-
sorb APS (25 x 0.4 cm L.D.); back-pressure, 135 bar; flow-rate,
1.0 ml/min; temperature, ambient; irrigant buffer, 0.04 M phos-
phate, pH 2.8; applied sample, 20 pl of a 0.75 mg/ml solution of
AHCB-ATPR lyophilized after Dowex 1-X8 chromatography
dissolved in irrigant buffer. Elution was effected with a linear
gradient of potassium chloride (0-0.8 M in irrigant buffer, pH
2.7) lasting 15 min after sample injection.
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ml of 1 M sodium acetate buffer, pH 4.5. Liquid
bromine (2.5 ml, 48.56 mmol) was then added drop-
wise to the solution with vigorous stirring; during
this process the pH was maintained between 3.9 and
4.5 by adding 1 M sodium hydroxide. After 70 min
at room temperature the unreacted bromine was ex-
tracted seven times, with 30 ml of carbon tetrachlo-
ride each time. To the aqueous phase which con-
tained 8-bromo-NADP™* (C8-BrNADP™), 350 ml
of cold acetone (—80°C) were added and stored
overnight at —80°C. The yellow precipitate was
washed with 60 ml of cold acetone and redissolved
in 20 ml of water. Then, 1,6-diaminohexane (12.0 g,
103 mmol) in 5.0 ml of water was added to the CS8-
BrNADP™ solution and heated at 60°C for 3 h. The
coupling of the spacer arm was monitored spectro-
photometrically by following the shift in absor-
bance maximum from 267 nm (C8-BrNADP*, ¢ =
207 mM ™' cm™!) to 279 nm (AHCS-ATPR, ¢ =
18.0 mM ™' ecm™1): the A;,9/A,67 ratio changed
from 0.71 to 1.11 within 4.5 h of coupling. The reac-
tion mixture was diluted to 2 1 with HPLC-grade
water and loaded at a flow-rate of 100 ml/h into a
Dowex 1-X8 column (180-ml bed), previously equil-
ibrated with | M ammonium carbonate and exten-
sively washed with water. The elution was perform-
ed by a linear ammonium carbonate gradient (0-1.5
M). The fractions (15 ml) with an absorbance maxi-
mum at 279 nm were pooled and lyophilized. Ton-
exchange HPLC was performed to follow the syn-
thesis of the ligand (Fig. 1).

Coupling of the ligand to the epoxy silica column
Optimization of the coupling reaction was per-
formed in a batchwise mode using the Beckman Ul-
traffinity-EP column capacity kit, which contains
100 mg of the same support as the prepacked col-
umn. For coupling to the column, the purified
AHCS-ATPR (0.813 g) was dissolved in 10 ml of
0.85 M potassium phosphate buffer, pH 8.4, con-
taining 0.3 M sodium hydrogencarbonate. The
epoxy-silica prepacked column was attached to an
HPLC pump primed with the same loading buffer;
column flow was adjusted to 1 ml/min until liquid
eluted from column end, then it was shifted to 0.2
ml/min and recycled overnight at 45°C. To remove
ionically bound ligand, the column was washed
with 1 M potassium chloride for 30 min at 1 ml/
min. Hydrophobically bound ligand was removed
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by washing the column with 20 mM potassium
chloride under identical conditions. The unreacted
epoxy groups were converted into the correspond-
ing diol structures by a mild acid hydrolysis with 10
mM hydrochloric acid, pH 2.2, pumped at 0.5 ml/
min for 2 h at 50°C. After washing with equilibra-
tion buffer the column was ready for use.

Ligand density was determined as follows: li-
gand-substituted epoxy silica (100 mg) was heated
at 60°C for 30 min in 1 ml of 1 M sodium hydroxide.
To the solubilized support 4 ml of 100 mM sodium
phosphate buffer, pH 7.0, 1 ml of 1 M hydrochloric
acid and distilled water were added to 10 ml final
volume. A reference solution was prepared similarly
with underivatized epoxy-silica. Ligand concentra-
tion was calculated from the molar absorptivity of
the AHC8-ATPR at 279 nm.

The breakthrough capacity of the affinity column
was determined as follows: a solution of glutathione
reductase (0.182 mg/ml) in 100 mAM MOPS buffer,
pH 7.0, containing 1 mAM EDTA was passed
through the column at a flow-rate of 1 ml/min until
the detector indicated an increasing baseline at 280
nm. At that point the enzyme was just beginning to
break through, and if the loading process continued
the curve would reach a maximum; the amount of
enzyme retained up to this point represented the
maximum dynamic capacity [35].

Chromatographic procedures

Ion-exchange high-performance liguid chromato-
graphy. The Spherisorb column was equilibrated
with 40 mM potassium phosphate, pH 2.8 (buffer
A), at a flow-rate of 1 ml/min. After sample injec-
tion (20 ul), elution was carried out with a linear
gradient of buffer B (buffer A + 0.8 M potassium
chloride, pH 2.7) lasting 15 min. Detection was per-
formed in each case at the maximum absorption
wavelength.

Affinity chromatography. Unless otherwise stated
the Ultraffinity column derivatized with AHCS-
ATPR was equilibrated with loading buffer C (250
mM MOPS buffer, pH 7.5, containing 1 mM
EDTA) at 1 ml/min. Samples of 500 ul containing a
mixture of nine commercial enzymes shown in Ta-
ble IIT (0.1-0.2 mg of each enzyme per ml of buffer
C) were injected into the column. The column was
extensively washed with buffer C until the A,gq re-
turned to zero. The retained enzymes were eluted
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either non-specifically by a linear potassium chlo-
ride gradient (0-1.25 M in buffer C) lasting 10 min,
or specifically with a linear NADP* gradient (0-1.5
mM in buffer C) lasting 15 min. Fractions of 400 ul
were collected and assayed for enzymatic acitivities.
All chromatographic procedures were performed at
room temperature.

RESULTS AND DISCUSSION

The nucleotide analogue AHC8-ATPR bound to
Sepharose 4B has been used previously to purify
mouse liver glutathione reductase [12]: the enzyme
was purified 35-fold in 36 h with 86% overall yield.
The use of agarose for preparative affinity chroma-
tography is limited by its low flow-rates, diminished
peak resolution and bacterial degradation, resulting
in ligand leakage. The HPLC methodology would
be essentially free of such problems and highly valu-
able for unstable proteins requiring rapid isolation
procedures. For this reason we decided to use the
same ligand to purify by HPLAC several NADP*-
dependent enzymes.

The different steps throughout the synthesis of
AHC8-ATPR were controlled by ion-exchange
HPLC. Fig. 1 shows the chromatogram obtained
with a sample of the Dowex 1-X8 column eluate:
the main peak, corresponding to AHC8-ATPR (re-
tention time 5.0 min), represented at least 82% of
the total peaks area.

The ligand concentration on the support was 11.4
umol/g of dry silica, corresponding to 16% of the
inifial epoxy groups of the underivatized silica, a
value higher than the usual 10% previously de-
scribed for epoxy-activated silica [20]. A standard
measurement of the useful loading capacity of the
columns is the 1% breakthrough capacity [35]: us-
ing glutathione reductase as the reference NADP™*
dehydrogenase, this was determined to be 2.3 mg of
enzyme for a 5.0 cm x 0,45 cm I.D. analytical col-
umn.

The suitability of AHC8-ATPR for affinity chro-
matography was studied by measuring the inhi-
bition constants [36] of the soluble uncoupled li-
gand against different enzymes. Table I summarizes
the results obtained: with the exception of isocitrate
dehydrogenase, the NADP™-dependent enzymes
showed low inhibition constant (X;) values for
AHCS-ATPR. The other enzymes tested, NAD*-,
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TABLE 1

INHIBITION CONSTANTS OF DIFFERENT ENZYMES
TOWARD AHC8-ATPR IN SOLUTION

Enzyme Specificity Inhibition
constant®
(K, in M)
Glucose-6-phosphate
dehvdrogenase NADP* 7
Glutathione reductase NADP* 58
Alcohol dehydrogenase NADP* 83
Isocitrate dehydrogenase NADP* =t
Alcohol dehydrogenase NAD* -
Lactate dehydrogenase NAD* 639
Citrate synthase Coenzyme A 409
Pyruvate kinase ATP 2614
Hexokinase ATP 7615

“ Determined by Dixon plot [36] using at least two substrate and
six AHC8-ATPR concentrations.
® No inhibition observed under our experimental conditions.

TABLE II

55

ATP- and coenzyme A-dependent enzymes, dis-
played much higher K; values or were not inhibited.
Thus, as expected, AHC8-ATPR could be selective-
ly used for affinity chromatography of NADP *-de-
pendent dehydrogenases.

The effect of different factors, namely ionic
strength, type of buffer and pH, on the binding of
different classes of enzymes was studied in a batch-
wise mode using the Ultraffinity-EP column capac-
ity kits. The kit was derivatized under the condi-
tions stated above, although conveniently scaled
down. The results obtained with four commercial
enzymes are shown in Table II. MOPS buffer was
the most effective for specific binding of NADP*-
dependent dehydrogenases: ionic strengths higher
than 100 mM quantitatively retained glutathione
reductase and glucose-6-phosphate dehydrogenase,
which were eluted by potassium chloride with re-
coveries close to 100%; the other two enzymes were
not retained under identical conditions. The bind-

EFFECT OF TYPE OF BUFFER, IONIC STRENGTH AND pH ON THE BINDING OF DIFFERENT ENZYMES TO THE

AFFINITY SUPPORT

Phosphate buffer, pH 7.0

MOPS buffer, pH 7.0 100 mA/ MOPS buffer

15 30 60 150 20° 50 100 150 6.5 7.0 7.5

Glutathione reductase

Loaded ¢ 8.9 92 89 8.9 1.9 106 10.5 11.5 1.0 105 100

Washed? 0.4 07 1.5 4.1 0.8 0.2 0.7 2.0 2.5 0.7 2.1

Eluted* 7.9 82 69 4.0 10.9 8.9 8.6 9.4 7.9 8.6 6.6
Glucose-6-phosphate dehydrogenase

Loaded® 87 119 838 8.9 9.9 9.9 99 111 [1.3 99 113

Washed? 1.0 32 53 6.3 0.8 0.0 0.2 0.1 0.7 0.2 0.1

Eluted® 5.9 59 26 0.4 8.3 9.1 99 116 120 100 106
Lactate dehydrogenase

Loaded* 10.1 93 9.1 9.3 12.2 92 119 109 11.8 119 115

Washed? 0.5 36 1.5 7.2 0.2 1.9 9.3 8.5 0.4 9.3 8.3

Eluted® 3.6 21 02 0.0 7.9 3.2 0.1 0.1 6.1 0.0 0.0
Pyruvate kinase

Loaded* 3.7 35 45 4.2 85 138 6.0 8.9 8.5 6.0 102

Washed? 1.4 14 26 3.7 0.5 4.3 S.1 5.5 0.1 5.1 9.8

Eluted® 0.9 1.5 0.6 0.2 86 108 1.1 0.4 6.9 1.2 0.7

¢ Tonic strength of loading buffer expressed in mM.

* pH value of loading buffer.

¢ Total units present in 1.0 ml of loading buffer.

¢ Total units washed with 6.0 ml of each loading buffer.

¢ Total units eluted with 6.0 ml of 10 mM potassium phosphate buffer, pH 7.0, containing I mM EDTA and 0.5 M potassium chloride.
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ing of the model enzymes was less effective and spe-
cific using phosphate buffer: while at low ionic
strength glutathione reductase and glucose-6-phos-
phate dehydrogenase were mostly bound to the sup-
port, an increase in ionic strength significantly low-
ered their binding, especially that of the second en-
zyme. With both buffers, at low ionic strengths, the
support indiscriminately retained all four enzymes
tested, probably because of unspecific ionic interac-
tions with the immobilized ligand, avoided at higher
ionic strengths [20]. Even at low ionic strengths, the
recoveries obtained using MOPS buffer were much
higher than with phosphate buffer. The poorer re-
sults with phosphate buffer could be due to compe-
tition of free phosphate ions and the 2'-phosphate
of C8-ATPR for the phosphate-binding site present
in NADP *-dependent dehydrogenases [37]. The ef-
fect of different pH values on the binding of the
model enzymes was studied with 100 mM MOPS
buffer. At pH 7.0 and 7.5 the support almost com-
pletely retained both NADP*-dependent enzymes,
while mostly excluding the other two enzymes.
Consequently, MOPS buffer of at least 100 mM and
pH 7.0-7.5 was selected for the standard operation
with the new affinity support.

The chromatographic behavior of the new affin-
ity column was studied using a mixture of nine dif-
ferent commercially available enzymes. Fig. 2A and
B shows the chromatograms obtained with two
mixtures of enzymes using non-specific potassium
chloride elution and specific elution by NADP*,
respectively, while Table I11 shows quantitative da-
ta about the total units loaded, washed and eluted.
Glutathione reductase and glucose-6-phosphate de-
hydrogenase were fully retained and eluted out of
the column with recoveries close to 100%. Of the
NADP *-dependent alcohol dehydrogenase loaded,
60-75% was also retained and recovered from the
column, as well as a small amount of pyruvate ki-
nase, in agreement with the previous results shown
in Table II. All other enzymes tested were complete-
ly unretained by the column under such conditions.
The NADP™*-dependent isocitrate dehydrogenase
was not retained at all by the affinity column, in
agreement with the lack of inhibition shown by
AHCS8-ATPR in Table I, and its lack of binding to a
NADP " -type support in conventional affinity chro-
matography [11,13]. As shown in Fig. 2A, elution
with potassium chloride yielded a better resolution
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Fig. 2. HPLAC of mixtures of commercially available enzymes.
Conditions were as described in the Chromatographic procedures
section and sample compositions are shown in Table I11. Tem-
perature, ambient; back-pressure, 28 bar; flow-rate, 1.0 ml/min.
(A) Unspecific elution by potassium chloride gradient: =
absorbance at 280 nm; @ = glutathione reductase activity; A =
glucose-6-phosphate dehydrogenase activity; 0 = NADP™-de-
pendent alcohol dehydrogenase (U x 4). (B) Specific elution by
NADP* gradient: = absorbance at 280 nm; @ = glu-
tathione reductase activity; A = glucose-6-phosphate dehydro-
genase activity (U x 0.5); O = NADP*-dependent alcohol de-
hydrogenase (U X 2).

of glutathione reductase and glucose-6-phosphate
dehydrogenase, while with NADP* (Fig. 2B) glu-
cose-6-phosphate dehydrogenase was eluted before
glutathione reductase, in agreement with their K
values for AHC8-ATPR (Table I). In addition,
NADP? elution did not improve the peak shapes,
thus leading to significant overlapping.

The real test of excellent performance of an
HPLAC support should be the efficient purification
of enzymes from cell-free extracts. Thus after the
results obtained with model mixtures of enzymes,
we initiated the purification of glutathione reduc-
tase and glucose-6-phosphate dehydrogenase from
three different cell-free extracts. The following
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TABLE III
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CHROMATOGRAPHIC BEHAVIOR OF THE AFFINITY COLUMN TOWARDS A MIXTURE OF MODEL ENZYMES

Enzyme Unspecific elution Specific elution
Loaded” Washed® Eluted® Loaded” Washed” Eluted*

Hexokinase 2.6 2.3 0.0 4.5 4.0 0.0
Pyruvate kinase 34 2.8 0.1 34 2.7 0.0
Citrate synthase 3.5 35 0.0 33 3.5 0.0
Lactate dehydrogenase 7.5 7.8 0.0 6.4 6.7 0.0
Isocitrate hydrogenase 35 3.5 0.0 22 2.2 0.0
Alcohol: NAD* dehydrogenase 6.3 6.7 0.0 53 5.7 0.0
Alcohol: NADP* dehydrogenase 1.0 0.3 0.6 1.2 0.3 0.9
Glutathione reductase 5.0 0.0 4.7 4.3 0.0 44
Glucose-6-phosphate dehydrogenase 7.3 0.0 7.3 6.4 0.0 7.6

“ Total units of each enzyme contained in 500 b of a mixture injected into the column.

® Non-retained enzymatic activities expressed as total units.

¢ Activity of the enzymes retained by the column, expressed as total units.

chromatographic conditions were used: 2.0 ml of
each cell-free extract were loaded into the column at
a flow-rate of 1 ml/min; an extensive washing with
the loading buffer was carried out until the Aago
returned to a stable baseline; elution of the bound
enzymes was carried out with a linear potassium
chloride gradient (0-1.25 M) in loading buffer last-
ing 10 min. Fractions (0.4 ml) were collected and
analyzed for enzymatic activities and protein con-
centrations.

Table IV summarizes the results obtained with
several extracts under different conditions. In yeast
cell-free extract, both enzymes were retained and
recovered from the column with yields near to
100% and high purification factors. With fish liver
extracts, glutathione reductase was not bound in
250 mM MOPS buffer, although glucose-6-phos-
phate dehydrogenase was partially retained and re-
covered with a 57-fold purification factor, probably
because of the lower amount of proteins retained
under such conditions. As previously shown in Ta-
ble I, a lowered ionic strength improved the bind-
ing and recovery of both enzymes, although the pu-
rification factors decreased in parallel as more pro-
teins were retained. With the rabbit hemolysate,
glutathione reductase was not retained at 250 mM/
MOPS buffer, but it did bind at 25 mM loading
buffer, with a 77% recovery and a 142-fold puri-
fication factor. On the other hand, glucose-6-phos-

phate dehydrogenase was retained under both con-
ditions with similar recoveries and very high puri-
fication factors, 502- and 440-fold, respectively.

Fig. 3 shows the chromatogram obtained with
the yeast cell-free extract: an excellent resolution
was observed between both enzymes with the potas-
sium chloride gradient, in close analogy with the
reconstruction experiment of Fig. 2A. These results
were obtained with an analytical column at a flow-
rate of only 1 ml/min; nevertheless even under such
limited conditions the chromatographic procedure
was completed in less than 45 min, with quite good
purification factors (Table IV).

Modified nucleotides have been employed to pu-
rify NAD"-dependent dehydrogenases using
HPLAC [17,21]. Nilsson and Mosbach [17] report-
ed an 80% recovery after chromatography of pure
lactate and alcohol dehydrogenases using N6-(6-
aminohexyl)-NAD* coupled to tresyl-activated po-
rous silica. Wikstrédm and Larsson [21] purified lac-
tate dehydrogenase from ox heart cell-free extract
using an NAD ™ analogue coupled to dextran-coat-
ed porous quartz fibres with a 90% recovery and a
35-fold purification factor. As far as we know, our
work reports for the first time the purification of
NADP*-dependent dehydrogenases by HPLAC,
using an NADP* analogue as specific group ligand,
coupled through the C-8 position of the adenine
ring to as epoxy-activated porous silica matrix.
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TABLE 1V
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PURIFICATION OF GLUTATHIONE REDUCTASE AND GLUCOSE-6-PHOSPHATE DEHYDROGENASE FROM DIF-

FERENT CELL-FREE EXTRACTS®

Cell-free extracts Glutathione reductase

Glucose-6-phosphate dehydrogenase

(loading buffer)

Recovery Purification ~ Recovery Purification
(%) (fold) (%) (fold)
Baker’s yeast
MOPS 250 mM, pH 7.5 90 104 118 35
Fish liver
MOPS 250 mM, pH 7.5 Unbound Unbound 59 57
MOPS 50 mM, pH 7.5 62 28 63 22
MOPS 25mM, pH 7.0 70 19 69 19
Rabbit hemolysate
MOPS 250 mM, pH 7.5 Unbound Unbound 66 502
MOPS 25mM, pH 7.0 7 142 67 440

“« A sample of 2.0 ml of each cell-free extract was loaded into the column. The recovery is expressed as a percentage of the initial activity
loaded. The purification is expressed as the ratio of specific activity of the peak fraction to specific activity of the cell-free extract.

The results summarized in Table IV and Fig. 3
show that AHCS8-ATPR is an excellent specific
group ligand for purification of NADP *-related en-
zymes by HPLAC in crude extracts from different
sources. Three arguments validate such an state-
ment:

(1) Experiments with model enzymes and those
carried out with cell-free extracts show that the new
affinity support is highly specific for NADP*-de-
hydrogenases.

(2) The recoveries of the retained enzymatic ac-
tivities, at least 70%, are similar to those previously
obtained in the purification of NAD *-dependent
dehydrogenases by HPLAC [17,21-24].

(3) The specificity and resolving power of our
support yield higher purification factors (19- to 502-
fold) than those previously reported for NAD *-de-
pendent enzymes [17,23-25].

Our results also significantly improve those ob-
tained using the same ligand, AHC8-ATPR, in con-
ventional affinity chromatography, with a 50-fold
decrease in chromatographic run time.

In conclusion, we propose the new support, with
AHCS8-ATPR covalently attached to epoxy-activa-
ted porous silica, as a very convenient affinity ma-
trix for separation of NADP*-dependent enzymes.

The chromatographic procedure described in this
work can also be easily scaled up for laboratory
semipreparative purposes, by using a commercially
available prepacked column instead of an analytical
one.
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Fig. 3. HPLAC of a cell-free extract of baker’s yeast. A 2-ml
sample of baker’s yeast cel-free extract was injected into the col-
umn at a flow-rate of 1 ml/min. Starting solvent: 250 mM MOPS
buffer, pH 7.5, 1 mM EDTA. Elution: linear potassium chloride
gradient (0-1.25 M) in starting solvent. = Absorbance at
280 nm; @ = glutathione reductase activity; A = glucose-6-
phosphate dehydrogenase activity.
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ABSTRACT

Isocratic column liquid chromatography on poly(styrene-divinylbenzene) copolymer allowed complete separation of metacycline,
4-epimetacycline, oxytetracycline, doxycycline and 6-epidoxycycline. 2-Acetyl-2-decarboxamidometacycline was eluted on the tail of
metacycline. The mobile phase was 2-methyl-2-propanol-0.2 M phosphate buffer (pH 9.0)-0.01 M sodium ethylenediaminetetraacetate
(pH 9.0)-water (2.5:10:10:77.5, m/v/v/v). The flow-rate was 1.0 ml/min and detection was performed at 254 nm. Official standards were
compared and a number of commercial bulk samples and specialties were analysed. 2-Acetyl-2-decarboxamidometacycline, 6-epidoxy-
cycline and doxycycline were the main impurities, while 4-epimetacycline and oxytetracycline were minor impurities.

INTRODUCTION

Metacycline (MTC) (Fig. 1) is a broad-spectrum,
semi-synthetic antibiotic prepared from oxytetracy-
cline (OTC) [1]. Although column liquid chromato-
graphy (LC) of several tetracyclines and their deg-
radation products has been discussed extensively,
the separation of metacycline and potential impuri-
ties which may be formed during synthesis has not
been reported. Perhaps this is because information
about the related substances of MTC has not been
available. Microbiological assay is still the official

OH o) OH o
Fig. 1. Structure of metacycline.
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method for determining MTC in the United States
Pharmacopeia XXII [2]. In a companion paper we
report on the isolation of 2-acetyl-2-decarboxami-
dometacycline (ADMTC), 6-epidoxycycline (6-
EDOX) and doxycycline (DOX) from commercial
MTC [3]. Analogues of ADMTC, such as 2-ace-
tyl-2-decarboxamidooxytetracycline (ADOTC) or
2-acetyl-2-decarboxamidotetracycline (ADTC), on-
ly possess about 10% of the activity of the corre-
sponding tetracycline [4,5]. DOX is an active anti-
biotic while 6-EDOX has only little activity [6,7).
In this paper, an isocratic method is described,
using  poly(styrene-divinylbenzene) (PSDVB)
copolymer as the stationary phase. It enables the
complete separation of 4-epimetacycline (EMTC),
OTC, MTC, 6-EDOX and DOX. ADMTC is elut-
ed on the tail of MTC. The method is based upon
LC methods previously elaborated in this laborato-
ry for the analysis of DOX [8-10], TC [1 1,12], OTC
[13,14] and demeclocycline (DMCTC) [15]. The
method has been used to compare official standards
and to analyse a number of commercial samples.

© 1991 Elsevier Science Publishers B.V. All rights reserved
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EXPERIMENTAL

Reference substances and samples

The United States Pharmacopeia Reference Stan-
dard (U.S.P. - RS) Lot F (930 pg/mg) and Lot G,
The European Pharmacopoeia Chemical Reference
Substance (Ph. Eur. - CRS), which is not used for
quantitative work, and the W.H.O. Second Interna-
tional Standard (W.H.O.-IS) were compared.
House standards of MTC - HCI (95.3%, m/m) and
DOX - HCI (93.1%, m/m) were available in the lab-
oratory. 6-EDOX - HCl (96.5%, m/m) was ob-
tained from the Buropean Pharmacopoeia (Stras-
bourg, France). The content of DOX - HCI and
6-EDOX - HCl in the last two reference substances
has been reported previously [8,10]. A reference
sample of OTC (99.0%, m/m) was obtained from
Janssen Chimica (Beerse, Belgium). Percentages are
expressed as the hydrochloride salt. A small
amount of EMTC - HCI was also prepared but its
purity was not determined exactly since it is only a
minor impurity of MTC. This sample was not used
for quantitative work.

Bulk samples of MTC - HCI were obtained from
different plants of one manufacturer. Capsules pro-
duced by the same manufacturer were obtained
from the Belgium market.

Solvents and reagents

2-Methyl-2-propanol was from Janssen Chimica
and was distilled before use. Other reagents were of
pro analysi quality (Merck, Darmstadt, Germany).
Water was freshly distilled twice from a glass appa-
ratus.

LC equipment and operating conditions

The LC apparatus consisted of an L-6200 pump
(Merck-Hitachi, Darmstadt, Germany), a Mara-
thon autosampler equipped with a 20-ul loop
(Spark Holland, Emmen, Netherlands), a Waters
Model 440 detector set at 254 nm (Waters Assoc.,
Milford, MA, USA) and a Model 3393 A integrator
(Hewlett-Packard, Avondale, PA, USA). The
PSDVB copolymers PLRP-S, 8 um, 100 A (Poly-
mer Labs, Church Stretton, UK) and RoGel, 7-9
pm (RSL - BioRad, Eke, Belgium) were packed in
250 mm x 4.6 mm I.D. columns following a previ-
ously described method [16]. The column was main-
tained at 60°C in an oven. The flow-rate was 1.0
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ml/min. The back-pressure was between 45 and 70
bar, depending on the brand of packing material.
For some experiments, a Waters 990 photodiode
array detector was used. The mobile phases finally
used contained 2% (m/v) and 2.5% (m/v) 2-meth-
yl-2-propanol as the organic modifier for PLRP-S
and RoGel, respectively. The required amounts
were weighed-and rinsed into a volumetric flask. All
mobile phases contained 10% (v/v) 0.2 M potassi-
um hydrogenphosphate buffer (pH 9.0) and 10%
(v/v) 0.01 M sodium ethylenediaminetetraacetate
(EDTA). During preparation of the latter solution,
the pH was adjusted to 9.0 with sodium hydroxide
solution. The volume was made up with water. The
mobile phase was degassed by sonication.

Sample preparation and stability

About 25.0 mg of bulk samples were precisely
weighed, dissolved in 0.01 M hydrochloric acid and
diluted to 50.0 ml with the same solvent. For cap-
sules, the sample was weighed to obtain the equiv-
alent of about 25.0 mg of MTC - HCl and diluted to
50.0 ml with 0.01 M hydrochloric acid. The mixture
was sonicated for 5 min at room temperature and
then centrifuged at 2500 g for 5 min. The super-
natant liquid was filtered through a membrane filter
with 1.5-um pores. The solutions were stable for at
least 2 days at 6°C.

RESULTS AND DISCUSSION

Development of the chromatographic method
Experience obtained with previous LC analysis
[8-16] on PSDVB stationary phases was used for
the present studies. In preliminary experiments, it
was observed that tetrabutylammonium (TBA) hy-
drogensulphate, used in the mobile phases for anal-
ysis of DOX, TC, OTC and DMCTC, had to be
omitted in the mobile phase for analysis of MTC,
otherwise poor separation of ADMTC and 6-
EDOX was obtained. In the former methods, TBA
was needed to obtain satisfactory separation of the
corresponding 4-epimer or 6-epimer (for DOX).
As for the other tetracyclines, 2-methyl-2-propa-
nol was chosen as the organic modifier. The influen-
ce of the mobile phase pH and the amount of organ-
ic modifier on the separation is shown in Fig. 2. At
pH 7.0, ADMTC is eluted after 6-EDOX, while at
higher pH this order is reversed. At pH 9.0, not only
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Fig. 2. Influence of the concentration of the organic modifier and
the pH of the mobile phase on the separation of metacycline and
related substances. Column: RoGel. Mobile phase: 2-methyl-2-
propanol (x g)-0.2 M phosphate buffer of the pH indicated (10.0
ml)}-0.01 M EDTA (10.0 ml), the pH of which was brought to the
pH indicated with a solution of sodium hydroxide-water (up to
100.0 ml). See Experimental section for other conditions, EMTC
= 4-epimetacycline; MTC = metacycline; ADMTC = 2-ace-
tyl-2-decarboxamidometacycline; 6-EDOX = 6-epidoxycycline;
DOX = doxycycline.

was the selectivity better than that at pH 8.0, but
also the symmetry improved and the plate number
increased. Detailed results for OTC were not added
since preliminary tests revealed that OTC was al-
ways eluted well before EMTC. The influence of the
phosphate buffer concentration was also investigat-
ed. Retention increased with increasing concentra-
tion. The separation of ADMTC and 6-EDOX de-
creased when more than 15% (v/v) 0.2 M phos-
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Fig. 3. Typical chromatogram of metacycline hydrochloride
spiked with OTC and EMTC. Mobile phase: 2-methyl-2-propa-
nol (x g per 100 ml}-0.2 M phosphate buffer pH 9.0 (10.0
mi)-0.01 M EDTA pH 9.0 (10.0 ml)-water (up to 100.0 ml).
PLRP-S, 100 A (8 um): x = 2.0; RoGel, 70 A (7-9 um): x = 2.5.
Amount injected: 10 ug. Flow-rate: 1.0 ml/min. Detection: UV at
254 nm. Temperature: 60°C. Content (%, m/m): OTC, 0.9;
EMTC, 0.8; ADMTC, 0.4; 6-EDOX, 0.5; DOX, 0.2,

phate buffer was used. In order to have sufficient
buffer capacity, a content of 10% (v/v) was chosen.
The presence of EDTA in the mobile phase is neces-
sary, otherwise the separation of MTC and
ADMTC rapidly deteriorates. A concentration of
10% (v/v) 0.01 M EDTA was used throughout.

A column temperature of 60°C was maintained

- throughout the study. This temperature was also

found to be suitable for the analysis of other tetra-
cyclines [8-16]. The stability of MTC during analy-
sis was checked by repeated analysis of MTC - HCl
house standard at 50 or 60°C. The areas of the
MTC peak were not found to differ significantly.
The good repeatability of the method (see below)
was also an indication of MTC stability. Peak ho-
mogeneity was determined by on-line photodiode
array detection.

Fig. 3 shows chromatograms obtained on
PLRP-S, 100 A and RoGel. The physical properties
of the packing materials and chromatographic
characteristics are indicated in Table I. All further
analyses were performed on a RoGel column.

Calibration curves, repeatability and limits of quanti-
tation

Calibration curves were constructed with the
house standards MTC - HCl and DOX - HCI and
with the reference substance 6-EDOX - HCI. The
following relationships were found, where y = peak
area, x = mass (ug), corrected for its content of
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TABLE 1

CHROMATOGRAPHIC CHARACTERISTICS OF THE
STATIONARY PHASES

See Fig. 2 for chromatographic conditions.

Column
PLRP-S, RoGel
8 um, 100 A 7-9 um, 70 A
Amount (%, m/v) of 2.0 2.5
2-methyl-2-propanol
in mobile phase
Plate number per
per column (MTC) 2340 2950
Peak symmetry (MTC),
bg.os/2a" 1.09 1.03
Resolution
OTC-EMTC 4.6 5.6
EMTC-MTC 5.4 5.1
MTC-ADMTC 2.5 2.8
ADMTC-6-EDOX 2.1 2.3
6-EDOX-DOX 2.0 1.9
Capacity factor (k')
OTC 2.20 2.21
EMTC 3.39 4.07
MTC 5.70 6.50
ADMTC 7.30 8.35
6-EDOX 8.89 10.27
DOX 11.00 12.34

* by.os = Width of the peak at one-twentieth of the peak height.
a = Distance between the perpendicular dropped from the
peak maximum and the leading edge of the peak at one-twen-
tieth of the peak height.

hydrochloride salt injected, r = correlation coeffi-
cient, S, . = standard error of estimate, R = range
of injected mass examined, n = number of analyses.
MTC . HCl: y = 96913 + 194907x; r = 0.9979; S, «
= 21566; R = 8-12 ug; n = 12. DOX - HCl: y =
1767 + 162902x; r = 0.9997; S, = 680; R =
0.05-0.4 ug; n = 15. 6-EDOX - HCL: y = —500 +
168447x;r = 0.9970; S, . = 2033; R = 0.05-0.4 ug;
n = 15. MTC - HCL: y = 625 + 197631x; r =
0.9999; S, . = 356; R = 0.05-0.4 ug; n = 15. The
calibration curves were not used to calculate the
content of the samples but only to check the linea-
rity. The calculations for the content of the main
component were based on the results obtained for
the MTC - HCI house standard in each series of
analyses. The limits of quantitation (LOQ) were
0.02% (m/m) for OTC and EMTC and 0.1% (m/m)
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for ADMTC, 6-EDOX and DOX. The house stan-
dard was analysed 54 times over a period of 7 days.
The relative standard deviation (R.S.D.) for MTC
was 1.0%.

Comparison of metacycline hydrochloride standards

The MTC - HCl house standard was titrated with
perchloric acid in non-aqueous conditions. A total
of five titrations gave a mean of 95.5% (m/m) MTC
-HCI(R.S.D. = 0.5%). A total of three Karl Fisch-
er titrations gave a mean of 0.9% (m/m) water
(R.S.D. = 5.6%). The standard contained also
2.8% (m/m) acetone (n-= 5, R.S.D. = 1.1%) and
0.7% (m/m) n-butanol (n = 4, RS.D. = 8%), as
determined by gas chromatography (GC). The total
content of MTC - HCI house standard was there-
fore accepted to be 95.5% (m/m), and this figure
was corrected by means of chromatography. The
total concentration of chromatographic impurities
corresponded to 0.2% (m/m). Therefore, the MTC -
HCl house standard was assigned a purity of 95.3%
(m/m).

Using the MTC - HCl house standard, the con-
tent of the official standards was compared by LC.
Table IT summarizes the results obtained. The MTC
. HCI content was determined by comparison with
the chromatograms for the MTC - HCl house stan-
dard, obtained on the same day. Reference solu-
tions of MTC - HCI, 6-EDOX - HCI and DOX -
HCI prepared at a concentration of 0.005 mg/ml,
corresponding to 0.5% (m/m), were used to deter-
mine the content of ADMTC - HCI, 6-EDOX - HCI
and DOX - HCI, respectively. Since an ADMTC -
HCl reference sample was not available, it was ex-
pressed in terms of MTC - HCL. The R.S.D. values
given in parentheses are within acceptable limits for
all the determinations. The declared content for the
U.S.P. Lot F of 930 ug/mg activity, determined by
microbiological assay, is very close to the content of
92.0% (m/m), expressed as MTC base, and deter-
mined by the LC method.

Analysis of commercial samples

The commercial samples were analysed as de-
scribed above for the standards. Table III shows
results for the bulk samples of MTC - HCI. The
repeatability of the assay is good. The content of
OTC - HCl and EMTC - HCl is lower than the LOQ
for all the samples. Since MTC carries a hydroxyl
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TABLE II
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COMPOSITION OF METACYCLINE HYDROCHLORIDE STANDARDS

Values (%, m/m) are expressed in terms of the hydrochloride salt; » = number of analyses; R.S.D. values (%) are given in parentheses;

ND = not determined owing to the limited amount of sample.

Chromatography House standard® Ph. Eur.-CRS U.S.P.-RS, U.S.P.-RS, W.H.O.-IS
Lot F, 930 ug/mg Lot G

Number of solutions 54 4 4 3 2
Number of analyses 54 8 6 6 4
Number of days 7 2 2 2 1
OTC <0.02 <0.02 <0.02 <0.02 <0.02
EMTC? <0.02 <0.02 <0.02 <0.02 <0.02
ADMTC? <0.1 0509 0.4 (3) <0.1 0.503)
DOX 0.1 (28) 0.2 (18) <0.1 <0.1 <0.1
6-EDOX 0.1 (26) 0209 <0.1 <0.1 <0.1
MTC 95.3(1.0) 97.7 (0.9) 99.3 (0.9) 99.9 (0.9) 99.2 (0.9)
Subtotal 95.5 98.6 99.7 99.9 99.7
Titration 95.5 ND ND ND ND
n (R.S.D., %) 5(0.5)
Water determined 0.9 ND ND ND ND
n (R.S.D., %) 3(5.6)
Water declared 0.9 0.6 0.2 0.5

Ref. 17 Ref. 18 Ref. 18 Ref. 19
Total 99.9 99.5 100.3 100.1 100.2

 This sample also contains 2.8% (m/m) acetone (n = 5, R.S.D.

b Expressed in terms of MTC - HCL.

group at C-5 it is, like OTC and DOX, more stable
to epimerization in C-4. This is probably because of
hydrogen bonding of the C-5 hydroxyl with the C-4
dimethylamino group [20]. The absence of a hy-
droxyl at C-6 excludes the possibility of acid degra-
dation to the corresponding anhydro derivative

TABLE II1

= %) and 0.7% (m/m) n-butanol (» = 4, RS.D. = 8%).

[21]. The ADMTC - HC! or 6-EDOX - HCI con-
tents are always lower than 1% (m/m); the DOX -
HCI content is always lower than 0.5% (m/m). The
water content for all the bulk samples is well within
the U.S.P. limit of 2% (m/m) [2].

Table IV gives the results obtained for capsules.

COMPOSITION OF BULK SAMPLES OF METACYCLINE HYDROCHLORIDE

Values (%, m/m) are expressed in terms of the hydrochioride; four independent chromatographic analyses and four Karl Fischer
titrations were performed for each sample within one day; R.S.D. values (%) are given in parentheses.

Sample OTC EMTC* MTC ADMTC® 6-EDOX DOX Water content Total
31256701 <0.02 <0.02 98.2 (0.3) 0.8 (5) 034 0.1,(10) 0.6 (4) 100.0
088-0672 <0.02 <0.02 98.8 (0.9) 0.3 (8) 0.3 (6) 0.1 (5) 0.6 (7) 100.1
21256707 <0.02 <0.02 97.5(0.5) 0.54) 0.6 (3) 0.2(21) 0.6 (5) 99.4
836-56007 <0.02 <0.02 97.8 (0.9) 0.3 (8) 0.4 (7 0.2 (3) 0.6 (7) 99.3
21256705 <0.02 <0.02 99.2 (0.6) 0.4 (2) 0.5(2) 0.2 (5 0.6 (9) 100.9
21256708 <0.02 <0.02 97.1 (1.0} 0.6 (1) 0.4 (5 0.3 (5 0.6 (5) 99.0
31256702 <0.02 <0.02 98.4 (0.7 0.5 (1) 0.2 (8) 024 0.5 (1) 99.8
51256004 <0.02 <0.02 98.4 (0.7) 0.4 (2) 0.4 (2) 0.2 (3D 0.2 (20) 99.6

“ Expressed in terms of MTC - HCL.
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TABLE 1V
COMPOSITION OF CAPSULES

W. NAIDONG et-al..

Values (%, m/m) are expressed in terms of the hydrochloride salt as claimed on the label; four independent analyses were performed for
each sample within one day; R.S.D. values (%) are given in parentheses.

Sample Sample age OTC EMTC! MTC ADMTC* 6-EDOX DOX
in months

A 60 <0.02 0.05 (12) 978(1.2) 02(2) 1.1 (D 0411

B 60 <0.02 0.05 (23) 99.7(0.8) 02(3) 1.1 (0.5) 0.4 (15)

C 60 <0.02 0.05 (30) 100.1 (1.4) 0.1 (5 08 () 0.2(19)

¢ Expressed in terms of MTC - HCI.

MTC - HCI in capsules is quite stable. Only trace
amounts of EMTC - HCI (0.05%, m/m) were mea-
sured for all the capsules. The contents of DOX and
6-EDOX seem to be somewhat higher than those in
bulk samples. However, these impurities, which are
obtained by reduction of the methylene group, are
formed during the semi-synthesis rather than upon
storage.

CONCLUSION

The results show that the described LC method is
suitable for the determination of MTC in bulk sam-
ples and in preparations. An important advantage
of the method is its applicability to the different
polymer stationary phases available on the market.
This is not often obtained with silica-based re-
versed-phase materials, for which it is known that
important differences in selectivity can exist be-
tween brands.
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ABSTRACT

Isolation of doxycycline, 6-epidoxycycline and 2-acetyl-2-decarboxamidometacycline from commercial metacycline was achieved by
preparative column liquid chromatography on silica gel, previously impregnated with edetate (EDTA). Careful control of the pH of
EDTA allowed fine tuning of the separation. The mobile phases were composed of dichloromethane, methanol and 0.1 mM EDTA at
pH 9.0 or 6.0. Structures were confirmed with nuclear magnetic resonance spectroscopy. The presence of doxycycline and its 6-epimer in
commercial metacycline has not previously been described. The presence of the 2-acetyl derivative was not surprising since analogous

2-acetyl derivatives have been identified in other tetracyclines.

INTRODUCTION

In the companion paper we reported on a column
liquid chromatographic (LC) method for the assay
and purity control of the tetracycline antibiotic
metacycline hydrochloride (MTC - HCI) [1]. Using
this analytical method, three substances of un-
known identity (UNKI1, UNK2 and UNK3) were
separated. In commercial MTC - HCI samples,
UNKI! and UNK3 were each found to be present
up to about 1% (m/m) and UNK2 up to about
0.5% (m/m), all expressed as MTC - HCI. On the
other hand, oxytetracycline (OTC), the starting ma-
terial for the semi-synthesis of MTC and 4-epimeta-
cycline (EMTC), a potential degradation product of
MTC, were almost absent in commercial MTC
samples. UNK1, UNK2 and UNK3 were isolated
by LC onsilica gel buffered with edetate (EDTA) of
definite pH, and identified as 2-acetyl-2-decarboxa-
midometacycline (ADMTC), doxycycline (DOX)
and 6-epidoxycycline (6-EDOX). The structures of

0021-9673/91/303.50 ©

MTC and its related substances are shown in Fig. 1.
DOX and 6-EDOX are obtained from MTC by re-
duction. This is also the pathway for the semi-syn-
thesis of the clinically used DOX. Thus, these impu-
rities could be formed by accidental reduction dur-
ing the preparation of MTC. ADMTC is formed
from the corresponding 2-acetyl-2-decarboxami-
dooxytetracycline (ADOTC), which is present in
the starting material as an impurity.

EXPERIMENTAL

Reagents and solvents

Methanol (Belgolabo, Overijse, Belgium) was
distilled from a glass apparatus. Dichloromethane
(Janssen Chimica, Beerse, Belgium) was distilled
over diphosphorus pentoxide to remove the alcohol
added as a stabilizer. Water was twice distilled from
a glass apparatus. Disodium EDTA was of pro ana-
lysi quality (Baker Chemicals, Deventer, Nether-
lands).

1991 Elsevier Science Publishers B.V. All rights reserved
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Fig. 1. Structures of metacycline and its related substances.

Commercial MTC - HCI (Pfizer, France) contain-
ing 0.5% UNKI, 0.3% UNK2 and 0.7% UNK3 as
determined by the analytical LC method, was used
for preparative isolation. Reference DOX - HCl and
6-EDOX - HCI were obtained from the European
Pharmacopoeia (Strasbourg, France). Reference
OTC was obtained from Janssen Chimica. EMTC
was prepared from MTC by storing a solution of
MTC at pH 3, and the EMTC formed was isolated
from the mixture by open-column chromatography
on silica gel as described below.

Open-column chromatography on silica gel

This technique was used for a rough separation
of the impurities from MTC. The glass column (5
cm 1.D.) was packed with 150 g of silica gel 60 H,
40-63 um (Merck, Darmstadt, Germany). Before
use the silica gel was suspended in EDTA (10%,
m/v), previously adjusted to pH 9.0 with sodium

4-EPIMETACYCLINE

hydroxide, sonicated for 5 min, filtered off and
dried at 110°C overnight. The treated silica gel was
slurried in dichloromethane for column packing.
The sample was dissolved in methanol and diluted
with dichloromethane. The mobile phase was di-
chloromethane-methanol-0.1 mM EDTA at pH
9.0 (74:23:3, v/v/v), with a flow-rate of 18 ml/min.
Fractions of 20 ml were collected.

Open-column chromatography on XAD

This technique was used for removing inorganic
salts from purified substances. The glass column (1
cm 1.D.) was packed with a suspension of 5 g of
XAD2, 50-100 um (Serva, Heidelberg, Germany)
in methanol and washed with water. The sample
was loaded on the column in aqueous solution, and
after flushing the column with water the product of
interest was washed out with methanol.
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Preparative column liquid chromatography

The laboratory-assembled chromatrograph con-
sisted of two Milton Roy minipumps (Laboratory
Data Control, Riviera Beach, FL, USA), assembled
as described before [2]. A 4.5-ml loop was fitted on
the Model CV-6-UHPa-N60 Valco injector (Hous-
ton, TX, USA). The Model 150 Altex Biochemical
UV detector (Berkeley, CA, USA) was equipped
with a preparative cell.

The preparative columns, A (25 cm % 2.2 ¢cm
ID.)orB(25cm x 1.0cm I.D.), were packed in the
laboratory with silica get 60 H, 15 um (Merck). Fine
particles were removed by flotation in water as pre-
viously described [3]. Before use the silica gel was
suspended in EDTA (10%, m/v), previously adjust-
ed to pH 9.0 (for column A) or pH 6.0 (for column
B), by sonication for 5 min, filtered off and dried at
110°C overnight. The packing procedure was the
same as previously described [3]. Guard columns A
(25cm x 22ecm ID.)or B(25cm x 1.0 ¢cm ID))
were packed by hand with silica gel from the same
batch at pH 9.0 or 6.0. These columns were used to
saturate the mobile phase with EDTA. Guard col-
umns were replaced after 40 h. The separation col-
umns were used throughout the study without loss
of performance. Mobile phases for columns A and
B were dichloromethane-methanol-0.1 mM
EDTA, pH 9.0 (§9:35:6, v/v/v), and dichlorometh-
ane-methanol-0.1 mM EDTA, pH 6.0 (55:42:3, v/
v/v), respectively.

Samples were dissolved in the mobile phase at a
concentration of not more than 30 mg/ml. The
flow-rate was set at 14 ml/min for column A and 7
ml/min for column B.

Thin-layer chromatography (TLC)

Precoated silica gel layers on aluminium were
used, i.e. silica gel 60 F;s4 (Merck) and Alugram
SIL G/UV ;54 (Macherey-Nagel, Diiren, Germany).
Before use, the plates were evenly sprayed with a
10% (m/v) solution of EDTA, the pH of which was
adjusted to 9.0 with sodium hydroxide. About 10
ml were used for plates of 10 cm x 20 cm. The
plates were dried in a horizontal position for at least
30 min at room temperature and then in an oven at
100-110°C for at least 30 min shortly before use.
From each fraction collected from the open col-
umn, 2 ul were applied on the plate to evaluate its
composition. The chromatographic chamber was
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lined with paper and equilibrated with the mobile
phase, dichloromethane-methanol-water (59:35:6,
v/v/v), for at least 1 h prior to use. The plate was
developed at room temperature over a distance of
7.5 cm (about 15 min) and dried with a stream of
hot air. The plates were examined in ultraviolet
light at 365 nm. A more thorough discussion of the
TLC method for identification of tetracyclines has
been published previously [4,5].

Nuclear magnetic resonance (NMR)

"H and '*C Fourier transform (FT) spectra were
taken with a Jeol FX 90 Q Nuclear magnetic reso-
nance (NMR) spectrometer (Tokyo, Japan), oper-
ating at 89.60 MHz (*H) or 22.53 MHz (*3C), in
5-mm tubes and at a probe temperature of 30°C.
Samples were prepared in deuterated dimethylsul-
phoxide (DMSO-d¢) with tetramethylsilane (TMS)
as reference.

RESULTS AND DISCUSSION

For the validation of an analytical LC method
for MTC, it was decided to identify the impurities
of commercial samples of MTC. Preliminary exper-
iments indicated that the impurities detected
(UNK1, UNK2 and UNK3) were not degradation-
products. These substances had to be separated by
chromatography from commercial MTC contain-
ing only small amount of impurities. Attempts to
prepare samples enriched in impurities by recrystal-
lization were unsuccessful.

In 1967, Ascione et al. [6] described column chro-
matography on kieselguhr treated with EDTA and
benzene—chloroform (40:60 or 30:70, v/v) and n-bu-
tanol-chloroform (50:50, v/v) as mobile phases to
separate tetracyclines. The inherent low capacity of
kieselguhr makes this material less suitable for the
isolation of small amount of impurities from MTC
samples. In 1989, Oka et al. [7] isolated photode-
composition products of tetracycline by using silica
gel and benzene-ethyl acetate (19:1, v/v) or mix-
tures of chloroform-methanol-water as mobile
phases. We were unable to separate the impurities
of interest from MTC with this method because of
severe streaking, probably due to complex forma-

tion with the metal ions in the silica gel. In 1990,

Drexel et al. {8] isolated lumitetracycline from pho-
todecomposed tetracycline by using a LiChorsorb
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RP-8 LoBar column with a mobile phase of ctha-
nol-0.05 M oxalic acid (pH 3.0) (30:70, v/v). How-
ever, on reversed-phase packings, separation of
UNK1 and MTC was not achieved in our laborato-
ry.

The column chromatographic method for isola-
tion of UNKI1, UNK2 and UNK3 was developed
on the basis of experience with TLC of tetracyclines
[4,5]. TLC of a commercial sample was performed
on silica gel layers sprayed with 10% EDTA solu-
tions of various pH. The results are shown in Fig. 2.
At pH 6.0, UNKI1, UNK2 and UNK3 were well
separated from each other, but no separation was
achieved between UNK3 and MTC. At pH 9.0,
UNK?2, UNK3 and MTC were well separated from
each other, but the separation between UNK1 and
UNKZ2 was insufficient. It was therefore decided to
separate a mixture of UNK1 + UNK2 from
UNK3 by column chromatography on silica gel
pretreated with EDTA at pH 9.0, followed by fur-
ther separation of UNK1 and UNK2 at pH 6.0.
The separation of polar compounds by LC on buf-
fered silica gel has been described previously [9].

A rough separation of the MTC impurities from
10 g of a commercial sample was performed by
open-column chromatography on silica gel at pH
9.0, as described in the Experimental section. TLC
was used to monitor the separation. Fractions 15—

—*— UNK?1 {(ADMTC)
—+ UNK2 (DOX)

Rg x 100
50
- UNK3 (6-EDOX)
-8B~ MTC

40t

sol 4—»—4—-/\ > ot1c
. -6 EMTC

201

Fig. 2. Influence of the stationary phase pH on the separations
obtained by TLC. Stationary phase: silica gel (Alugram),
sprayed with 10% EDTA solutions at different pH. See Experi-
mental section for other conditions. Mobile phase: dichloro-
methane-methanol-water (59:35:6, v/v/v). The values used to
construct the graph are the means of several experiments.
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Fig. 3. Isolation of UNK3 (6-EDOX) by preparative column
liquid chromatography. (A) Separation of a mixture of UNKI
+ UNK2 from UNK3 and metacylcine. (B) Further purification
of UNK3. Stationary phase: silica gel, 15 um, treated with
EDTA at pH 9.0 (25cm x 2.2 cm 1.D.). Mobile phase: dichloro-
methane-methanol-0.1 mM EDTA, pH 9.0 (59:35:6, v/v/v).
Flow-rate: 14 ml/min. Detection: UV 254 nm. Sample load: 120
mg. MTC = metacycline.

24 (fraction I) contained UNK! and UNK2 while
fractions 25-34 (fraction II) contained UNKI,
UNK?2 and UNK3 and some MTC.

Further purification was carried out by prepara-
tive column liquid chromatography on silica gel
treated with EDTA at pH 9.0. Fraction II was sep-
arated into UNK1 + UNK2, UNK3 and MTC, as
shown in Fig. 3. UNK3 was purified further using
the same method to yield about 20 mg of chroma-
tographically pure UNK3. The mixture UNK1 +
UNK2 was added to fraction I, obtained by open-
column chromatography. Fraction I was separated
into UNK 1 and UNK2 by LC on silica gel pretreat-
ed with EDTA at pH 6.0, as shown in Fig. 4. This
procedure gave chromatographically pure UNK1
(25 mg) and UNK2 (20 mg). The substances thus
obtained were washed free of inorganic salts by
open-column chromatography on XAD2 as de-
scribed in the Experimental section. The resultant
samples of UNKI1 (20 mg), UNK2 (10 mg) and
UNKS3 (12 mg) had purities greater than 90%, as
determined by analytical LC [1].

The structures UNK 1, UNK2 and UNK3 were
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Fig. 4. Isolation of UNKI1 (ADMTC) and UNK2 (DOX) by
preparative column liquid chromatography from a mixture of
UNKI and UNK2. Stationary phase: silica gel, 15 um, treated
with EDTA at pH 6.0 25 cm x [ ¢cm L.D.). Mobile phase: di-
chloromethane-methanol-0.1 mM EDTA, pH 6.0 (55:42:3,
v/v/v). Flow-rate: 7 ml/min. Detection: UV 254 nm. Sample
load: 20 mg.

elucidated by a combination of chromatographic
and spectroscopic methods. UNK2 and UNK3
showed the same behaviour in TLC and analytical
LC as reference substances of DOX and 6-EDOX,
respectively. Their identity was further confirmed
by photodiode array detection (Waters Assoc., Mil-
ford, MA, USA) and 'H and '3C NMR. On the
basis of its chromatographic behaviour, UNK 1 was
assumed to be 2-acetyl-2-decarboxamidometacy-
cline (ADMTC). Corresponding derivatives were
observed to elute immediately after the main com-
pound in comparable LC systems developed for
doxycycline, oxytetracycline, tetracycline and de-
meclocycline [10-13]. The UV spectra obtaiend by
photodiode array detection showed that, for the 2-
acetyl-2-decarboxamido derivatives, the ratio of the
absorbance at 270 nm to that at 380 nm was larger
than the ratio for the corresponding tetracycling;
the 2-acetyl-2-decarboxamido derivatives showed a
pronounced minimum at about 240 nm, which was
absent for the corresponding tetracycline. Such be-
haviour was also observed for the spectra of UNK 1
and MTC.
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The structure of ADMTC (UNK1) was con-
firmed by NMR. The 'H NMR spectrum data
were: 6 2.15 (3H, s, C,-COCH,3), 2.71 [6H, s, C4-N
(CH3),], 3.30-3.80 (br, C4,H, CsH and Cs,H), 3.99
(1H, s, C4H), 5,38 and 5.51 (2H, AB pattern, C4 =
CH,), 6.98 (1H, d, 7 = 8 Hz, CsH), 7.17 (1H, d, J
= § Hz, C;H), 7.60 (1H, t, /=8 Hz, CgH). Com-
paring the spectrum with that of MTC, reported by
Casy and Yasin in 1983 [14], an additional three-
proton signal at § 2.15 and disappearance of signals
between ¢ 9 and 10 from the carboxamido group at
C-2 are the most important differences. The *3C
NMR spectral data were: 192.8 ppm (s, C, ), 191.5
ppm (s, C1), 190.4 (s, C,-COCH3;), 183.2 (s, CaJ),
179.1 (s, Cy2), 160.7 (s, Ci9), 142.8 (s, Cs.), 141.4 (s,
Cs), 136.7(d, Cy), 117.2(d, C4), 116.3 (d, Co), 114.6
(8, C1o0a), 113.2 (t, Ce=CHy), 109.5 (s, C,), 104.8 (s,
Ci1a), 76.3 (s, Ci24), 66.4 (d, Cy), 66.2 (d, Cs), 44.6
(d, Csa), 41.6 [q, N(CH3),], 40.6 (d, C4,) and 31.1
(9, C,—COCHj;). The multiplicity mentioned in pa-
rentheses was that observed in an off-resonance
spectrum (OFR). The assignment for close-lying
peaks with the same multiplicity may be inter-
changed. In comparison with the '3C NMR results
for MTC, reported by Casy and Yasin in 1984 [15],
the presence of an acetyl instead of an amido group
at C-2 was evident by the additional signal at 31.1
ppm (quartet, OFR). This is the characteristic
downfield movement of about 19 ppm of the acetyl
group carbonyl compared with that of the amido
group. A downfield shift of about 15 ppm for C-2 is
observed.

ADMTC has not been previously described, but
2-acetyl-2-decarboxamido derivatives of tetracy-
cline, chlortetracycline and oxytetracycline have
been isolated from special fermentation cultures
[16,17]. Tt is assumed that 2-acetyl-2-decarboxami-
dooxytetracycline, known to be present at up to 2%
in commercial OTC samples, was transformed into
ADMTC during the semisynthesis of MTC from
OTC. DOX and 6-EDOX were unexpected MTC
impurities. Accidental contamination was excluded,
since more 6-EDOX than DOX was found in com-
mercial MTC samples, while 6-EDOX constitutes
only a small impurity (< 1%, m/m) in commercial
DOX samples. Moreover, 6-EDOX and DOX were
present in all the samples examined. Careful exam-
ination of several commercial samples of OTC, the
starting material for semisynthesis of MTC, showed
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the absence of DOX and 6-EDOX. It is therefore
suggested that DOX and 6-EDOX are formed by
partial reduction of MTC during the semisynthesis
of the latter.
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ABSTRACT

Thermospray high-performance liquid chromatography was used to analyze a series of disperse dyes extracted from polyester and
cellulose acetate fibers, a basic dye from orlon fiber and a vat dye from denim. Molecular characterization of each dye was obtained
from the extract of a single fiber, 5-10 mm long. This was achieved by high-performance liquid chromatographic separation followed by

thermospray mass spectrometry of the separated dye.

INTRODUCTION

Textile fibers found at a crime scene can be used as
physical evidence in a wide range of crimes, such as
crimes that involve personal contact in which cross-
transfers may occur between the clothing of suspect
and victim.

The value of fibers as evidence will depend on the
forensic scientist’s ability to narrow their origin to a
limited number of sources, or even to a single source.
The mass production of textiles makes this a difficult
task. It is therefore of major importance to be able to
define all the possible characteristics of fibers found
at the scene of the crime, in order to compare them
with fibers found on the suspect.

* Contribution No. 18, Department of Environmental
Sciences and Energy Research, The Weizmann Institute of
Science.

** Present address: Chemagis Ltd., P.O. Box 3593, 84135 Beer
Sheva, Israel.

0021-9673/91/$03.50

An important part of forensic fiber examination
involves the characterization of textile dyestuffs.
Three techniques are commonly used for this
purpose: thin-layer chromatography (TLC) [1-4],
visible microspectrophotometry [1,3,5] and high-
performance liquid chromatography (HPLC) [2,6-
8].

There are several limitations in the use of these
techniques. Microspectrophotometry is applicable
to small fibers, but considers only the spectral
characteristics of the dyes, which show considerable
variation. In this method chemical and structural
differences between dyes are not taken into consider-
ation. TLC requires a relatively large amount of
extracted dye, which may not always be available on
a single short fiber. Also, the reproducibility of dye
separation by TLC is not satisfactory [7]. HPLC has
a much better sensitivity and reproducibility than
TLC for analysis of dyes, but characterization of a
dye is based on retention time only. As hundreds of
dyes are used in the textile dying industry, ambigu-

© 1991 Elsevier Science Publishers B.V. All rights reserved
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ous results might be obtained because of over-
lapping of HPLC peaks and similar retention times
for different dyes. Also, some dyes are complex
mixtures and most dyes are not chemically pure,
resulting in additional chromatographic peaks.
Even multi-wavelength detection does not provide
an absolute answer to this problem.

Thermospray high-performance liquid chromato-
graphy-mass spectrometry (HPLC-TSP-MS) has
been found to be a selective technique for separa-
tion, identification and quantification of dyes in
various matrices [9-15].

Disperse dyes, based on anthraquinone and azo
compounds, are the major coloring agents in use
with polyester and cellulose acetate fabrics. As
synthetic fibers are of major importance in the textile
industry, mainly disperse dyes were selected to study
the application of HPLC-TSP-MS in the identifica-
tion of dyes extracted from textile fibers.

EXPERIMENTAL

Samples
Most dyed fibers were taken from pattern cards

TABLE 1
INVESTIGATED SAMPLES
C.I. = Color Index.

J. YINON, J. SAAR

supplied by the manufacturers. The blue denim
fibers were taken from an old pair of blue jeans.
Details of the studied samples and structures are
given in Table I and Fig. 1. A single fiber, 5-10 mm
long, was pushed to the bottom of a 5-cm-long glass
capillary tube of 2 mm O.D. and 0.8 mm I.D,,
previously sealed at one end by heating. For the
disperse dyes, 5 ul of chlorobenzene were added, and
the tube sealed and heated at 100°C for 15 min [6].
After cooling, the tube was opened and the extract
was injected into the HPLC-MS system. For the
basic dye, formic acid at room temperature was
used, and for the vat dye formic acid with heating at
80°C for 1 min was used. Standards of Indigo
(Vat Blue 1) (dye content ~99%) and Disperse
Orange 13 (dye content ~15%) were purchased
from Aldrich (Milwaukee, W1, USA). They were
dissolved in acetone, and 5 ul of each were injected
into the HPLC-MS system.

Equipment

The instrument used was a 4510B Finnigan-MAT
(San Jose, CA, USA) HPLC-MS system with a
thermospray interface and ion source. The HPLC

Commercial name of dye C.I. name C.l M.W.  Structure® Type of Manufacturer
number fiber

1.5% Serisol Fast Yellow GD Disperse Yellow 3 11855 269 1 Diacetate Yorkshire

2.0% Serisol Fast Yellow PL 150 Disperse Yellow 9 10375 274 2 Diacetate Yorkshire

1.2% Resolin Yellow 5GS Disperse Yellow 5 12790 324 3 Polyester Bayer

0.72% Dispersol Orange B-A Grains Disperse Orange | 11080 318 4 Polyester ICI

0.6% Serilene Orange SR300 Disperse Orange 1 11080 318 4 Polyester Yorkshire

0.6% Serilene Orange 2RL200 Disperse Orange 25 11227 323 5 Polyester Yorkshire

0.72% Dispersol Orange B-2R 200 Grains  Disperse Orange 25 11227 323 5 Polyester ICI

1% Resolin Orange F3R 200% Disperse Orange 25 11227 323 5 Polyester Bayer

2.2% Resolin Orange RL Disperse Orange 13 26080 352 6 Polyester Bayer

0.6% Serilene Yellow Brown 2RL 150 Disperse Orange 37 - 391 7 Polyester Yorkshire

1.5% Serisol Brilliant Red X3B 200 Disperse Red 11 62015 268 8 Diacetate Yorkshire

0.6% Serisol Fast Scarlet BD 200 Disperse Red 1 11110 314 9 Diacetate Yorkshire

0.6% Serisol Fast Crimson BD 150 Disperse Red 13 11115 348 10 Diacetate Yorkshire

0.6% Serilene Red Brown R-FS 150 Disperse Brown | 11152 432 11 Diacetate Yorkshire

1.5% Serisol Brilliant Blue BGN 300 +  Disperse Blue 3 61505 296 12 Diacetate Y orkshire

1.0% Resolin Blue BBLS Disperse Blue 165 - 405 13 Polyester Bayer

1.0% Yoracryl Yellow RL Basic Yellow 28 - 309 14 Orlon Yorkshire

Indigo Vat Blue 1 73000 262 15 Denim Levi Strauss

“ See Fig. 1.
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system consisted of a CM4000 LDC Milton Roy
solvent-delivery system with a Rheodyne 7125 injec-
tor valve fitted with a 5-ul sample loop. The column
was a Merck Cyg column (15 ¢cm x 4 mm LD.).
The chromatograph was operated in the gradient
mode, starting at a mobile phase of methanol-water

(50:50), changing within 5 min to 100% methanol
and staying at that level for 20 min. The flow-rate
was 0.9 ml/min. The buffer, 0.1 M ammonium
acetate, was delivered post-column via the TSP
interface into the ion source by a Constametric Bio
3000 Milton Roy delivery pump.
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TABLE 11
THERMOSPRAY MASS SPECTRAL IONS OF DYES

J. YINON, J. SAAR

Dye M.W. Structure® Tons observed (percentage relative abundance)

Dispersive Yellow 3 269 1 271(17); 270(100)

Disperse Yellow 9 274 2 297(32); 292(24); 276(9); 275(100); 245(15)

Disperse Yellow 5 324 3 347(15); 326(17); 325(100)

Disperse Orange | 318 4 320(15); 319(100); 289(11)

Disperse Orange 25 323 5 346(7); 325(15); 324(100)

Disperse Orange 13 352 6 354(21); 353(100)

Disperse Orange 37 391 7 396(8); 394(41); 392(100)

Disperse Red 11 268 8 270(11); 269(100)

Disperse Red 1 314 9 316(15); 315(100)

Disperse Red 13 348 10 351(20); 350(11); 349(100)

Disperse Brown 1 432 1 437(8); 435(23); 433(20); 301(42); 280(12); 279(100); 231(12)
Disperse Blue 3 296 12 298(13); 297(100); 242(11); 241(12); 234(10)

Disperse Blue 165 405 13 406(17); 405(31); 404(21); 331(100)

Basic Yellow 28 309 14 311(84); 310(100)

Vat Blue 1 262 15 264(11); 263(100); 257(13) 245(14); 237(14); 235(16); 234(83); 230(13)
4 See Fig. 1.

Typical operating temperatures of the thermo-
spray interface were vaporizer, 105-115°C; jet,
250°C; source, 250°C. Repeller was operated at a
voltage of 100 V. Scan time was 2.0 s.

RESULTS AND DISCUSSION

In HPLC-MS, in addition to recording exact
chromatographic retention times, one is looking at
mass chromatograms of characteristic ions, repre-
senting the dyes eluted through the column which
are ionized in the TSP interface and detected by the
mass spectrometer. )

Table II represents the positive ions of the investi-
gated dyes and their relative abundance. These TSP
mass spectral ions were found to agree with publish-
ed data [9-11,13,14] and with TSP mass spectra of
standard dyes. Mainly MH* ions were produced,
but sometimes also some fragment or adduct ions.
The TSP mass spectrum of Disperse Yellow 9 (Fig.
2) contains two adduct ions: [M +NH] " at m/z 292
and [M+Na]* at m/z 297. The sodium is an
impurity in the ammonium acetate. An [M +Na]*
jon is also observed in the TSP mass spectrum of
Disperse Yellow 5, at m/z 347. The TSP mass
spectrum of Disperse Orange 1 contains a fragment
ion, [MH—NO]*, at m/z 289. The TSP mass
spectrum of Disperse Brown 1 contains several ions,

including the ion forming the base peak at m/z 279,
which probably originate from dibutyl phthalate,
which coeluted with the dye. These ions were not
observed in the TSP mass spectrum or in the
mass spectrometry-mass spectrometry—collision-
activated dissociation (MS-MS-CAD) spectrum of
Disperse Brown 1 [11].

The ion at m/z 279 also appeared in the mass
chromatograms of other dyes (Disperse Blue 3 and
Basic Yellow 28), although not coeluting with them.
The phthalate eluted at 15.30 min, which was also
the eluting time of Disperse Brown 1. Also, in the
mass spectrum of Disperse Blue 3 (see Fig. 6), some
ions could not be attributed to the dye; they are
probably due to impurities. In the TSP mass spec-
trum of Disperse Blue 165 the base peak is at m/z
331, which can be attributed to the fragment ion
[MH—NO, —C,Hs]*. This has to be substantiated
by MS-MS-CAD. The ions at m/z 405 and 404 are
probably due to an impurity coeluting with the dye.
The TSP mass spectrum of the Indigo extract (Vat
Blue 1) (see Fig. 8) contains some ions due to
impurities or other components. Many dyes are
blends of several components.

At this stage only the identification of the major
dye in each extract was of interest, and not the
additives or other components of the fiber which
might have been extracted together with the dye. In
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order to separate those components from the dye of
interest, one has to improve the HPLC separation
characteristics.

Figs. 2-8 represent examples of reconstructed
total ion current (RIC) and mass chromatograms
and TSP mass spectra of seven of the investigated
dyes. In most of the chromatograms it can be seen
that the dye component is very small relative to the
other components present in the fiber extract. Only
by using HPLC-MS is it possible to identify charac-
teristic ions of the dye. The chromatogram of 2.2%
Resolin Orange RL (D. Orange 13) in Fig. 3 is a
typical example which shows how the mass chroma-
togram of the MH™ ion of the dye at m/z 353 is
singled out from a noisy RIC chromatogram. Such a
peak would have been hard to observe in a HPLC
chromatogram with a UV detector because of lack
of specificity. The amount of dye is very small, as
fibers having a length of 2-10 mm contain 2-200 ng
of dye, depending on the depth of the dying [16]. The
amount of dye also depends on the shade percent-
age. The lightest shades of the investigated dyes were
0.6% (i.e. 600 g of the dye had been used to color 100
kg of fiber).

It is, of course, essential that the dyestuff be
efficiently extracted from the fibers, and that the dye
remains unchanged during the extraction procedure.
The solvents chosen were found to be most suitable
from a whole range of solvents suggested [2—4,6].

CONCILUSIONS

From our preliminary study it was found that
TSP-HPLC-MS is a method having enough selec-
tivity and sensitivity for identification of dyes ex-
tracted from single textile fibers. A library of TSP

J. YINON, J. SAAR

mass spectra of textile dyes will have to be created to
serve as reference library.

Further work is in progress to examine the various
components present in commercial dyes, by increas-
ing the HPLC chromatographic separation, and to
evaluate the possibility of differentiating between
fibers of the same color but with different shades.
The list of dyes and type of fibers investigated will be
expanded.
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ABSTRACT

A method is described for the prediction of the retention index (/) from chemical structure, using the number of atoms in the molecule
(Z), the I increment for atom addition (4) and the group retention factors (GRFs) of the functional groups and substituents. This
method can predict the retention indexes of a wide range of compounds, such as acids, alcohols, amines, acid esters, aldehydes, ketones,
ethers, aromatic hydrocarbons, alicyclics, heterocyclics, etc. on polar as well as non-polar columns to within 3% error. Accurate A and
G RF values are essential to the prediction. These values can be obtained from homologous series, but a system of arbitrarily assigned A
value and adjusted GRFs are also used. The GRFS of the substituents and functional groups depend on the polarity and polarizability of
the analyte and the stationary phase and also on the molecular connectivity of the atoms, namely, primary, secondary and tertiary
carbon atoms or hydrogen atoms, to which these groups are attached. Highly polar and polarizable groups can alter the 4 value. When
the functionality of a group is masked by substitution, the analyte molecule will tend to behave chromatographically like hydrocarbons.

The difficulty in predicting the I values of compounds of multi-functionality by the rule of additivity is the unknown intramolecular
interaction that can alter both 4 and GRF values.

INTRODUCTION characteristic retention indexes (), from which one

may gain preliminary structural information.
We reported earlier [1] a structure-retention index
relationship for predicting the retention index of a

In tritium labeling by radiation-induced reac-
tions, the desired product is often formed together

with some labeled by-products. To understand the
mechanism of labeling, these by-products must be
identified. The by-products are formed in no-car-
rier-added state and have negligible mass; even if all
the material formed in a single run is collected, the
amount will still be insufficient to establish their
identity by conventional analytical techniques. The
volatile by-products can be separated by gas chro-
matography and detected by radioactivity. On non-
polar and polar columns, the radioactive peaks have

0021-9673/91/803.50  ©

compound on non-polar columns (SE-30, DB-1),
based on (i) the number of carbon and carbon
equivalent atoms (Z) in the molecule, (ii) the reten-
tion index increment (4) for atom addition and (iii)
the group retention factors (GRFs) for substituents
and functional groups. This report shows that this
same approach can be applied to predict I on polar
columns using GRF constants derived for substitu-
ents and functional groups on polar columns.

1991 Elsevier Science Publishers B.V. All rights reserved
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EXPERIMENTAL

The materials and methods are essentially those
described in the previous paper [1]. A stainless-steel
column, 3.05 m x 3.175 mm 1.D., packed with
10% Carbowax 20M (CW-20M) on 80-100 mesh
Supelcoport (Supelco, Bellefonte, PA, USA) and a
fused-silica capillary column DB-Wax (15m x 0.53
mm L[.D., film thickness 1.0 um) (J & W Scientific,
Folsom, CA, USA) were used. A linear temperature
program was adopted, beginning at 40°C isother-
mally for 4 min, after which the temperature was
increased to 200°C at the rate of 8°C/min and
maintained for 60 min or longer as required. The
injection port was kept at 250°C and the detector at
300°C. A mixture of n-alkanes, from pentane (Cs) to
hexacosane (C,¢) or to dotriacontane (Cs,), was
used as markers; when necessary the standard were
injected together with the analyte. Retention index
measurements were preferably made on small mass
peaks. For large mass peaks that are truncated at the
full-scale height, the truncated width, expressed in
time, is subtracted from the retention time reported
by the electronic integrator for I calculation. / was
computed using the equation of Van den Dool and
Kratz [2], thus:

X — Mgy,
w+i — M

I'=100i + 100n 1
where 7 is the number of carbon atoms in n-alkanes
used as markers; X, M, and M, are the adjusted
retention times of the analyte, the normal alkane
marker with n carbon atoms eluting before and that
with (n+ ) carbon atoms eluting after the analyte,
respectively; i is the interval and usually has the
value of 1 or 2.

Linear regression analysis of I vs. the number of
atoms in homologous series was performed on a 486
personal computer, using SAS statistical program
for the PC, from the SAS Institute (Cary, NC,
USA). Statistical data listed for the regression
equations include (i) the number of data values in
the set (n), (i) the standard errors (S.E.) for the
regression coefficient and the intercept, (iii) the
coefficient of determination (R2?) and (iv) signifi-
cance probability (p), i.e., the probability of getting a
greater F statistic than that obtained if the hypothe-
sis is true. The meaning of these terms is given in ref.
3.

C. T. PENG, Z. C. YANG, S. F. DING
RESULTS AND DISCUSSION

The prediction of 7 is based on the fact that the 7
value of a monofunctional molecule is invariably
higher than that of a n-alkane molecule of equal
atom number. This leads to the use of GRFs for
I contributions from substituents and functional
groups. The Kovats convention for calculating / is
adopted [4]. According to this convention, n-hexane
will be assigned a I of 600 on both non-polar and
polar columns, irrespective of their different reten-
tion times.

The I values of r-alkanes increase with the
number of carbon atoms (#) in the molecule and can
be expressed as:

I=100n 2

This value is also known as the base value [1] when n
is replaced with Z, the total number of atoms in the
molecule. Z includes carbon atoms and carbon
equivalent atoms, such as oxygen, nitrogen, sulfur,
chlorine, bromine and iodine, which may be found
in the molecule. Compounds containing substitu-
ents, functional groups and other structural features
will have higher I values than the base values. The 1
values of a homologous series will increase smoothly
with increasing numbers of the carbon atoms or
methylene groups in the homologues. A plot of the
observed I values against # or Z values will yield a
straight line which may be represented by the
following linear regression equations:

I = An + (GRF), 3)
= AZ + (GRF); (4)

where A is the regression coefficient, representing
the 7 increment for atom addition, and GRF the
intercept, representing the group retention factor or
functionality constant. The subscript differentiates
between the GRFs based on nor Z. In eqns. 3 and 4
shown above, Z is greater than n but (GRF), is
smaller than (GRF),. The term (GRF), may also
contain the atom contribution of the substituent.
Table I lists the GRF and A values for a number of
homologues of monofunctionality on DB-Wax and
CW-20M columns.

The magnitude of the GRF is dependent not only
upon the polarity and polarizability of the substitu-
ent and functional group but also on the stationary
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TABLE I

GROUP RETENTION FACTORS (GRFs) AND THE ATOM INCREMENTS (4 VALUES)
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Substituent and functional group Formula GRF
Calculated By linear regression equation
by eqn. 7
(4 = 100)
(A) Aliphatic series
(1) Alkanoic acids R-COOH
Analabs data® 997.15 + 2.61 (107.69 + 0.27)°
(n = 6, R* = 1.0000, p = 0.0001)
Our data 1029 994.09 + 9.85 (103.72 + 0.99)
(n=11,R*=0.9992, p = 0.0001)
(2) Primary alcohols R-CH,~OH
Analabs data® 648.79 + 0.65 (102.65 + 0.066)
(n = 5, R* = 1.000, p = 0.0001)
Our data 647 632.86 + 5.97 (100.92 + 0.49)
(n =11, R* = 0.9998, p = 0.0001)
(3) Secondary alcohols >CH-OH 530
(4) Tertiary alcohols |
(2-methyl-2-alkanols) ~-C-OH 410 394.90 + 2.73 (98.53 + 0.73)
| (n = 5, R* = 1.0000, p = 0.0001)
(5) Primary amines, 1° R-CH,-NH, 417 407.29 + 3.35 (101.06 + 0.35)
(n =8, R* = 0.9999, p = 0.0001)
2° R-CH-NH, 350
3° R-C-NH, 229
(6) Secondary amines R-CH,-NH-R’ 180
(7) Tertiary amines R'R"NR" (See text) (See text)
(8) Aldehydes R-CH,-CHO 388 375.50 + 3.11 (102.50 + 0.34)
(n =5, R? = 1.0000, p = 0.0001)
(9) Ketones, “peripheral” R-CH,-CO-CH, 388
“inner” R-CH,-CO-CH,-R’ 355
(10) Fatty acid esters (our data)
methyl esters R-CH,-COOCH, 294 302.88 + 4.71 (99.91 + 0.45)
(n =9, R? = 0.9999, p = 0.0001)
ethyl esters R-CH,-COOC,H; 270 288.85 + 16.55 (96.79 + 1.50)
(n =10, R* = 0.9981, p = 0.0001)
propyl esters R-CH,~-COOC;H, 259 288.70 + 16.09 (95.93 £+ 1.34)
(n = 10, R* = 0.9984, p = 0.0001)
butyl! esters R-CH,-COOC,H, 256 276.50 + 25.48 (96.34 + 2.15)
(n = 6, R? = 0.9980, p = 0.0001)
(11) Ether linkage C-CH,-O-CH,-C 70
(12) Alkyl thiol R-SH 370
(13) Sulfide linkage R-S-R’ 256
(14) Disulfide linkage R-S-S-R’ 377
(15) Terminal carbon-carbon double bond R-CH,~-CH=CH, 40
(16) Terminal carbon-carbon triple bond R-CH,-C=CH 300
(17) Non-terminal carbon-carbon double bond ~ R-CH=CH-R’ 60
C
|
(18) Quaternary carbon atom c-C-C (—)100
|
C

(Continued on p. 88)
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TABLE I (continued)
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Substituent and functional group Formula GRF
Calculated By linear regression equation
by eqn. 7
(4 = 100)
C
|
(19) Tertiary carbon atom C-C-X (=) 75
|
C
(20) Iso carbon/chain branching R-CH(CH3); or (=) 50
R-CHR,R,
(21) Adjacent carbon-carbon double bond and R-C=C-C=0 53
carbonyl bond
(22) N-Ethylamine group R-NH-C,H; (=) 50
(23) Acid amide group R-CO-NH, 1600 (4 = 45)
(24) Monosubstituted acid amido group R-CO-NHR’ 1430 (4 = 495)
(25) Disubstituted acid amido group R-CO-NR, 1016 (4 = 64)
(26) Chlorine atom connected to methylene group R-CH,-Cl 464 42691 + 2.42 (104.11 + 0.24)
(n = 11, R? = 1.0000, p = 0.0001)
(27) Bromine atom connected to methylene R-CH,-Br 592 515.33 + 8.75 (107.89 + 0.81)
carbon (n = 12, R? = 0.9994, p = 0.0001)
(28) Bromine atom connected to tertiary carbon R-CH-Br 492 486.05 + 18.18 (100.72 + 2.22)
(n =5, R? = 0.9985, p = 0.0001)
(29) Bromine atom in 2-bromoalkanoic acids, R-CHBr-COOC,H; 386
ethyl ester
(30) Todine atom connected to methylene atom  R-CH,-1 710 633.85 + 5.71 (109.88 + 0.66)
(n =12, R* = 0.9996, p = 0.0001)
(31) Difference between cis and trans isomers 60
(B). Alicyclic series
(1) Cyclopropane ring C3Hqg 105
(2) Cyclobutane ring C,Hg 110
(3) Cyclopentane ring CsHyo 122
(4) Cyclopentene ring CsHg 163
(5) Cyclopentadiene ring CsHg 210
(6) Cyclohexane ring CeHi2 123
(7) Cyclohexene ring CsHyp 208
(8) Cycloheptane ring C.Hy, 183
(9) Cycloheptene ring C;H,, 217
(10) Difference between cis and trans isomers 30
(11) Alicyclic -OH group >CH-OH 580
(12) Alicyclic C=0 group >C=0 465
(13) C=C-C=0 group in cyclopentene ring C=CC=0 106
(14) C=C-C=0 group in cyclohexene ring C=C-C=0 40
(15) Oxygen atom in the 5-membered ring -0- 80
(16) Oxygen atom in the 6-membered ring -O- 160
(17) Alicyclic amino group >CH-NH, 350
(18) Sulfur atom in 5-membered ring >8 200
c=—=c¢C
(19) Imino group in cyclopentadiene ring ‘ \N——H 800
C_‘:C/
, , ' [N 380
(20) Imino group in cyclopentane ring /N —H
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TABLE 1 (continued)
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Substituent and functional group Formula GRF
Calculated By linear regression equation
by eqn. 7
(4 = 100)
C—C.\
(21) Tertiary nitrogen atom in azole ring /N—C 140
c—=cC
Cc—=cC
S o /N
(22) Tertiary nitrogen atom in azine ring C\ /N—-C 200
c—=cC
—=N
(23) 1,2-Diaza group in azole ring DN —H 300
N ==
(24) 1,3-Diaza group in azole ring L/N——H 800
N=—
(25) 1,3-Diaza group in N-methylated azole ring bN —CH, 550
(26) One C=C bond in azole ring, additional 40
contribution
(27) Two C=C bonds in azole ring, additional 190
contribution
(28) Imino -NH- group connected to 2 double C=C-NH-C=C 800
bonds in 5-membered ring
(29) Methyl group ortho to ring N (=) 70
(30) Imino ~NH- group in azine ring 325
(31) 1,4-Diaza group in azine ring 30
(32) 1,3-Diaza group in azine ring 80
(33) 1,2-Diaza group in azine ring 520
(34) Cl atom attached to cyclohexane ring R'-Cl 440
(35) Cl atom attached to 1-cyclohexene ring 369
(36) Br atom attached to cyclohexane ring R’-Br 580
(37) Br atom attached to 1-cyclohexene ring 516
(38) I atom attached to cyclohexane ring R'-I 726
(39) T atom connected to I-cyclohexene ring 676
(C) Aromatic series
(1) Benzene ring 350
(2) 1,3-Cyclohexadiene ring 264
(3) L,4-Cyclohexadiene ring 314
(4) Ethynyl group connected to phenyl ring Ar-C=CH 210
(5) Carbon-carbon double bond connected Ar-CH=CH, 80
to phenyl ring
(6) Fusion between two phenyl rings 60
(7) Link between two phenyl rings 80
(4) Phenolic -OH Ar-OH 900
(5) Aryl ether —O- linkage Ar-O-R 190
(6) Aryl aldehyde/ketone Ar—CHO or 388
Ar-CO-R(Ar)
(7) Aryl thiol Ar-SH 340
(8) Aryl -NH, group Ar-NH, 667

(Continued on p. 90)
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TABLE 1 (continued)
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Substituent and functional group Formula GRF
Calculated By linear regression equation
by eqn. 7
4 =100
(9) Aryl aryl imino -NH-- group Ar-NH-Ar 586
(10) Aryi alkyl imino -NH- group Ar-NH-R 523
(11) Additional -NH- group to N-methy! 240
piperidine ring
(12) Phenyldimethylamino group Ar-N(CH;), 260
(13) Tertiary nitrogen in 6-membered ring C-N=C 240
(14) Additional nitrogen to form 1,4-diaza ring C-N=C-C=N 30
(15) Additional nitrogen to form 1,3-diaza ring C-N=C-N=C 80
(16) Additional nitrogen to form 1,2-diaza ring C-N=N-C or 520
C=N-N=C
(17) Nitrogen in the iso position of 40
the quinoline ring
(18) Methyl group in the ortho position to ring N (=) 70
(19) Methyl group in the para position to ring N 70
(20) Methyl group in the peri position to ring N (—)100
(21) Aryl chlorine atom Ar-Cl 276
(22) Aryl bromine atom Ar-Br 426
(23) Aryl iodine atom Ar-1 604
(24) Size factor 120

(D) Ortho effects
(1) Adjacent groups in benzene ring

CH,; + CH,
CH; + COOH
CH; + N(C,H;),
CeHs + CsH;
NH, + C,H;s
NH, + Cl
NH, + OCH;
NH, + OC,H;
NH, + COOCH;
NH, + CHO

OH + CH;

OH + C;H;
OH + CH,CH=CH,
OH + tert.-butyl
OH + OCH,;
OH + OC,H;
OH + CHO
OH + CO-CH,4
OH + CO-0OC;H;

Cl + OH
Br + OH
Br + CHO

CO-OC,H; + CO-OC,H;
(2) Conjugate substituents in 1,4 positions of
phenyl ring
CHO + OCHj;
CHO + N(CH3j),

Ortho effect afb
(+) 50
(=) 40
(—)300
(—)400
(=) 70
(=) 70
(—~)160
(—)227
(—)200
(—)220

(—)100
(=)100
(—)150
(=) 90
(—)500
(—)610
(—-)870
(—)870
(—)925

(—)390
(—)242
(=)126
(=) 90
Para
effect

(+) 60
(+)360

¢ Data from ref, 15.

b The GRF values calculated by linear regression equations are given in the form of GRF + S.E. (4 £ S.E.) where 4 is the regression
coefficient and S.E. the standard errors. The statistics given are the number of data points (1), standard errors for the regression
coefficient and the intercept (S.E.), the coefficient of determination (R?) and the significance probability (p), i.e., the probability of
getting a greater F statistic than that obtained if the hypothesis is true. It should be pointed out that all regression analysis can be
seriously distorted by a single incorrect data value (sce ref. 3).
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phase. The highly polar carboxyl, hydroxyl and
amino groups interact strongly with the polar sta-
tionary phase and are retained longer than the less
polar substituents. The difference between the I
values of the analyte on polar and non-polar
columns is known as the column difference (4D,
expressed as follows:

Al = (Dcpz0om — (Dse-30 )
or
AI = (GR]?)polar - (GRF)non-polar (6)

Eqn. 6 is based on the assumption that the analyte
has similar 4 values on both polar and non-polar
columns. The column difference is characteristic of
the analyte molecule and is determined by aromati-
city, unsaturation, conjugation, electron density and
polarizability of the molecule [5].

It may be pointed out that the use of n-alkanes
as markers for I calculation is preferred. Other
markers such as methyl esters of fatty acids (6,7,
l-nitroalkanes [8], n-alkyl trichloroacetates [9], etc.
[10,11] containing polar and polarizable groups that
are not inert, may render the calculation of GRFs
difficult. The GRF can be a good index for ranking
the polarity and polarizability of the stationary
phases; this ability will be lost when polar and
polarizable substances are used as markers. Re-
search activities in the field of retention index,
especially regarding the use of n-alkanes, have been
comprehensively reviewed [12,13]. Contributions to
I by primary, secondary, and tertiary alcohol func-
tionalities were first discussed by Kovats in 1965
[14].

In the absence of known 4 and GRF values, the
value (/) may be predicted using the following
expression [1]:

I, = 100Z + Xm; — Zn, )

where Z is the total number of carbon atoms and
carbon equivalent atoms. The terms m; and n;
represent the GRFs of ith functional group and
substituent. Acid, alcohol, aldehyde, amine, ether,
ketone, phenol, single and fused phenyl rings,
isolated and conjugated double bonds, ortho effect
a, para effect, etc. give positive GRFs, and chain
branching, quaternary carbon, ortho effect b, etc.
give negative GREs.

The A in eqn. 7 is arbitrarily assigned a value of
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100 with the m; and »; adjusted accordingly to match
the 7, with the observed value (Z,,). The I, fromeqn.
7 and the I from eqns. 3 and 4 should be within 3%
error of the I,,,. On polar columns the 7 values for
small molecules may show large fluctuations, and
many polar compounds do not emerge from the
column. Linear regression equations for all the
homologous series studied have regression coeffi-
cients near 100, with only a few exceptions. This
justifies the use of eqn. 7 as a predictor of 1. GRFs of
substituents and functional groups for CW-20M
and DB-Wax columns are given in Table I. Groups
of the compounds studied are given below. I data

from other sources are also included for comparison
[15,16].

Cycloalkanes, cycloalkenes and aromatic hydro-
carbons

Ring formation and the presence of double bonds
increase /. For 6-membered carbocyclic ring com-
pounds, the increase in I progresses from cyclo-
hexane to cyclohexene to benzene. Cyclohexane,
cyclohexene and benzene show GRF values of 123,
208 and 350 on polar column, and 62, 64 and 58 on
non-polar column [1], respectively. The column
difference (41) is small for cyclohexane, moderate
for cyclohexene and large for benzene. The GRF
value for ring formation increases with increasing
ring size from cyclopropane to cyclodecane. Other
structural features, such as ring fusion, ring linkage,
chain branching, etc. alter bond connectivity {17,18]
and show only small column differences.

Table II lists the GRF and the functionality
constants (4my) of different hydrocarbon rings.
Derivation of GRF and 4my is given by eqns.4and 5
in ref. 1. These terms are used interchangeably here.
The 1 of cyclopentadiene is unavailable but can be
extrapolated from those of cyclopentane and cyclo-
pentene; the extrapolated value is used for predicting
the 7 values of polynuclear aromatics and hetero-
cyclics containing the cyclopentadiene ring.

The terminal double bonds in aliphatic hydro-
carbons contribute less to / than the non-terminal
double bonds; chain branching and the presence of
tertiary and quaternary carbon atoms in the mole-
cule reduce the /by 50, 75 and 100 on polar column,
respectively. Substitution of a H atom in alicyclic
hydrocarbons by a methyl or an alkyl group de-
creases the / by 50, due to chain branching. Chain
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TABLE 11
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GRFs (4m; VALUES) FOR THE FORMATION OF ALICYCLIC HYDROCARBONS FROM THEIR LINEAR ANALOGUES

Compound Formula Tops” 100Z Am®
Cyclopropane C;3;Hg 405 300 105
Cyclopentane CsH,o 622 500 122
Cyclopentene CsH;g 663 500 163
Cyclohexane CeHy2 723 600 123
Cyclohexene CeH, o 808 600 208
1,3-Cyclohexadiene CeHg 864 600 264
1,4-Cyclohexadiene CeHg 914 600 314
Benzene CsHg 950 600 350
Cycloheptane C,Hyq4 883 700 183
Cycloheptene C.H, 917 700 217
1,3-Cycloheptadiene C,H, 1060 700 360
1,3,5-Cycloheptatriene C,Hg 1089 700 389
Cyclooctane CgH,6 1014 800 214
Cyclooctene CgHi4 1035 800 235
1,3-Cyclooctadiene CgH,, 1100° 800 300
1,5-Cyclooctadiene CgHy, 1164 800 364
1,3,5,7-Cyclooctatetraene CgHsg 1199 800 399
Cyclodecane C,oHyp 1361 1000 361

? Ius is the observed J; Amy is the functionality constant.
® Value taken from ref. 16.

branching alters the molecular connectivity. The
fusion and bond linking of two alicyclic rings in
decahydrodronaphthalene and bicyclohexyl exert
no influence on their 7 values. A comparison of the
observed and predicted I values of some aliphatic
and aromatic hydrocarbons is given in Tables III
and IV.

The I values of polynuclear aromatic hydrocar-
bons may require the inclusion of a size factor. The
co-planarity resulting from two or more phenyl
rings fusing together may increase the I of the
molecule beyond the usually predicted value. Ex-
tended conjugated systems may also cause an in-
crease in .

Aliphatic carboxylic acids

The carboxylic acid group is highly polar; the
lower homologues of the aliphatic acids can be
chromatographed underivatized on polar and non-
polar columns. The GRF for the aliphatic carboxyl
group is 1029 for the A value equal to 100. In
- comparison, the GRF for the carboxyl group on
~ non-polar DB-1 column is 257.09 with an associated

A value of 93.38 [1]. The column difference (47) for
the carboxyl group is about 770 units. Plotting the
1., of a series of aliphatic carboxylic acid homo-
logues against Z yields a straight line, as shown in
Fig. 1. The regression coefficient (4) and the inter-
cept (GRF) of the linear regression equation are
given in Table 1. The 4m; for the aliphatic carboxyl
group and the comparison of observed and pre-
dicted I of aliphatic carboxylic acids are given in
Table V.

Carboxylic acid esters

On non-polar SE-30 column the esters of the fatty
acids were found to behave chromatographically in
the same way as aliphatic hydrocarbons [1]. The
residual polarity and polarizability of the acid ester
group may cause additional retention on CW-20M
column. The GRF on polar column for this molec-
ular moiety is equal to the column difference (47).
The methyl, ethyl, propyl and butyl acid esters have
column differences of +294, +270, 4259 and
+ 256 units, respectively. This value must be added
to the base value to yield the predicted 7 of the ester
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COMPARISON OF OBSERVED AND PREDICTED / VALUES OF ALKANES®

The GRFs (m; and n;) have the following values: (1) quaternary carbon atom = — 100, (2) non-terminal C=C double bond = +60, 3
chain branching = —50, (4) cyclohexane ring = + 123, (5) cyclohexene ring = +208, (6) phenyl ring = +350, (7) ethynyl group
connected to phenyl ring = +210, (8) cycloheptane ring = + 183, (9) cycloheptene ring = +217, (10) terminal C=C bond = +40,
(11) aryl ether -O- linkage = +190, (12) 1,3-cyclohexadiene = + 264, (13) 1,4-cyclohexadiene ring = +314.

Compound Formula Lobs Lit. 100Z + Zm; — Zn; I, Difference
[16] (%)
Neohexane CeH, 4 500 600 — 100 500 0
n-Hexane CeH, o 619 600 600 3.07
2,2,4-Trimethylpentane CgHg 711 800 — 50 — 100 650 8.58
n-Heptane C;H6 712 700 700 1.69
2,4,4-Trimethyl-1-pentene CgH ¢ 750 800 + 50 — 100 — 50 700 6.67
2-Heptene C,H,, 753 700 + 60 760 0.92
Methyleyclohexane C,H,, 784 700 + 123 — 50 773 1.4
1-Octene CgHy6 831 800 + S50 850 2.23
3-Methyl-1-cyclohexene C.H,, 852 700 + 208 — 50 858 0.7
4-Methyl-1-cyclohexene C,H,, 859 700 + 208 — 50 858 1.16
1,3-Dimethylcyclohexane CgHyg 860 800 + 123 — 2 x 50 823 4.3
2-Octene CsH6 875 800 + 60 860 1.71
I-Methyl-1-cyclohexene C.H,, 900 700 + 208 908 0.88
Methylcycloheptane CgHi¢ 935 800 + 183 — 50 933 0.21
Methylcycloheptene CgH, 4 1000 800 + 217 — 50 967 33
4-Vinyl-1-cyclohexene CgH,y, 1039 800 + 208 — 50 + 50 1008 2.98
1-Decene CioHap 1039 1000 + 40 1040 0.1
Dipentene (p-Mentha-1,8-diene) CioHy¢ 1204 1000 + 203 + 50 — 50 1203 0.08
1-Methoxy-1,3-cyclohexadiene C,H,,0 1250 800 + 264 + 190 1254 0.32
|-Methoxy-1,4-cyclohexadiene C,H,;,0 1268 800 + 314 + 190 1304 2.76
I-Dodecene Ci.H,, 1241 1200 + 50 1250 0.72
Phenylacetylene CgHg 1361 800 + 350 + 210 1360 0.07
Tricyclo[6,4,0,0(2,7)ldodecane C2Hyg 1502 1200 + 2 x 123 + 80 1526 1.57
1-Hexadecene Ci6Hsy 1654 1600 + 50 1650 0.06
2,6,10,14-Tetramethylpentadecane CioHyo 1668 1900 — 4 x 50 1700 1.88

* The GRFs are listed in the order of their appearance in the table. Ls = observed [; I, = predicted 7 Difference % = (Difference

between Iy, and 1) x 100/(Z,,s or 1,).

on polar column. Tables VI and VII show a
comparison of the observed and predicted 7 values
of some fatty acid esters and aromatic acid esters.
Substituents and functional groups in the ortho
positions of the aromatic ring tend to interact and
form hydrogen bonding to decrease I substantially.
These are known as ortho effects b with negative
GRF values.

Acid amides
The acid amide group contains both N and O

atoms and is probably the most polar and polar-
izable substituent encountered in our study. The
acid amido group can drastically alter the 4 value of
the molecule. Since only a small number of the lower
members of the acid amide series were studied, the
A4 and the GRF values obtained for the lower
members may deviate somewhat from the linear
relationship for the series. Our study shows that the
free, the N-substituted and the N,N-disubstituted
acid amides have A4 values of 45, 45 and 64, and GRF
values of 1600, 1430 and 1016, respectively. The
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TABLE IV
COMPARISON OF OBSERVED AND PREDICTED / VALUES OF AROMATIC HYDROCARBONS*

The GRFs (m; and n;) have the following values: (1) phenyl ring = + 350, (2) chain branching = — 50, (3) cyclohexanering = +123,(4)
trans isomer~cis isomer = —60, (5) ortho effect a between two ortho methyl groups in the phenyl ring = +50”, (6) aryl Cl atom =
+276, (7) cyclopentene ring = + 163, (8) cyclopropyl ring = + 105, (9) cyclohexene ring = + 208, (10) cyclopentadiene ring = +210,
(11) fusion of two phenyl rings = +60, (12) aryl ether ~O- linkage = + 190, (13) link between two phenyl rings = +80, (14) double

bond conjugated with phenyl ring = +80, (15) aryl Bratom = +426, (16) ortho effect b between two phenyl rings = — 4007, (17) size
factor = +120. The quatation marks indicate that these values were arbitrarily selected.
Compound Formula Lps Lit. 100Z + Zm; — Zn; I, Difference
[16] (%)

Benzene CeHs 947 600 + 350 950 032
Toluene C-,Hg 1051 1043 700 + 350 1050 0.1
Ethyl benzene CgH,yp 1129 800 + 350 1150 1.93
p-Xylene p-CsHyo 1155 1138 800 + 350 1150 0.43
m-Xylene m-CgH g 1164 800 + 350 1150 1.2
Cumene (isopropyl benzene) CoH,, 1182 900 + 350 — 50 1200 1.5
Decahydronaphthalene,

trans CioHys 1156 1163 1000 + 2 x 123 — 60 1186 2.53

cis 1216 1000 + 2 x 123 1246 2.41
Decahydronaphthalene, cis CyoH;s 1227 1232 1000 + 2 x 123 1246 1.52
n-Propylbenzene CoH,» 1228 900 + 350 1250 1.76
o0-Xylene 0-CgH,o 1232 800 + 350 + “50” 1200 2.6
1,3,5-Trimethyl benzene CyHy, 1271 900 + 350 1250 1.65
p-Cymene (4-isopropyltoluene) CioHia 1272 1000 + 350 — 50 1300 2.15
1,2,4-Trimethyl benzene CoHy, 1311 900 + 350 + S0 1300 0.84
n-Butylbenzene CioHia 1312 1316 1000 + 350 1350 2.81
m-Chlorotoluene C,H,Cl 1313 700 + 350 + 276 1326 0.98
Indan CoH,o 1377 1365 900 + 350 + 163 1413 2.55
Cyclopropyl benzene CyH;, 1414 900 + 350 + 105 1355 4.17
Bicyclohexyl Cy,H,, 1420 1431 1200 + 2 x 123 1446 1.79
1,2,4,5-Tetramethylbenzene CioHia 1459 1000 + 350 + 2 x 50 1450 0.62
Tetralin C;oH,y, 1525 1525 1000 + 350 + 208 1558 2.31
Indene CyHg 1526 1479 900 + 350 + 208 + 60 1518 0.52
Perhydroftuorene Ci3Hs, 1632 1300 + 2 x 123 + 122 1668 2.16
Cyclohexyl benzene Cy,Hys 1660 1662 1200 + 350 + 123 1673 0.66
1-Fluoronaphthalene C,oH,F 1715 1000 + 2 x 350 + 60 1760 2.56
Naphthalene CyoHsg 1739 1722 1000 + 2 x 350 + 60 1760 1.19
o-Dimethoxybenzene CgH; 00, 1715 1000 + 350 + 2 x 190 1730 0.87
2-Methyl naphthalene CiiHyo 1852 1100 + 2 x 350 + 60 1860 0.43
1-Methyl naphthalene Cy1Hyp 1855 1100 + 2 x 350 + 60 1860 0.27
1-Ethylnaphthalene Cy,Hy» 1943 1200 + 2 x 350 + 60 1960 0.87
Biphenyl Ci,Hyo 1974 1200 + 2 x 350 + 80 1980 0.3
Diphenylmethane C,3Hy, 1994 1300 + 2 x 350 2000 0.3
2-Chloronaphthalene C,oH-Cl 2006 1000 + 2 x 350 + 276 2036 1.47
3,4-Dimethoxystyrene C,0H,;,0, 2039 1200 + 350 + 2 x 190 + 80 2010 1.42
Bibenzyl CiHyy 2061 1400 + 2 x 350 2100 0.8
Acenaphthene C,;Hyo 2133 2108 1200 + 2 x 350 + 163 + 60 2123 0.47
[-Methoxynaphthalene C,;H;0,0 2143 1200 + 2 x 350 + 60 + 190 2150 0.32
1-Phenyldodecane CysHj0 2155 1800 + 350 2150 0.23
1-Bromonaphthalene CioH-Br 2157 1000 4+ 2 x 350 + 60 + 426 2186 1.33
1,2,3,4,5,6,7,8-Octahydroanthracene  C;4H;g 2153 1400 + 350 + 2 x 208 2166 0.6
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TABLE 1V (continued)
Compound Formula Los Lit. 100Z + Zm; — Zn; I, Difference
[16] (%)
Fluorene Cy3Hyo 2264 2311 1300 + 2 x 350 + 208 + 2 x 60 2328 2.75
o-Terphenyl CysHys 2649 [800 4+ 3 x 350 + 2 x 80 — “400” 2610 1.47
Anthracene CisHyo 2630 1400 4+ 3 x 350 + 2 x 60 + 120 2690 0.81
Phenanthrene CisHyo 2712 1400 + 3 x 350 + 2 x 60 + 120 2690 0.03
p-Terphenyl CisHyq 3129 1800 + 3 x 350 + 2 x 80 + 120 3130 0.03
Pyrene Ci6Hyo 3135 1600 + 4 x 350 + 120 3120 0.48
2,3-Benzanthracene CisHi, 9999
Triphenylene CisHy, 9999

® See footnote in Table III.

magnitude and trend of these 4 and GRF values
suggest that substitution in highly polar and polar-
izable functional groups not only reduces the GRF
but also alters the 4 value. Table VIII shows the
comparison of observed and predicted / values of
some free and substituted acid amides.

In Table VIII, formamide appears to have a
higher 7 than acetamide, even though the latter has
one more carbon atom than the former. In form-
amide the acid amido group is connected to a H

3.0
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Fig. 1. Linear plots of 7 vs. the number of atoms (Z) of the
homologous series of alkanoic acids (O), alkanols ([J) and
aminoalkanes (A) on polar column.

atom but not to a C atom. The atom to which the
functional group is connected can strongly influence
the GRF value. Other examples are amino -NH, and
alcoholic -OH groups which give different GRFs
when connected to secondary and tertiary C atoms.

Aliphatic alcohols

The primary alcohol (-CH,-OH) group has a
GRF value of +162 on non-polar column [1] and
+ 641 on polar column, with a column difference of
approximately 480. The hydroxyl group is one of the
most polar functional groups. The linear plot of Z
vs. I for the alkanols is given in Fig. 1 and the
corresponding coefficient and intercept for the lin-
ear regression equation are listed in Table I.

Hydroxyl groups connected to secondary and
tertiary carbon atoms form secondary and tertiary
aliphatic alcohols and have GRF values of + 530 and
+410, respectively, on polar column. On non-polar
column, the secondary and tertiary alcoholic -OH
groups have GRF values of +85 and + 15, respec-
tively [1], yielding a column difference slightly
smaller than the primary alcoholic -OH group.
Table IX shows the Amy for the hydroxyl group in
n-alkanols, and Table X compares the observed and
predicted 7 values of other alcohols.

Phenols

The phenolic -OH group can undergo conjuga-
tion with the ring to yield a co-planar structure
which gives a higher GRF than the alcoholic -OH
group. The 7 values of the phenols listed in Table X1
are taken from ref. 14. Substituents at the ortho
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TABLE V

THE 4m; OF THE ALIPHATIC CARBOXYL GROUP AND COMPARISON OF OBSERVED AND PREDICTED / VALUES OF
n-ALKANOIC ACIDS (ON CW-20M)*

The GRFs have the following values: (1) aliphatic carboxylic acid group, R-COOH = +1029, (2) chain branching = —50, (3)
cyclobutane ring = + 110, (4) cyclopentane ring = +122.

Compound Formula Lobs Lit. 100Z Amy I, Difference
(%)
Acetic acid C,H,0, 1430 1430 [16] 400 1030 1429 0.07
n-Propionic acid C3H(O, 1518 1523 [16] 500 1018 1529 0.72
n-Butanoic acid C,H30O, 1600 1614 [16] 600 1000 1629 1.78
n-Pentanoic acid CsH, 00, 1706 700 1006 1729 1.33
2-Methylpentanoic acid CsH,,0, 1746 [16] 1779 1.86
n-Hexanoic acid CsH,,0, 1834 1822 [16} 800 1034 1829 0.27
n-Heptanoic acid C;H,,0, 1916 1962 [15] 900 1016 1929 0.67
1935 [16]
n-Octanoic acid CgH,60, 2029 2072 [15] 1000 1029 2029 0
n-Nonanoic acid CoH 50, 2132 2182 [15] 1100 1032 2129 0.14
n-Decanoic acid C10H200, 2238 2290 115] 1200 1038 2229 0.4
Lauric acid C,,H,40, 2451 1400 1051 2429 0.9
Myristic acid C;4H,50, 2660 1600 1060 2629 1.17
Average 1028.55 £ 17.94

(100Z + Zm; — Zny)

Cyclobutane carboxylic acid CsH;z0, 1831 [16] 700 + 110 + 1029 1839 0.44
Cyclopentane propionic acid CgH,,0, 2169 [16] 1000 + 122 + 1029 2151 0.83
Cyclopentane carboxylic acid  C4gH,,0, 1932 [16} 800 + 122 + 1029 1951 0.97

“ See footnote in Table III.

TABLE VI

COLUMN DIFFERENCES AND / VALUES OF METHYL ESTERS OF ALIPHATIC ACIDS ON NON-POLAR AND POLAR
COLUMNS®

The GRFs (m; and ;) have the following values: (1) ethy] ester group = 4270, (2) ether ~O- linkage = +70.

Compound Formula Tous Column
difference (41)

On SE-30 On CW-20M

Methyl esters

Methyl propionate C.HgO, 613 900 287
Methyl butyrate CsH,,0, 711 1000 - 289
Methyl pentanoate C¢H,,0, 808 1109 301
Methyl hexanoate C,H,,0, 908 1200 292
Methyl heptanoate CgH 60, 1007 1302 295
Methyl octanoate CoH; 50, 1110 1400 290
Methyl nonanoate Cy0H2002 1200 1507 307
Methyl decanoate C,;1H,,0, 1309 1600 291
Methyl laurate C;3H360, 1503 1800 297

Average 294.33 4+ 642
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TABLE VI (continued)

Compound Formula Lobs Column
difference (41)

On SE-30 On CW-20M

Ethyl esters

Ethyl acetate C,H30, 600 900 300
Ethyl propionate CsH,00, 966
Ethyl butyrate CsH,,0, 787 1046 262
Ethyl pentanoate C,H,,0, 885 1149 264
Ethyl hexanoate CgH, 60, 982 1246 264
Ethyl heptanoate CgH, 0, 1084 1345 261
Ethyl octanoate CoH500, 1180 1451 271
Ethyl nonanoate CH,,0, 1282 1552 270
Ethyl decanoate C,,;H,.0, 1378 1645 267
Ethyl laurate C,4H;,50, 1537 1848 275
Average 27444 + 11.99
Propyl esters
Propyl acetate CsH,,0, 986
Propyl propionate CeH;,0; - 794 1059 265
Propyl butyrate C,H,,0, 882 1137 255
Propyl pentanoate CgH, 60, 980 1233 253
Propyl hexanoate CoH,50, 1080 1337 257
Propyl heptanoate C0H»00; 1177 1434 257
Propyl octanoate C,H,,0, 1277 1539 262
Propyl nonanoate C,;H,,0, 1376 1631 255
Propyl decanoate Ci3H,60, 1471 1729 258
Propyl laurate C;sH300, 1661 1930 269
Average 259.00 + 5.27
Butyl esters
Butyl formate CsH, 00, 712 1033 321
Butyl propionate C;H,,0, 891 1157 266
- Butyl butyrate CgH,60, 979 1227 248
Butyl valerate CoH 50, 1078 1336 258
Butyl hexanoate C,oH,00,; 1175 1427 252
Butyl heptanoate C,,H,,0, 1278 1533 255
Butyl nonanoate C,3H,60, 1470 1725 255
Average 255.67 + 6.09
Lit. (100Z + Zm; and Zn)) I, Difference
[16] (%)
2-Ethoxyethanol, acetate C¢H,,0; 1290 900 + 270 + 70 1240 3.88
Ethylene glycol diacetate CeH,,0, 1539 1000 + 2 x 270 1540 0.06
2-(2-Butoxyethoxy)ethanol, acetate Ci0H,00, 1838 1400 + 270 + 2 x 70 1810 1.52
Triethylene glycol, diacetate CioH 50 2337 1600 + 2 x 270 + 2 x 70 2337 2.44

¢ See footnote in Table III.

position of the phenol can interact and hydrogen  obtained as the difference between the I values of the
bond with the adjacent phenolic ~OH group to mask o-isomer and the m-isomer. In the absence of para
its functionality and reduce I. The decrease in / of the effect, the I values of the p-isomer may be used for
o-isomers is attributed to ortho effect b and is that of the m-isomer.
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TABLE VII
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COMPARISON OF OBSERVED AND PREDICTED / VALUES OF SOME MIXED ACID ESTERS*

The GRFs (m; and n;) have the following values: (1) non-terminal C=C double bond = +60, (2) methyl ester group = +295, (3)
conjugation of the -C = C—-C =0 group in alkane chain = + 53, (4) cyclohexane ring = +123, (5) cyclopentadiene ring = 4210, (6) O
atom in 5-membered ring = + 80, (7) conjugation of ~C=C-C=0 group in 5-membered ring = +106, (8) phenyl ring = +350, (9)

cyclopentanering = + 122, (10) ortho effect b between methyl and carboxy group = —40”, (11) carbethoxy group = +270,(12) butyl
ester group = +256, (13) propyl ester group = +259, (14) ortho effect b between two carbethoxy groups = —*90”.
Compound Formula Tobs Lit. 100Z + Zm; and Zn; I, Difference
(16] (%)

Crotonic acid, methyl ester CsH;z0, 1108 700 + 60 + 295 + 53 1108 0
Methyl! cyclohexane carboxylate CgH,50; 1384 1000 + 123 + 295 1418 2.39
2-Furoic acid, methy] ester CesHgO5 1570 900 + 210 + 80 + 295 + 106 1591 1.32
Methyl benzoate CgHgO, 1678 1614 1000 + 350 + 295 1645 1.97
Tetrahydrofurfuryl alcohol

propionate CsH 1403 1635 1100 + 122 + 80 + 295 1597 2.32
Phenyl acetate CgHg0O, 1660 1000 + 350 + 295 1645 0.9
o-Tolyl acetate CyH 00, 1716 1100 + 350 + 295 — ““40” 1705 0.64
Ethyl benzoate CoH 00, 1718 1659 1100 + 350 + 270 1720 0.12
m-Tolyl acetate CoH;,0, 1756 1100 + 350 + 295 1745 0.63
p-Tolyl acetate CyH,,0, 1769 1100 + 350 + 295 1745 1.36
Benzyl acetate CgH;00, 1779 1100 + 350 + 295 1745 [.91
Ethy!l phenylacetate C,0H{,0; 1821 1200 + 350 + 270 1820 0.05
2-Phenylethyl acetate C,0H1,0; 1854 1200 + 350 + 295 1845 0.49
n-Butyl benzoate C,1H,4,0, 1903 1300 + 350 + 256 1906 0.16
2-Furoic acid, propy! ester CgH (04 1696 1100 + 210 + 80 + 259 1649 2.77
2-Furoic acid, hexyl ester C,1H;603 2000 1400 + 210 + 80 + 256 1946 2.7
n-Amyl benzoate C;H160, 2017 1400 + 350 + 256 2006 0.55
Methy! p-anisate CoH 1405 2084 1200 + 350 + 295 4190 2035 1.31
Ethyl cinnamate C1H,,0, 2173 1400 + 350 + 60 + 270 + 53 2133 1.84
n-Heptyl benzoate C,4H,00; 2217 1600 + 350 + 256 2206 0.5
m-Phenylene diacetate CioH;004 2301 1400 + 350 + 2 x 295 2340 1.67
Dimethyl phthalate C10H1004 2325 1400 + 350 + 2 x 295 2340 0.64
Diethyl phthalate C,H1404 2400 1600 + 350 + 2 x 270 — 90 2400 0
n-Decyl benzoate C,7H,60; 2519 1900 + 350 + 256 2506 0.52
Benzyl benzoate C,4H{,0, 2638 1600 + 2 x 350 + 295 2595 1.66

“ See footnote in Table 111

Ethers and sulfides

On non-polar columns the ethers behave chro-
matographically as hydrocarbons, but on polar
columns the ethers are retained longer. The free
electron pairs on the ether oxygen atom can interact
with the polar stationary phase to prolong the
retention of the ether. The straight chain aliphatic
ether oxygen has a GRF value of +70.

Oxygen attached to the phenyl ring can assume a
co-planar configuration with the ring and enhance
retention. Aromatic ether —-O- linkage has a GRF of

+ 190 in anisole. In diphenyl ether the bulky substit-
uents can sterically hinder the interaction of the
ether oxygen with the stationary phase to reduce the
GRF value. A comparison of the observed and
predicted I values of ethers is given in Table XII.

The GRF for the sulfide group is +256 and that
for the disulfide group is +377. The sulfide group is
similar to an ether in structure except that the ether
oxygen is replaced with a sulfur atom. The sulfur
atom is assigned an equivalency of two carbon
atoms and contributes 200 units in 1.
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TABLE VIII
COMPARISON OF OBSERVED AND PREDICTED / VALUES OF ACID AMIDES*

The GRFs have the following values: (1) amido ~CO-NH; group = + 1600, (2) amido -CO-NHR group = + 1430, (3) amido
—CO-NR; group = + 1016, (4) for the value of 4, the Jincrement for atom addition, see text, (5) -NH-C,H; group = — 50, (6) phenyl
ring = +350, (7) tertiary N atom in aryl ring = +240.

Compound Formula Tobs Lit. AZ + Zm; i, Difference
[16] (%)
Formamide CH;NO 1791 3 x 45 + 1600 1735 3.13
Acetamide C,H,NO 1775 1725 4 x 45 + 1600 1780 2.81
Propionamide C3HgNO 1821 1801 5 x 45 + 1600 1825 0.22
N-Methylformamide C,HsNO 1615 4 x 45 + 1430 1610 0.31
N-Methylacetamide C3;HgNO 1648 1609 5 x 45 + 1430 1655 0.42
N-Ethylacetamide C,HoNO 1608 6 x 45 4+ 1430 — 50 1650 2.55
N-Methylpropionamide C,HgNO 1690 1645 6 x 45 + 1430 1700 0.59
N-Butylacetamide Ce¢H 3NO 1793 8 x 45 + 1430 1790 0.17
N-Allylacrylamide CHoNO 1871 8 x 45 + 1430 + 2 x 40 1870 0.05
N,N-Dimethylformamide C;HgNO 1327 1312 5 x 64 + 1016° 1336 0.67
N,N-Dimethylacetamide C,HgNO 1409 1384 6 x 64 + 1016 1400 0.64
N,N-Diethylformamide CsH, NO 1413 7 x 64 + 1016 — 50 1414 0.07
N,N-Dimethylpropionamide CsH,,NO 1454 7 x 64 + 1016 1464 0.68
N,N-Dibutylformamide CoH, s NO 1744 Il x 64 + 1016 1720 1.38
N-Methylformanilide CgHoNO 2027 10 x 64 + 1016 + 350 2006 1.04
N,N-Diethylnicotinamide C,0H14N,O 2353 13 x 64 + 1016 + 350 +
240 — 2 x 50 2338 0.64

“ See footnote in Table III.
® Regression equation for N,N-disubstituted acid amides: I = 63.50 Z + 1015.67.

TABLE IX

GRF (4m;) OF ALCOHOL HYDROXYL GROUP AND COMPARISON OF OBSERVED AND PREDICTED 7 VALUES
HOMOLOGOUS PRIMARY ALIPHATIC ALCOHOLS*

Compound Formula L Lit. 1007 Amy I, Difference
(%)
Methanol CH,O 909 200 709 847 6.82
Ethanol C,H,O 944 300 644 947 0.32
1-Propanol C;H O 1025 1027 [16] 400 625 1047 2.1
1-Butanol C,H{,O 1141 1135 [16] 500 641 1147 0.52
1-Pentanol CsH,,0 1236 1200 [16] 600 636 1247 0.88
1-Hexanol Ce¢H,,0 1367 [15] 700 667 1347 .46
1-Heptano! C,H,c0 1440 1470 [15] 800 640 1447 0.48
1-Octanol CgH, 50 1573 [15] 900 673 1547 1.65
1-Decanol C,0H,,0 1735 1778 [15] 1100 635 1747 0.69
1752 [16]
1-Dodecanol C,,H,c0 1950 1983 [15] 1300 650 1947 0.15
1-Tetradecanol C4H3,0 2157 1500 657 2147 0.46
1-Hexadecanol Cy6H3,0 2352 1700 652 2347 0.21
1-Heptadecanol C,-H3,0 2475 1800 657 2447 0.41
1-Octadecanol CsH350 2534 1900 634 2547 0.51

Average 647.00 + 13.91

“ See footnote in Table III. Regression equation for homologues of n-alkanols: [ = 100.54 Z + 641.34.
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TABLE X
COMPARISON OF OBSERVED AND PREDICTED 7 VALUES OF SOME ALCOHOLS (ON DB-WAX)"

The GRFs (m; and n;) have the following values: (1) aliphatic secondary alcohol ~OH = + 530, (2) aliphatic tertiary alcohol -OH =
+410, (3) terminal C=C double bond = +40, (4) chain branching = — 50, (5) aliphatic primary alcohol -OH = +647, (6) terminal
C-Ctriple bond = 4300, (7) quaternary Catom = — 100, (8) 5-membered alicyclicring = + 122, (9) alicyclic-OH = + 580, (10) alkyl
ether —O- link = +70, (11) alkyl —Cl atom = +464, (12) 6-membered alicyclic ring = + 123, (13) difference between cis and trans
isomer = + 50, (14) cyclohexene ring = +208, (15) alkyl -Br atom = + 592, (16) cycloheptane ring = +183, (17) aryl ether ~O-
linkage = +190.

Compound Formula Lops Lit. 100Z + Zm; — Zn; I, Difference
[16] ("o)
2-Propanol C;H0 942 400 + 530 930 0.96
tert.-Butyl alcohol C4H,100 916 500 + 410 910 0.66
tert.-Amyl alcohol CsH,,0 1015 600 + 410 1010 0.49
2-Methyl-3-buten-2-ol CsH,,0 1023 600 + 410 + 40 1050 2.57
2-Butanol C4H,,O 1031 1082 500 + 530 1030 0.1
2,3-Dimethyl-2-butanol CsH 1,0 1082 700 + 410 — 50 1060 2.03
2-Methyl-1-propanol C4H,,0 1092 500 + 647 — 50 : 1097 0.46
2-Pentanol CsH,,0 1110 600 + 530 1130 1.77
3-Pentanol CsH,,0 1110 600 + 530 1130 1.77
Allyl alcohol C;HO 1122 1110 400 + 647 + 40 1087 3.12
1-Methoxy-2-propanol C,H,,0, 1135 600 + 530 1130 0.44
4-Methyl-2-pentanol CqH,,0 1181 700 + 530 — 50 1180 0.08
'

3-Ethyi-3-pentane C,H,:,0 1196 800 + 410 1210 1.16
2-Methyl-3-butyn-2-ol CsHgO 1230 600 + 410 + 300 — 100 1210 1.63
3-Methyl-1-butanol CsH;,0 1231 600 + 647 — 50 1197 3.09
3,3-Dimethyl-1-butanol CeH,,0 ) 1249 700 + 647 — 100 1247 0.16
2-Methyl-2-heptanol CgH,50 1280 900 + 410 1310 2.29
2-Ethyl-1-butanol C¢H,,0 1312 700 + 647 — 50 1297 1.14
Cyclopentanol CsH,,0 1327 1297 600 + 122 + 580 1302 1.88
2-Propyn-1-ol C;H,0 1357 400 + 647 + 300 1347 0.74
2-Methoxy-1-butanol CsH,,0, 1359 700 + 647 + 70 — 50 1367 0.59
6-Methyl-2-heptanol CgH,30 1365 900 + 530 — 50 1380 1.09
2-Chloroethanol C,H;0Cl 1379 300 + 647 + 464 1411 227
Cyclohexanol CsH,,0 1400 1392 700 + 123 + 580 1403 0.21
2-Methy! cyclohexanol C;H,,0 1438 800 + 123 4 580 — 50 1453 1.03

trans 1409
3-Methyl cyclohexanol C;H,,0

trans (32%) 1459

cis (68%) 1482 800 + 123 + 580 — 50 1453 1.96
4-Methyl cyclohexanol C.H,,0 '

trans (18%) 1456 1447

cis (82%) 1476 1430 800 + 123 + 580 — 50 1453 1.56
2-Cyclohexen-1-ol CsHO 1479 700 + 208 + 580 1488 0.6
2-Bromoethanol C,H;sBrO 1492 300 + 647 + 592 1539 3.05
Tetrahydrofurfuryl alcohol CsH,00, 1496 700 + 122 +647 1469 1.8
Cycloheptanol C,H,,0 1547 800 + 183 + 530 1513 2.2
1,3-Propanediol C3H30, 1789 500 + 2 x 647 1794 0.28
Benzyl alcohol C,HzO 1857 800 + 350 + 647 1797 3.23
Diethylene glycol C,H,;,0; 1953 700 + 2 x 647 1994 2.06
2{2-(2-Methoxyethoxy)-ethoxy]-

ethanol C;H,60, 1963 1100 + 647 + 3 x 70 1957 0.31
o-Butyl benzyl alcohol C;1H,40 2050 1200 + 530 + 350 2080 1.44
2-(Benzyloxy)ethanol CyH,,0, 2129 1100 + 350 + 70 + 647 2167 1.75
2-Phenoxyethanol CgH,,0, 2139 1000 + 350 + 190 + 647 2187 2.19

¢ See footnote in Table 11
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TABLE XI
COMPARISON OF OBSERVED AND PREDICTED 7 VALUES OF PHENOLS AND THIOLS®
The GRFs (m; and n;) have the following values: (1) phenyl ring = +350, (2) aryl thiol ~SH group = + 340, (3) alkyl thiol -SH group =

+370, (4) phenolic ~OH group = +900, (5) aryl Clatom = -+276, (6) ortho effect b between ~OH and ~Cl = —390”, (7) aryl ether
-O-linkage = +190, (8) ortho effect b between ~OH and ~OC,H; groups = —“610”, (9) ortho effect b between —~OH and -OCHj;
groups = —*“500", (10) ortho effect b between ~OH and ~CH, groups = —*100”, (11) ortho effect b between —OH and —C,H;s
groups = —*“100", (12) ortho effect a between two adjacent methyl groups = +50, (13) terminal C = C double bond = +40, (14)
ortho effect b between ~OH and allyl group = —*150”, (15) aryl Br atom = +426, (16) ortho effect b between ~OH and —Br atom =
—“242”, (17) quaternary C atom = - 100, (18) ortho effect b between ~OH and zert. butyl group = —*90”.
Compound Formula Tobs Lit. 100Z + Zm; — Zn; I, Difference

(16} (%)
Benzene thiol CsH4S 1491 800 + 350 + 340 1490 0.07
Benzyl mercaptan C,HgS 1618 900 + 350 + 370 1620 0.12
0-Chlorophenol CsHsClO 1830 700 + 350 + 900 + 276 — “390” 1836 0.33
o-Ethoxyphenol CgH,00, 1831 1000 + 350 +900 + 190 — “610” 1830 0.05
Guaiacol C,H0, 1840 900 + 350 + 900 + 190 — “500” © 1840 0
2,6-Dimethylphenol CgH, 40 1889 900 + 350 + 900 — 2 x “100” 1950 3.13
0-Cresol C,HzO 1979 800 + 350 + 900 — “100” 1950 1.47
Phenol CsHeO 1954 700 + 350 + 900 1950 0.2
2-Ethylphenol CgH,,0 2044 900 + 350 + 900 — “100” 2050 0.29
p-Cresol C,HzO 2055 800 + 350 + 900 2050 0.24
m-Cresol C,HzO 2059 800 + 350 + 900 2050 0.44
2,3-Dimethylphenol CgH,,0 2120 900 4+ 350 + 900 + “50” — “100™ 2100 0.94
2-Allylphenol CyH,,0 2132 1000 + 350 4+ 900 + 40 — “150” 2140 0.37
o-Bromophenol C¢HsBrO 2134 700 + 350 + 900 + 426 — 2427 2134 0
3,5-Dimethylphenol CgH,,0 2146 900 + 350 + 900 2150 0.19
3-Ethylphenot CgH 0O 2151 900 + 350 + 900 2150 0.05
o-tert.-Butyl phenol CioH 40 2161 L100 + 350 + 900 — 100 — “90™ 2160 0.05
3,4-Dimethylphenol CgH, 4O 2189 900 + 350 + 900 + “50” 2200 0.5
m-Ethoxyphenol CsH,,0, 2427 1000 + 350 + 900 + 190 2440 0.53

¢ See footnote in Table III.

Aldehydes and ketones

Aliphatic aldehyde and ketone groups are differ-
ent in their attachment to C and H atoms but share
the same GRF value. A similar situation also prevails
for these groups on non-polar column. The keto
group attached to a phenyl ring has the same GRF of
+ 388 as for aliphatic ketones, but the keto group
attached to an alicyclic ring has a higher GRF value
of +465. Tables XIII and XIV show the comparison
of observed and predicted I values of aliphatic,
alicyclic and aromatic aldehydes and ketones.

In aromatic aldehydes and ketones, the 1,4 or para
substituents can extend their conjugation through
the phenyl ring to increase [; in contrast, the ortho
substituents can mutually interact and hydrogen

bond to decrease /. p-Hydroxybenzaldehyde, p-di-
methylaminobenzaldehyde and p-anisaldehyde be-
long to the first category and salicylaldehyde, 2'-
hydroxyacetophenone and o-anisaldehyde to the
second category. The effects of extended conjuga-
tion and hydrogen bonding are given, respectively,
in terms of GRF values under the name of para effect
and ortho effect b in Table 1.

Aliphatic amines

The N and O atoms have electronegativity values
of 3.0 and 3.5, respectively, as compared to 2.5 for
the C atom [19]. This difference is reflected in the
GRFs of the amino and hydroxyl groups. The
aliphatic amino ~NH, group is less polar than the '
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TABLE XII
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COMPARISON OF OBSERVED AND PREDICTED I VALUES OF ETHERS AND SULFIDES”

The GRFs (m; and n;) have the following values: (1) aliphatic ether ~O- linkage = +70, (2) sulfide —S-linkage = +256, (3) terminal
C=C double bond = +40, (4) chain branching = — 50, (5) aliphatic sulfide -S-S-linkage = +377, (6) tertiary C atom = —75,(7)
pheny! ring = +350, (8) aryl ether ~O- linkage = +190, (9) link between two phenyl rings = +80.

Compound Formula Tobs Lit. 100Z + Zm; — Zn; I Difference
[16] (%)
Ethyl ether C,H,,0 616 1842 500 + 70 570 7.47
Propyl ether CsH,,0 782 700 + 70 710 0.15
Butyl ether CgH, 0 971 900 + 70 970 0.1
Pentyl ether C,oH,,0 1163 1161 1100 + 70 1170 0.6
Hexyl ether C.Hz60 1368 1359 1300 + 70 1370 0.15
Octyl ether Cy6H340 1763 1700 + 70 1770 0.39
Allyl sulfide CeH; oS 1151 800 + 256 + 2 x 40 1136 1.3
(2-Ethylhexyl) vinyl ether C;0H3,0 1168 1100 + 70 + 40 — 50 1160 0.68
Butyl sulfide CgHy5S 1256 1000 + 256 1256 0
tert.-Butyl disulfide CgH,5S, 1323 1200 + 377 — 2 x 75 1727 0.23
Anisole C;H,O 1340 800 + 350 + 190 1340 0
1,2-Dibutoxyethane C,oH,,0, 1348 1200 + 2 x 70 1340 0.59
Isopentyl sulfide C,oH;,S 1359 1200 + 256 — 2 x 50 1356 0.22
Propyl disulfide CeH14S; 1377 1000 + 377 1377 0
Phenetole (ethoxybenzene) CgH,,0 1383 900 + 350 + 190 — 50 1390 0.5
Isobutyl disulfide CgHsS, 1428 1200 + 377 — 2 x 50 1477 3.32
Benzyl ethyl ether CoH;,0 1438 1000 + 350 + 70 1420 1.25
m-Methylanisole CyH,,0 1441 900 + 350 + 190 1440 0.07
Butyl disulfide CgH S, 1567 1200 + 377 1577 0.63
o-Dimethoxybenzene CgH 100, 1715 1000 + 350 + 2 x 190 1730 0.87
Bis(2-butoxyethyl)ether C,,H,603 1727 1500 + 3 x 70 1710 0.98
1,3-Dimethoxybenzene CgH 00, 1737 1000 + 350 + 2 x 190 1730 04
Pentyl! disulfide CioH,,.S, 1768 1400 + 377 1777 0.51
Phenyl ether Cy,H;00 2055 1300 + 2 x 350 + 70 2070 0.72
Phenyl sulfide Ci2H,08 2287 1400 + 2 x 350 + 256 2356 2.97
o-Phenylanisole C,3H;,0 2246 1400 + 2 x 350 + 190
Benzyl ether C4H,,0 2356 1500 + 2 x 350 + 70 2270 3.65
p-Phenoxyanisole C,3H,,0, 2438 1500 + 2 x 350 + 190 + 80 2470 1.3

“ See footnote in Table III. Average GRF value for the alkyl ether linkage = 69.50 + 7.01.

alcoholic ~OH group on polar column. The GRF for
the aliphatic amino -NH, group is +416 as against
+647 for the aliphatic primary alcoholic —OH
group. Plotting the I values of the homologous
primary amines against Z yields a straight line, as
shown in Fig. 1. The 4 and GRF values for the
aliphatic amines are given in Table I.

The aliphatic primary amino (-NH,) group has a
column difference of about +280. When the -NH,

group is attached to a secondary or a tertiary carbon
atom, the GRF is reduced to +350 or +229,
respectively. The GRF value of the imino groups in
the N,N-dialkyl-substituted secondary amines, such
as dibutylamine, is about + 180 but that for the
N-alkyl-N-aralkyl substituted secondary amines is
about +260. The GRF values for the tertiary N
atom in N,N,N-trialkylsubstituted amines may vary
with the size of the substituted alkyl groups.
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TABLE XIII
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COMPARISON OF OBSERVED AND PREDICTED /7 VALUES OF ALIPHATIC ALDEHYDES AND KETONES®

The GRFs (m; and n;) have the following values: (1) “peripheral” aliphatic aldehyde or ketone group = + 388, (2) “inner” keto group at 3
or 4 position of the carbon chain = + 355, (3) chain branching = — 50, (4) non-terminal C=C double bond = + 60, (5) conjugation of

-C=C-C=0 group in alkane chain = +353.

Compound Formula Lops Lit. 100Z + Zm; — Zn; I, Difference
(%)
Acetone C3;HgO 816 400 + 388 788 3.43
Propanal C;HO 782 400 + 388 788 0.76
2-Methylpropanal C.HzO 824 [15] 500 + 388 — S0 838 1.67
2-Butanal C,HzO 910 [16] 500 + 388 888 2.42
3-Methyl butanal CsH 0O 928 [15] 600 + 388 — 50 938 1.07
3-Pentanone CsH,,0 977 [16] 600 + 388 988 1.11
2-Pentanone CsH,,0 992 [15) 600 + 388 988 0.4
2-Methyl-3-pentanone CgH,,0 1000 [16] 700 + 355 — 50 1005 0.5
4-Methyl-2-pentanone C¢H;,0 1019 [15] 700 + 388 — 50 1038 1.83
1012 [16]
2-Butenal C,H:O 1038 [16] 500 + 388 + 60 + 53 1001 3.56
3-Hexanone C¢H,,0 1048 [16) 700 + 355 1055 0.66
2-Methyl-3-hexanone C;H,,0 1066 [16] 800 + 355 — 50 1105 3.53
2-Hexanone CeH;,0 1078 [16] 700 + 388 1088 0.92
Hexanal C4H,,0 1094 15} 700 + 388 1088 0.54
Heptanal C;H,,0 1195 [15} 800 + 388 1188 0.59
2-Heptanone C,H,,0 1194 [15] 800 + 388 1188 0.5
1180 [16}
3-Heptanone C,H,,O 1124 [16] 800 + 355 1155 2.68
3-Octanone CgH{cO 1252 [16] 900 + 355 1255 0.24
Octanal CgH,60 1297 [15} 900 + 388 1288 0.69
5-Nonanone CoH, 50 1325 [16] 1000 + 355 1355 2.21
Nonanal CoH, 30 1400 [15] 1000 + 388 1388 0.86
Decanal C,0H,00 1504 [15] 1100 + 388 1488 1.06
2-Heptadecanone C,;H3,0 2148 [15] 1800 + 388 2188 1.83

“ See footnote in Table HI. Average GRF value for the aldehyde group = 387.92 + 17.55.

The functionality of the tertiary amino groups in
triethylamine, N,N-diethylbenzylamine, tributyl-
amine, tripentylamine, tribenzylamine, etc. de-
creases with increasing size of the substituent
groups. Plotting the GRF difference, namely (I, —
I,), of the tertiary amines against Z yields a linear
relationship, as shown in Fig. 2. This means that
bulky substituents tend to diminish I, and the GRF
of the tertiary amino group decreases in proportion
to the bulkiness of the substituents. This finding is in
accord with an early observation that the highly
substituted amines behave chromatographically as

n-alkanes [1]. Table XV shows the observed and
predicted 7 values of some alkyl and alicyclic amines.

Aromatic amines

Aromatic amino groups in aniline, anisidine,
toluidine, etc. have higher GRF values than the
aliphatic amino groups, owing to co-planar con-
figuration of the molecule as a result of conjugation
with the phenyl ring. In the planar configuration the
primary aromatic amino group is retained longer on
the column and has a GRF of + 667, considerably
higher than that of the aliphatic primary amino
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TABLE X1V

COMPARISON OF OBSERVED AND PREDICTED / VALUES OF ALICYCLIC AND AROMATIC ALDEHYDES AND
KETONES*

The GRFs (m; and ;) have the following values: (1) S-membered alicyclicring = + 122, (2) alicyclic carbonyl C=0 group = +465, (3)
6-membered alicyclicring = + 123, (4) chain branching = — 50, (5) cyclopentene ring = + 163, (6) conjugation of -C=C-C=0 group
in S-membered ring = + 106, (7) cycloheptane ring = + 183, (8) O atom in 5-membered ring = + 80, (9) phenylring = +350, (10) ary!
or alkyl C=0 group = +388, (11) cyclohexene ring = +208, (12) quaternary C atom = — 100, (13) conjugation of -C=C-C=0
group in 6-membered ring = +40, (14) phenolic -OH group = +900, (15) ortho effect b between ~OH and ~-COCH; groups =
—870”, (16) aryl Bratom = +426, (17) ortho effect b between —Br and -CHO groups = —*126”, (18) alkyl Br atom adjacent to C=0
group = + 386, (19) aryl ether -O— linkage = + 190, (20) extended conjugation between -OCH; to ~CHO groups in para positions of
phenyl ring = +60, (20) alkyl -NH, group = +417, (21) ring fusion = +60, (22) tertiary amino Ar-N(CH3), group = +260, (23)
para effect for the extended conjugation from —N(CH3), to -CHO = +360.

Compound Formula Lobs Lit. 100Z + Zm; —Zn; I, Difference
[16] (%)

Cyclopentanone CsHgO 1187 600 + 122 + 465 1187 0
Cyclohexanone CeH,;00 1289 700 + 123 + 465 1288 0.8
2-Methylcyclohexanone C,H,,0 1305 800 + 123 + 465 — 50 1338 2.47
3-Methylcyclohexanone C-H;,0 1324 800 + 123 + 465 — 50 1338 1.05
4-Methylcyclohexanone C,H,,0 1339 800 + 123 + 465 — 50 1338 0.07
2-Cyclopenten-1-one CsHgO 1347 600 + 163 + 465 + 106 1334 0.97
Cycloheptanone C;H,,0 1417 800 + 183 + 465 1448 2.14
2-Furaldehyde CsH,0, 1456 700 + 122 + 80 + 465 1455 0.07
Benzaldehyde C,H¢O 1517 1513 800 + 350 + 388 1538 1.36
3,5,5-Trimethyl-2-cyclo-

hexen-1-one CyH,,0 1577 1000 + 208 + 465 + 40 — 100 1613 2.23
3,5-Dimethyl-2-cyclo-

hexen-1-one CgH,,0 1597 900 + 208 + 465 + 40 — 50 1563 2.13
Acetophenone CgHgO 1643 900 + 350 + 388 1638 0.3
Salicylaldehyde C,H¢0, 1665 900 + 350 + 900 + 388 — “870” 1668 0.18
Propiophenone CoH,,O 1712 1000 + 350 + 388 1738 1.49
p-Isopropylbenzaldehyde CioH ;20 1767 1100 + 350 + 388 — 50 1788 1.17
2'-Hydroxyacetophenone CgH0, 1784 1000 + 350 + 900 + 388 — “870” 1768 09
2-Bromobenzaldehyde C,H;BrO 1838 800 + 350 + 388 + 426 — 126> 1838 0
Benzylacetone C,oH;,0 1851 1100 + 350 + 388 1838 0.7
o-Anisaldehyde CgH30, 1941 1000 + 350 + 388 + 190 1928 0.67
2-Bromoacetophenone CgH,BrO 1971 900 + 350 + 388 + 386 2024 2.62
p-Anisaldehyde CgHgO, 2014 2000 1000 + 350 + 388 + 190 + 60 1988 0.6
p-Methoxypropiophenone C,oH;,0, 2179 1200 + 350 + 388 + 190 2128 2.34
2-Aminoacetophenone CgHoNO 2187 1000 + 350 + 388 + 417 2155 1.46
1-Naphthaldehyde C1H;0 2364 1200 + 2 x 350 + 60 + 388 2348 0.68
Benzophenone C;3H,,0 2457 1400 + 2 x 350 + 388 2488 1.25
p-Dimethylaminobenzaldehyde CoH;;NO 2459 1100 + 350 + 388 + 260 + 3607 2458 0.04

“ See footnote in Table II1.

group. Secondary aromatic amines with two aryl N,N-dimethylaniline, have a GRF of about +310,

substituents or with one alkyl and one aryl substitu- which may vary with the bulkiness of the substitu-
ent on N atoms have GRFs of +586 or + 523, ents.
respectively. Tertiary aromatic amino groups with Table XVI shows the comparison of observed and

one aryl and two alkyl substituents on N atom as in predicted I values of some aromatic amines.
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Heterocyclics

Ring compounds containing nitrogen and oxygen
heteroatoms are functionally complex, which ren-
ders the prediction of I difficult. The number and
position of aza and oxo atoms in the ring, ring size,
degree of saturation, aromaticity, conjugation, posi-
tion of substituents, etc. can all affect the 4 and GRF
values. These compounds are difficult to chromato-
graph, because traces of moisture and unexpected
interaction with the stationary phase can cause large
variations. The oxo rings are less complex than the
aza rings. The nitrogen atom in the ring, being tri-
valent, can bond as secondary and tertiary amines,
and together with the ring function and conjugation,
these groups can contribute differently to 1. In
comparison, the bivalent oxygen atom has its bond-
ing orbitals completely satisfied in ring formation.

The ring oxygen is assigned a GRF value of + 80
per atom in the 5-membered ring and + 160 per
atom in the 6-membered ring. Since the number of
oxo compounds studied is small, these values are
only tentative.

The GRFs of the functional groups in the aza rings
are difficult to assess individually and independently
because of the lack of homologs for comparative
study. In the following we rank the aza moieties
present in 5-membered and 6-membered rings ac-
cording to their contribution to the I of the analyte:
(i) Aza and diaza moieties in 5-membered rings:
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Fig. 2. The relationship between the GRFs of tertiary amine
function and the size of substituent groups, expressed as the
number of atoms (Z) in N,N N-trisubstituted alkylamines. Z and
GRF are given sequentially in parentheses following the name of
the tertiary amine. The points plotted are: 1 = triethylamine (7,
+27); 2 = N,N-dimethylbenzylamine (10, 0); 3 = N,N-diethyl-
benzylamine (12, —76); 4 = tributylamine (13, —93); 5 =
N-methyldibenzylamine (16, —49); 6 = tripentylamine (16,
—131); 7 = N,N-dimethylaniline (9, —50); 8 = tribenzylamine
(22, —215); 9 = 2,2",2"-trimethyltriallylamine (13, —46); 10 =
N-methyldioctylamine (18, —30); 11 = N,N-dimethylnaphthyl-
amine (13, —170).

~N=C-N-C= (aromatic) > = C-N-N=C- (aromatic) > -N=C-N-C= (aromatic) >

| |
H H

(+1500) (+1100)

|
CH,
(+880)

=C-N-C= (aromatic) > -C-N-C- (alicyclic) > ~-C-N-C = (alicyclic).

| |
H H

(+800) (+380)

(i) Aza and diaza moieties in 6-membered rings:

=C-N=N-C= (aromatic) > =C-N=C-N= (aromatic) > N=C-C=N- (aromatic) =C-N=C-

(4 760) (+320)

CH,

(+140)

(+270) (+240)

~C-N-C-C-N-C- (alicyclic) > ~C-N-C- (alicyclic) > -C-N-C— (alicyclic).

| I I
H H H

(+650) (+325)

I
CH,

(+200)

(aromatic).
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The GRFs of the aza moieties are listed in
parentheses below each structural moiety. The GRFs
of these functional groups are specific for the 5- and
6-membered ring structures. A breakdown in terms
of contributions from individual functions is given
in Tables XVII and XVIII. These GRFs have not
been widely tested on other aza compounds besides
those listed. The general trend is for the highly
conjugated N atoms in the ring to contribute the
most to the RI, followed by the imino ~NH- group
connected to two double bonds and then the tertiary
amine nitrogen. Similar aza moieties in 5-membered
rings have higher GRFs than in 6-membered rings,

TABLE XV

C. T. PENG, Z. C. YANG, S. F. DING

and additional ring N atoms introduce new GRFS to
increase I. The I values of pyridines and quinolines
are more readily predicted than those of diazines and
diazoles. A comparison of the observed and pre-
dicted 7 values of 5-membered and 6-membered
heterocyclics is given in Tables XVII and XVIIIL..

Water gives a peak with a I of 1066 on polar
column with thermal conductivity detector. This
peak may appear when a hygroscopic sample is
chromatographed.

Alkyl halides
The I values of chloroalkanes, bromoalkanes and

COMPARISON OF OBSERVED AND PREDICTED / VALUES OF ALIPHATIC AMINES*

The GRFs (m; and n;) have the following values: (1) -CH,~NH, group = +417,(2) tertiary amino group = + 277, = 4277, —-307,
—“46”, —*93” (see text), (3) -C-NH, group = +229, (4) -CH-NH, group = +350, (5) quaternary C atom = — 100, (5) chain
branching = — 50, (6) alkyl ether —O-linkage = + 70, (7) terminal C =C double bond = +40, (8) alkyl imino—NH-R group = +180.

Compound Formula Lops Lit. 100Z + Zm; — Zn; 1, Difference
[16] (%)
n-Propylamine C;3HgN 816 400 + 417 817 0.12
n-Butylamine C,H;;N 908 500 + 417 917 0.98
n-Pentylamine CsH 3N 1018 600 + 417 1017 0.1
n-Hexylamine CgH,sN 1113 700 + 417 1117 0.36
n-Heptylamine C,H,;N 1213 800 + 417 1217 0.33
n-Decylamine CioHy3N 1522 1100 + 417 _ 1517 0.33
n-Dodecylamine Cy,H,,N 1716 1300 + 417 1717 0.06
n-Octadecylamine CygH3oN 2330 1900 + 417 2317 0.56
Triethylamine CeH;sN 727 700 + <277 727 0
tert.-Butyl amine C4H,; N 729 500 + 229 729 0
sec.-Butyl amine C,H ;N 864 500 + 350 850 1.62
2-Amino-3,3-dimethylbutane CeH;sN 948 700 + 350 — 100 950 0.21
Isoamylamine CsH 5N 989 600 + 417 — 50 967 2.22
2-Amino-1-methoxypropane C,H,;NO 1050 600 + 70 + 350 1020 2.86
Dibutylamine CgH 9N 1092 900 + 180 1080 1.1
2-Aminoheptane C;H;N 1158 800 + 350 1150 0.69
3-Aminoheptane C,H,;N 1137 800 + 350 1150 1.13
Tributylamine C;,H,9N 1207 1206 1300~ “93” 1207 0
Tripentylamine C,sH;3N 1469 1600 — <1317 1469 0
2,2.2"-Trimethyltriallylamine C;,H,; N 1224 1300 + 3 x 40 — 3 x 50 — “46™ 1224 0
N-Ethylbenzylamine CoH 5N 1543 1000 + 350 + 180 1530 0.84
N-Propylbenzylamine C,oH;sN 1624 1100 + 350 + 180 1630 0.37
N-Butylbenzylamine C;;H;,N 1726 1200 + 350 + 180 1730 0.23
N-Methyldioctylamine C,;-H;3,N 1770 1800 — 307 1770 0
Dibenzylamine C,4H;sN 2473 1500 + 2 x 350 + 180 2380 3.76

¢ See footnote in Table III.
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TABLE XVI
COMPARISON OF OBSERVED AND PREDICTED 7 VALUES OF AROMATIC AMINES*

The GRFs (m; and n;) have the following values: (1) cyclohexane ring = +123, (2) alicyclic primary —-NH, group = +350, (3) chain
branching = — 50, (4) tertiary Ar-NR, group = +310, (5) tertiary amino group = “0”, — 30", =50, —“170”, —“49” or —*215™

(see text), (6) -N-C,H; group = —60, (7) ortho effect b between —CH; and -N(C,Hs), = —*300”, (8) aralkyl alkyl imino -NH—
group = +260, (9) alkyl -NH; group = 4417, (10) aryl alkyl imino -NH group = +523, (11) aryl -NH, group = +667, (12) ortho
effect b between ~C,H; and -NH, groups = —*707, (13) aryl -OCH; group = + 190, (14) ortho effect b between -OCH; and -NH,

groups = “160”, (15) quaternary C atom = — 100.

Compound Formula Lobs Lit. 100Z + Zm; — Zn, I, Difference
[16] (o)
Cyclohexylamine CeH 3N 1222 1155 700 + 123 + 350 1173 1.53
3-Methyl cyclohexylamine C,HoN 1400 800 + 123 + 350 - 50 1450 3.49
N,N-Dimethylbenzylamine CgH 3N 1350 1000 + 350 + “0” 1350 0
N,N-Diethyl-o-toluidine C H;N 1428 1200 + 350 + 310 — 2 x 60 — 300 1440 0.83
N,N-Dimethylaniline CgH N 1510 1538 900 + 350 + 310 — 50 1510 0
N-Ethylbenzylamine CoH 3N 1577 1000 + 350 + 260 — 60 1550 [.72
Phenethylamine CgH{;N 1638 900 + 350 + 417 1667 1.74
N,N-Diethylaniline CioH;sN 1660 1620 1100 + 350 + 310 — 2 x 60 . 1640 1.2
N,N-Dimethyl-o-toluidine CoH 3N 1679 1000 + 350 + 310 1660 1.13
N-Methylaniline C,HoN 1686 1711 800 + 350 + 523 1673 0.77
Aniline CgH,N 1710 1740 700 + 350 + 667 1717 0.41
N-Ethylaniline CgH | N 1761 1717 900 + 350 + 523 — 60 1713 2.73
N-Methyl-dioctylamine C,7H;3;N 1770 1800 — “30” 1770 0
N-Methyl-p-toluidine CgH )N 1780 900 + 350 + 523 1773 0.39
o-Toluidine C;HoN 1800 1789 800 + 350 + 667 1817 0.94
N-Ethyl-m-toluidine CoH 3N 1802 1000 + 350 + 523 — 60 1813 0.6
p-Toluidine C;HgN 1822 800 + 350 + 667 1817 0.27
m-Toluidine C,HgN 1849 1831 800 + 350 + 667 t 1817 1.73
o-Ethylaniline CgH N 1848 900 + 350 + 667 — 70 1847 0.05
N-Butylaniline CioHysN 1893 1100 + 350 + 523 1973 4.05
2,4-Dimethylaniline CgH, ;N 1903 900 + 350 + 667 1917 0.73
o-Anisidine C,H3;NO 1946 900 + 350 + 190 + 667 — “160” 1947 0.05
p-tert.-Butylaniline CioHsN 2011 1100 + 350 + 667 — 100 2017 0.3
N,N-Dimethylnaphthylamine Ci,H 3N 2100 1300 + 2 x 350 + 60 + 310 — “170 2100 0
m-Anisidine C,HyNO 2176 900 + 350 + 190 + 667 2107 3.17
N-Methyldibenzylamine CisH-N 2251 1600 + 2 x 350 — “49” 2251 0
N-Benzyl-N-methylaniline Ci4H 5N 2430 1500 + 2 x 350 + 260 2460 1.22
N,N-Diphenylmethylamine C,3H 3N 2450 1400 + 2 x 350 + 310 2410 1.63
Dibenzylamine CisH, SN 2427 2473 1500 + 2 x 350 + 260 2460 0.53
Diphenylamine C;;H N 2586 1300 + 2 x 350 + 586 2586 0
Tribenzylamine C, Hy N 3035 2200 + 3 x 350 — “215” 3035 0

* See footnote in Table III.

lodoalkanes are predicted by assuming the GRFs for shown in Table XIX. The individual Am, vatues of
chlorine, bromine and iodine atoms to be +464, each halo atom show a gradual increase within the
+592 and + 710, respectively. These are the aver- series with chain lengthening. Plotting the Am
ages of the dm; values of the halo atoms in  values against the number of carbon atoms yields a
chloroalkanes, bromoalkanes and iodoalkanes, as straight line, with the slope increasing from chloro-
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TABLE XVII

C. T. PENG, Z. C. YANG, S. F. DING

COMPARISON OF OBSERVED AND PREDICTED / VALUES OF HETEROCYCLIC COMPOUNDS*

In the 5-membered ring the GRFs (m; and ;) have the following values: (1) cyclopentadiene ring = +210, (2) O atomin thering = + 80,
(3) alicyclic aldehyde group = +465, (4) Satom in thering = +200, (5) cyclopentanering = +122, (6) -N(CH3)~- group in the ring =
+ 140, (7yimino —NH- group in the ring = + 380, (8) cyclopentene ring = +163, (9) one C=C bond in azole ring = +40, (10) two
C=C bonds in azole ring = +190, (11) C=C-NH-C=C group in the ring = +800, (12) additional N atom at the o position of the
ring = +300, (13) methyl group orthe to ring N = —70, (14) phenyl ring = +350, (15) additional N atom at the j position of the
N-methylated azole ring = + 550, (16) additional N atom at the f§ position of the azole ring = +700.

Compound Formula Tos Lit. 100Z + Zm; — Zn; Iy Difference
[16] %)
Furan group
Furan C,H,O 800 500 + 210 + 80 790 1.25
{Water H,0 1066 (See text)}
2-Furaldehyde CsH, O, 1447 700 + 210 + 465 + 80 1455 0.51
5-Methylfuraldehyde Cs¢HgO, 1562 800 + 210 + 465 + 80 1555 0.45
Thiophene group
Thiophene C,H,S 1022 1025 600 + 210 + 200 1010 1.17
Pyrrolidine group
1-Methyl pyrrolidine CsHy N 861 600 + 122 + 140 862 0.12
Pyrrolidine C,HgN 1003 500 + 122 + 380 1002 0
Perhydroindole CgH,sN 1468 900 + 123 + 122 + 380 1525 3.88
3-Pyrroline C,H;sN 1066 500 + 163 + 380 + 40 1083 1.57
Pyrrole group
1-Methyl pyrrole CsH,N 1142 1139 600 + 210 + 140 + 190 1140 0.18
Pyrrole C,H;N 1511 1508 500 + 210 + 800 1510 0.07
Pyrazole (1,2-diazole) CsH,N, 1826 500 + 210 + 800 + 300 1810 0.88
3-Methyl pyrazole C,HgN, 1863 600 + 210 + 800 + 300 — 70 1840 1.23
4-Methyl pyrazole CHgN, 1929 600 + 210 + 800 + 300 1910 0.98
Indazole C,HgN, 2556 900 + 350 + 210 + 800 + 300 2560 0.16
[-Methy! imidazole CHgN, 1700 1638 600 + 210 + 140 + 190 + 550 1690 0.59
2-Methyl imidazole C,HgN, 2238 600 + 210 + 800 + 700 — 70 2240 0.09
Imidazole (1,3-diazole) C3H4N, 2254 500 + 210 + 800 + 700 2210 1.51
4-Methyl imidazole C4HgN, 2289 600 + 210 + 800 + 700 2240 2.14

4 See footnote in Table II1.

alkanes to bromoalkanes to jodoalkanes, as shown
in Fig. 3.

The increase in the slope of these linear plots of
haloalkanes and the increase of the Amy value in
ascending each series are associated with the change
in polar-to-non-polar moiety ratio on chain length-
ening and electronic effects of the halo atom. The
halo atom can exert mesomeric and inductive ef-
fects. The mesomeric effect and hyperconjugation
may dominate in the lower haloalkanes and the
inductive effect in the higher ones. That the three
lower iodoalkanes show marked deviation from the

linear relationship in Fig. 3 may be attributed to
these factors.

The GRF of the halo atoms is influenced by the
presence of other functional groups in the molecule.
For example, the GRFs of the halo atoms in
haloarenes or haloalicyclics are smaller than those in
haloalkanes. It may be noted that the GRFs of the
halo atoms include not only the GRFs but also the
carbon atom equivalency of the halo atoms. The
implication of this inclusion will be discussed in a
future communication [20].
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TABLE XVIIL
COMPARISON OF OBSERVED AND PREDICTED / VALUES OF HETEROCYCLIC COMPOUNDS?

In the 6-membered ring the GRFs (m; and n;) have the following values: (1) cyclohexane ring = + 123, (2) O atom in the ring = + 160, (3)
phenylring = +350, (4) cyclopentane ring = + 122, (5) O atom in 5-membered ring = +80, (6) -N(CH;)- in the ring = +200, (7) a
second imino ~NH-group in the ring containing -N(CH, ) group = + 240, (8) imino ~-NH- groupinthering = +325,(9) methyl group
ortho to ring N = —70, (10) chain branching = —50, (11) cycloheptane ring = + 183, (12) tertiary -N = in the ring = +240, (13)
l,4-diaza group = +30, (14) 1,3- diaza group = + 80, (15) 1,2-diaza group = + 520, (16) trans isomer—cis isomer = —60, (17) N atom
in the iso position of fused heterocyclic rings = +40, (18) methyl group in per; position to ring N = —100, (19) methyl group in the para
position of ring N = +70, (20) aryl ether O linkage = + 190.

Compound Formula Tobs Lit. 100Z + Zm; — Zn; I, Difference
[L6] (%)
Dioxane group
1,4-Dioxane C,H;0, 1059 600 + 123 + 160 x 2 1043 1.51
S-Trioxane C;H¢04 1167 600 + 123 + 160 x 3 1203 2.99
1,4-Benzodioxane CgH;0, 1800 1000 + 350 + 123 + 160 x 2 1793 0.39
1,3-Benzodioxole C;H¢O, 1531 900 + 350 + 122 + 80 x 2 1573 2.67
I-Methylpiperidine group
[-Methyl piperidine Ce¢H, 3N 1020 700 + 123 + 200 1023 0.29
1-Methyl piperazine CsH,,N, 1262 1204 700 + 123 + 200 + 240 1263 0.08
Piperidine group
Piperidine CsH|N 1049 600 + 123 + 325 1048 0.09
2-Methyl piperidine CsH 3N 1017 700 + 123 + 325 - 70 — 50 1028 1.07
2,6-Lupetidine C;H, 5N 1009 800 + 123 + 325 — 70 x 2 —50 x 2 1008 0.1
4-Methyl piperidine Ce¢H, 3N 1075 700 + 123 + 325 — 50 1100 2.29
3-Methyl piperidine CgH, 3N 1081 700 + 123 + 325 — 350 1100 1.73
Hexamethylene imine C¢H, 3N 1178 700 + 183 + 325 1208 2.48
Piperazine C.H; (N, 1391 600 + 123 + 325 x 2 1373 1.29
Homopiperazine CsH,,N, 1525 700 + 183 + 325 x 2 1533 0.25
Pyridine group
Pyridine CsH;N 1191 600 + 350 + 240 1190 0.08
Pyrazine (1,4-diazine) C,H/N, 1224 600 + 350 + 240 + 30 1220 0.33
Methyl pyrazine CsHgN, 1259 700 + 350 + 240 + 30 — 70 1250 0.71
Pyrimidine (1,3-diazine) C,H,N, 1276 1257 600 + 350 + 240 + 80 1275 0.31
4-Methyl pyrimidine CsHgN, 1328 700 + 350 + 240 + 80 — 70 1300 2.11
Pyridazine (1,2-diazine) C4HuN, 1716 600 4 350 + 240 + 520 1710 0.35
3-Methyl pyridazine CsHgN, 1750 700 + 350 + 240 + 520 — 70 1740 0.57
2-Picoline CgH,N 1210 700 + 350 + 240 — 70 1220 0.82
3-Picoline CeH,N ’ 1283 700 + 350 + 240 1290 0.54
4-Picoline CsH,N 1300 700 + 350 + 240 1290 0.08
2,6-Lutidine C;H N 1241 800 + 350 + 240 — 70 x 2 1250 0.72
3,5-Lutidine C,HgN 1400 800 + 350 + 240 1390 0.71
Quinoline group
Perhydro isoquinoline CoH, 4N 1520 trans) 1000 + 123 x 2 + 325 — 60 1511 0.59
(cis + trans) 1560 (cis) 1000 + 123 x 2 + 325 1571 0.7
Quinoline CoH,N 1942 1000 + 350 x 2 + 240 1940 0.1
Isoquinoline CgH,;N 1980 1000 + 350 x 2 + 240 + 40 1980 0’
8-Methylquinoline CoHgN 1959 1100 + 350 x 2 + 240 — 100 1940 0.97
Quinaldine .

(2-methylquinoline) CioHoN 1970 1100 4 350 x 2 + 240 — 70 1970 0
7-Methyl quinoline CioHoN 2053 1100 + 350 x 2 + 240 2040 0.63
6-Methyl quinoline CoHoN 2062 1100 + 350 x 2 + 240 2040 1.07
4-Methyl quinoline CoHgN 2108 2080 1100 + 350 x 2 + 240 + 70 2110 0.09

(lepidine)
6-Methoxyquinoline C,0HoNO 2353 1200 + 350 x 2 + 240 + 190 2330 0.98

¢ See footnote in Table II1.
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TABLE XIX
CALCULATION OF 4m, AND COMPARISON OF OBSERVED AND PREDICTED / VALUES OF 1-HALOALKANES*

The GRFs have the following values: (1) chlorine atom in R~CH,~Cl = +464, (2) bromine atom in R-CH,-Br = 4592, (3) bromine
atom connected to secondary carbon atom = +492, (4) iodine atom in R-CH,-1 = +710.

Compound Formuia Lps 1002 Adm; I, Difference
(%)

1-Chloroalkanes
I-Chloropropane C;H,Cl 739 300 439 764 3.27
1-Chlorobutane C4HoCl 842 400 442 864 2.55
1-Chloropentane CsH,,Cl 945 500 445 964 1.97
1-Chlorohexane CeH,5Cl 1050 600 450 1064 1.32
1-Chloroheptane C,H,sCl 1154 700 454 1164 0.86
1-Chlorooctane CgH,-Cl 1262 800 462 1264 0.16
1-Chlorononane CoH,;4Cl1 1364 900 464 1364 0
1-Chlorodecane CoH,,C! 1474 1000 474 1464 0.68
I-Chlorotetradecane C4H,5Cl 1889 1400 489 1864 1.32
1-Chlorohexadecane C,6H33Cl 2094 1600 494 2064 1.43
1-Chlorooctadecane C,H;3,Cl 2294 1800 494 2264 1.31

Average 464,27 + 20.72

1-Bromoalkanes
I-Bromobutane C.HyBr 955 400 555 992 3.87
1-Bromopentane CsH,Br 1042 500 542 1092 4.58
1-Bromohexane Ce¢H 3Br 1163 600 563 1192 2.43
I-Bromoheptane C,H,;sBr 1256 700 556 1292 2.79
1-Bromooctane CgH,4Br 1385 800 585 1392 0.5
1-Bromononane CyoH,4Br 1496 900 596 1492 0.27
1-Bromodecane CyoH,,Br 1578 1000 578 1592 0.88
I-Bromoundecane C,1H;3Br 1717 1100 617 1692 1.46
1-Bromododecane C,,H,sBr 1818 1200 [618] 1792 1.43
1-Bromotetradecane C,.H,4Br 2037 1400 637 1992 2.1
1-Bromohexadecane C,¢H33Br 2237 1600 637 2192 2.01
1-Bromooctadecane C,gH3,Br 2447 1800 647 2392 2.17

Average 592.00 £ 35.63

2- and 3-Bromoalkanes
2-Bromobutane C4HoBr 905 400 505 892 1.44
2-Bromopentane CsH,Br 984 500 484 992 0.81
3-Bromopentane CsH,,Br 994 500 494 992 0.2
2-Bromoheptane C;H,sBr 1173 700 473 1192 1.59
2-Bromodecane CioH,3Br 1493 1000 493 1492 0.07
2-Bromododecane C,,H,sBr 1702 1200 502 1692 0.59

Average 491.83 + 11.82

I-Todoalkanes
1-Todoethane C,H;l 876 200 676 910 3.74
1-Iodopropane C;H,I 965 300 665 1010 4.46
lI-lodobutane C,H,l 1065 400 665 1110 4.05
1-Iodopentane CsH 1 1175 500 675 1210 2.89
1-Iodohexane CeH, 31 1286 600 686 1310 1.83
I-Todoheptane C,Hysl 1400 700 700 1410 0.71
1-Iodooctane CgH; 1 1508 800 708 1510 0.13
1-Iodononane CoH ol 1621 900 721 1610 0.68
1-lododecane CioHoiI 1734 1000 734 1710 1.38
1-Iodoundecane C1H,,5l1 1842 1100 742 1810 1.74
[-Todododecane C,;,H,s1 1953 1200 753 1910 2.2
[-Todohexadecane Cy6Hasl 2400 1600 800 2310 3.73

Average 710.42 1 41.32

¢ See footnote in Table III.
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Fig. 3. Linear plots of the GRF increment or the functionality
constant (4mg) vs. the number of carbon atoms in [-haloalkanes.
® = I-lodoalkanes; O = I-bromoalkanes; A = I-chloro-
alkanes.

CONCLUSIONS

The retention mechanism in gas chromatography
is complex and may involve a number of factors,
such as partition between the gas phase and the
stationary liquid phase, adsorption at the gas-liquid
interface, H-bonding and dipolar interaction with
the stationary phase, the electronic nature and
configuration of the analyte molecule, etc. [5]. In a
homologous series, each member differs from its
near neighbors by a methylene group, which allows
the same retention mechanism to prevail for all
members of the series and leads to a linear relation-
ship between 7and the number of carbon and carbon
equivalent atoms (n or Z). This is the theoretical
basis for the prediction of I, using 4, Z and GRF
values.

Accurate 4 and GRF values are essential to the
prediction. In many cases, the gradual change of the
polar-to-non-polar moiety ratio in ascending or
descending the homologous series exerts a definite
effect on GRF. The effect is less on non-polar than
on polar stationary phases and may be augmented in
certain homologous series. As the polar-to-non-
polar ratio decreases to near zero, the I value of
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the analyte will approach the base value. This
explains why substituted compounds such as acid
esters, tertiary amines and silylated derivatives show
chromatographic characteristics similar to that of
aliphatic hydrocarbons.

The I values of a wide range of compounds, such
as acids, alcohols, amines, acid esters, aldehydes,
ketones, ethers, aromatic hydrocarbons, alicyclics,
heterocyclics, etc. on polar column are predicted by
this method to within 3% error. The procedure used
for prediction of 7 is similar to that for non-polar
columns. In general, the I values of compounds of
monofunctionality are accurately predicted. The 7
values of compounds of polyfunctionality are diffi-
cult to predict, because the functional groups often
interact intramolecularly to alter the GRF and also
the A4 values, as in the case of x-amino acids and acid
amides. To apply the rule of additivity without the
correct 4 and GRF values will lead to either over- or
under-estimate of /. For example, the free and
substituted acid amides have an A value that is
considerably less than 100 (see Table VIII); the
methyl substitution at the ortho position to the
nitrogen atom in heterocyclics contributes only a
fraction of the full / increment. According to an
early report, methyl substitutions at the o, 8, and y
positions of the pyridine ring contribute differently
to I [21]. Substituents at the ortho positions of the
phenyl ring tend to interact with each other to lower
I generally by hydrogen bonding or steric hindrance.,
Substitutions at the para positions may cause an
increase in 1. In addition, identical N-containing
moieties in 5-membered and 6-membered aza and
diaza rings yield different GRF values. The ring
constraint in the 5-membered rings accentuates the
G RFs of these moieties. The effect of multi-substitu-
tion and poly-functionality on GRF are not well
understood, but studies using homologous series
may clarify some of these complexities.

From the structure-retention index relationship,
one can derive a set of general rules to guide the
prediction of I. These are as follows: (i) molecules
which contain multiple O and N atoms will have
high I'values in comparison to molecules that do not,
(i) molecules which have highly conjugated systems
containing N and O atoms tend to give higher /
values than those that do not, (iii) molecules which
contain quaternary carbon atoms and functional
groups connected to secondary or tertiary carbon
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atoms have lower [ values than those that do not,
and (iv) highly substituted molecules tend to yield
lower I values than those that are not.

Strong electron attracting and donating substitu-
ents that contain F, N and O atoms can generate
unusual 4 and GRF values. This may also include
atoms connected to multi-substituent groups. The
magnitudes of the GRF value and the column
difference depend upon the polarity and polarizabil-
ity of the substituent group and the stationary phase.
The well-known Rohrschneider and McReynolds
constants may be mentioned as examples of utilizing
the GRF related parameters and column differences
(AT values) of selected compounds to characterize
the selectivity and the polarity and polarizability of
chromatographic stationary phases [22-24]. Ac-
cording to our method, the ratio of the GRF values
for a given functional group or substituent on vari-
ous chromatographic stationary phases can prob-
ably yield direct information about the polarity of
the stationary phases and the magnitude of the [
values of the analytes.

The structure retention—index relationship for-
mulated thus far for non-polar and polar stationary
phases allows us to link chemical structures to
chromatographic data. It can predict from a glance
of the structure the approximate I to prevent gross
errors in assigning unreasonable / values to an
analyte. The method of predicting I from structure
and vice versa is useful, especially in tentatively
identifying unknown products formed from parent
molecules in a chemical reaction. We have applied
this method with success in identifying radioactive
by-products in tritium labeling by radiation-induced
methods and in elucidating the associated labeling
mechanisms.
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ABSTRACT

Polar compounds containing hydroxyl, amino and carboxyl groups, singly or in combination, can be chromatographed after the
polar functional groups are silylated. The silylated derivatives of acids, alcohols, amines, diols, amino alcohols, amino acids are shown
to behave chromatographically as hydrocarbons, and their retention indexes can be readily predicted from their base values. The
column difference, namely, the difference between the retention indexes of the analyte on polar and non-polar columns is minimal for
the silylated derivatives in comparison to that observed for the underivatized analytes. This minimal column difference is attributed to
the hydrocarbon-like chromatographic characteristics of the silylated derivatives. The retention indexes of the silyl derivatives appear to

correlate with the atom number Z of the analyte.

INTRODUCTION

Compounds containing functional groups, such
as hydroxyl, amino and carboxyl groups singly or in
combination in the form of alcohols, phenols,
aliphatic and aromatic amines, glycols, amino alco-
hols, carboxylic acids and amino acids, are polar and
hydrophilic. These compounds are difficult to
chromatograph and often yield skewed and asym-
metrical elution peaks. Sometimes these compounds
may not emerge from the column at all. This
difficulty can be overcome by derivatizing the polar
compounds to lessen the hydrophilicity of the
substituent groups.

We have shown earlier [1] that the methyl esters of
aliphatic acids have retention indexes (I) identical to
those of n-alkanes with an equal number of atoms
when chromatographed on non-polar columns

0021-9673/91/$03.50 ©

(SE-30, DB-1). We have also shown [1] that methyla-
tion and alkylation alter the polarity and func-
tionality of amino and hydroxyl groups, and the
methylated and alkylated derivatives behave chro-
matographically as aliphatic hydrocarbons. In this
report, we will show that silylated derivatives of
compounds containing amino, hydroxyl and car-
boxyl groups, either singly or in combination, may
also show chromatographic characteristics similar
to that of n-alkanes. Silylation minimizes the intra-
molecular interaction between functional groups
and facilitates the prediction of retention indexes.

EXPERIMENTAL

Trimethylchlorositane  (TMCS), N,O-bis(tri-
methylsilyl)acetamide (BSA), dimethyl-zers.-butyl-
silyltrifluoroacetamide (MTBSTFA) and dimethyl-

1991 Elsevier Science Publishers B.V. All rights reserved
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formamide (DMF) were purchased from Pierce
(Rockford, IL, USA). tert.-Butyldimethylchloro-
silane (TBDMS-CL) was purchased from Fluka
(Buchs, Switzerland). All other chemicals were ob-
tained from Aldrich (Milwaukee, WI, USA). Sol-
vents used were of analytical grade and dry.

Silylation method A

Approximately 1.0 mg of solid or 5.0 ul of liquid
analyte is introduced into a 0.6-ml Reacti-Vial
(Regis). To the reaction vials, is also added 0.1 ml of
the silylating reagent consisting of a mixture of
3.0mIMTBSTFA, 1.0 ml DMF and 80 mg TBDMSS-
CL. The vial is capped and heated at 75-80°C for
45 min [2,3]. After cooling the reaction mixture is
injected directly into the gas chromatograph. This
reaction will replace the active hydrogen in the
analyte molecule with a TBDMS group.

Silylation method B

This method is similar to method A, except that
a different silylating reagent consisting of 3.0 mi
BSA, 1.0 ml DMF and 0.08 ml TMCS is used. The
reaction mixture is heated at 75-80°C for 15 min
or longer. This reagent will replace the reactive
hydrogen atoms in the analyte molecule with TMS
groups [2,3].

Chromatography

All chromatographic runs were performed on
Hewlett-Packard Model 5890 and 5880A gas
chromatographs, equipped with thermal conduc-
tivity detectors. Integration was performed by a HP
Model 3393 integrator on Model 5890 and by
Level 4 Integration on Model 5880A. The non-polar
column used was a fused-silica capillary column
DB-1 (15m x 0.53 mm I.D., film thickness 1.5 um)
obtained from J&W Scientific, Folsom, CA, USA.
The polar columns used were stainless-steel columns
(3.05 m x 3.175 mm [.D.) packed with 10%
Carbowax 20M (CW-20M) on 80-100 mesh Supel-
coport and fused-silica capillary DB-Wax columns
(15m x 0.53 mm 1.D., film thickness 1.0 um) from
J&W Scientific. The operating conditions were
similar to those described [1,4]. Briefly, the injector
was at 250°C and the detector at 300°C. The oven
temperature was programmed to begin at 40°C
isothermally for 4 min and then linearly increased at
a rate of 8°C/min to 200°C, which was the final
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temperature for the DB-Wax column. The DB-]
column was maintained at 200°C for 1 min and then
linearly increased again at a rate of 5°C/min to
280°C. The maximum oven temperature was main-
tained for additional 20 min if necessary. In some
cases, the temperature program was initiated from
100°C. The early peaks overlapped in the chroma-
togram but their retention times were listed sepa-
rately in the report by the electronic integrator.

The 7 values were calculated according to Van den
Dool and Kratz [5]. The I values obtained with the
initial temperature at 40°C differed only insignifi-
cantly from those obtained with the initial temper-
ature at 100°C.

RESULTS AND DISCUSSION

Methods of prediction

We reported [1] that the retention index of an
analyte on non-polar and polar columns can be
predicted using the equation:

I, =100Z + Em; — Zm (M

where 1, is the predicted retention index; Z the total
number of carbon atoms and carbon equivalent
atoms such as nitrogen, oxygen, etc.; m; and »;
represent group retention factors (GRFES) of substit-
uents and functional groups the presence of which in
the molecule either increases or decreases the reten-
tion index. Detailed steps for predicting the reten-
tion index from chemical structure are given in ref. 1.

When the 7 values of the series of homologues or
their silylated derivatives are plotted against the
total number of carbon, oxygen and nitrogen atoms
(Z) in the molecule, a straight line is obtained and
may be represented by linear regression equations as
follows:

I=AZ + B @)
= AZ' + B 3)

and

B =B—AZ - 2) )

where the regression coefficient A4 represents the
I increment for atom addition; Z and Z’ are the
numbers of atoms in the underivatized compound
and its silylated derivative, respectively; the inter-
cept B represents the total of the GRF value and the
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Lincrement from the carbon atoms of the silylating
reagent; B’ differs from Bin that it contains only the
GRF value of the silylating group without the
contribution from the carbon atoms. The relation-
ship of B’ with B is given by eqn. 4.

According to Kovats’ convention, 4 is assigned
a value of 100 for the series of normal alkanes and
the m;, n; and B are zero. Both eqns. 1 and 2 yield
a value of 100Z which is known as the base value.
For monofunctional and monosubstituted com-
pounds such as alcohols, amines, aldehydes, etc., the
A values are close to 100 and the I values predicted
from eqns. 1 and 2 are practically identical, within
3% error of the observed value. In highly polar
compounds such as acids and amides the 4 values
are significantly less than 100 [1,4], and the [ values
predicted by eqn. 1 may show large deviations from
the observed values. It may be pointed out that the
carboxyl and the amide groups are consisted of
carbonyl, hydroxyl and amino groups in combina-
tion and may be considered bifunctional chromato-
graphically.

The value of A4 is sensitive to multisubstitution
and polyfunctionality. The presence of highly polar
substituents in the molecule can depress 4. The
decrease in 4 may also affect the GRF value; as
a result, the / values of polyfunctional and multi-
substituted compounds cannot be accurately pre-
dicted by eqn. 1. Accurate 4 values can only be
obtained using eqn. 2, but if the homologues of the
analyte are not readily available, accurate prediction
of the I values will become extremely difficult.

The strongly non-polar nature of the silylated
derivatives allows their / values to be readily pre-
dicted directly from the base values [4]. If the analyte
contains additional functional groups that are not
affected by silylation, their group retention factors
(GRFs) or functionality constants must be taken
into consideration in predicting 1.

Linear regression equations for different homol-
ogous series of silylated derivatives are listed in
Table I. These equations are based on Z and B or on
Z’ and B’ values, as defined above. The statistics of
the regression coefficient (4) and the intercept (B or
B’) of various homologous series were calculated
using the Statistical Analytical System (SAS) proce-
dure on a 486 personal computer®.
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Polyfunctionality and derivatization

In polyfunctional compounds intramolecular in-
teraction of the functional groups can affect the
A and GRF values so that their I values cannot be
readily predicted using eqn. 1. Derivatization mod-
ifies the polarity of the analyte to facilitate the
prediction of /.

Silylation is one of the preferred derivatizing
reactions. It is fast, attains completion readily and
affords a high yield. A large number of silylating
reagents are available commercially [3]. Reactivity
of these silylating reagents decreases from alcohols
to amines in the following order: alcohols (pri-
mary > secondary > tertiary) > phenols > car-
boxylic acids > primary amines > acid amides >
secondary amines [2].

Silylation replaces the active hydrogen atoms in
the -OH, COOH and ~NH, groups with trimethyl-
silyl (TMS) or tert.-butyldimethylsilyl (TBDMS)
groups. The TMS group is less bulky than the
TBDMS group and can replace both active hydro-
gen atoms in the primary amino (-NH,) group,
whereas the TBDMS can replace only one active
hydrogen with ease. In general the TBDMS deriv-
attves are more stable towards hydrolysis than the
TMS derivatives.

The silicon atom in the silyl group does not make
a contribution to /, as shown by the I of ethyl ester of
2-(trimethylsilyl)acetic acid (see Table X). The TMS
group contains three methyl carbon atoms; its
incorporation into a molecule will increase its 7 value
by 300 units. The TBDMS group contains five
methyl carbon atoms and one quaternary carbon
atom and will contribute a net increment of 500 (=
600 — 100) to 1. Silylation masks the functionality
and eliminates the GRF value of the functional
group. Unlike the underivatized compounds, the
silylated derivatives of alcohols, amines and car-
boxylic acids exhibit comparable I values on non-
polar (SE-30, DB-1) and polar (CW-20M, DB-Wax)
columns.

“ The regression analysis was performed with SAS/STAT statis-
tical analysis procedures on a 486 personal computer. Data
given for each homologous series include (i) the number of data
points (), (ii) standard errors of the regression coefficient and
the intercept (S.E.), (iii) the coefficient of determination (R?),
(iv) the probability of getting a greater F statistic than that
observed if the hypothesis is true; ie., the significance proba-
bility (p). The meaning of these terms is given in ref. 6.
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TABLE 1
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LINEAR REGRESSION EQUATIONS FOR COMPOUNDS OF MONOFUNCTIONALITY AND POLYFUNCTIONALITY
AND THEIR SILYLATED DERIVATIVES ON NON-POLAR AND POLAR COLUMNS

I = retention index; Z = the number of C plus N and O atoms; Z’' = Z + the number of C atoms in the silylating agent.

T

DB-1

CW-20M, DB-Wax

(1) Homologous series with monofunctional groups

(A) n-Alkanoic acids
Free acids
O-(TMS) derivatives
O-(TBDMS) derivatives
(B) n-Alkanols
Free alcohols
O-(TMS) derivatives
O-(TBDMS) derivatives
(C) n-Aliphatic primary amines
Free amines
Acetone adducts
N-(TMS) derivatives

N,N-Bis(TMS) derivatives

N-(TBDMS) derivatives

(93.37 + 0.90) Z + (257.26 + 9.44)"
(n = 13, R* = 0.9990, p = 0.0001)
(94.79 + 0.53) Z + (32117 + 5.50)
(94.79 + 0.53) Z' + (36.81 + 6.96)
(n = 13, R* = 0.9997, p = 0.0001)
(9641 + 0.82) Z + (521.31 + 8.89)
(9641 + 0.82) Z' — (57.15 + 13.55)
(n = 12, R* = 0.9993, p = 0.0001)

(99.71 + 0.81) Z + (157.94 + 9.86)
(n = 11, R? = 0.9994, p = 0.0001)
(96.67 + 0.15) Z + (319.26 + 1.83)
(96.67 + 0.15) Z' + (29.26 + 2.24)
(n = 11, R = 1.0000, p = 0.0001)
(98.08 + 0.44) Z + (519.25 + 5.37)
(98.08 + 0.44) Z' — (6921 + 7.81)
(n = 11, R* = 0.9998, p = 0.0001)

(10171 + 0.61) Z + (117.56 + 5.94)
(n =9, R* = 0.9997, p = 0.0001)
(99.37 + 1.32) Z + (350.06 % 11.65)
(99.37 + 1.32) Z' + (51.94 + 15.47)
(n = 6, R? = 0.9993, p = 0.0001)
(98.46 + 0.25) Z + (365.98 + 2.39)
(98.46 + 0.25) Z' + (70.59 + 3.05)
(n = 9, R* = 1.0000, p = 0.0001)
(99.37 + 1.32) Z + (350.06 & 11.65)
(99.37 + 1.32) Z' + (51.94 + 15.47)
(n = 6, R? = 0.9993, p = 0.0001)
(10047 + 1.22) Z + (569.84 + 13.30)
(10047 + 1.22) Z' + (32.95 + 20.20)
(n =17, R = 0.9993, p = 0.0001)

(11) Homologous series with multiple functional groups

(A) w-Amino-1-alkanols
Free amino alcohols
O-(TMS) derivatives

" O,N,N-Tris(TMS) derivatives

O,N-Bis(TBDMS) derivatives

(106.70 + 8.13) Z + (321.80 % 50.09)
(n =5, R® = 0.9829, p = 0.0010)
(96.50 + 1.70) Z + (458.60 + 10.48)
(96.50 + 1.70) Z' + (169.10 + 15.49)
(n =5, R* = 09991, p = 0.0001)
(96.30 + 2.72) Z + (889.80 + 16.78)
(96.30 £ 2.72) Z' + (23.10 + 41.01)
(n = 5, R* = 0.9976, p = 0.0001)
(10220 + 2.02) Z + (1045.40 + 12.47)
(102,20 + 2.02) Z' — (181.00 + 36.53)
(n = 4, R? = 0.9988, p = 0.0001)

(105.60 + 0.88) Z + (971.50 + 9.59)
(n = 8, R* = 0.9996, p = 0.0001)

(98.13 + 1.34) Z + (598.10 + 15.70)
(98.13 + 1.34) Z' + (934 + 23.47)
(n = 10, R? = 0.9985, p = 0.0001)

(101.29 + 0.63) Z + (630.52 + 7.75)
(n = 11, R? = 0.9996, p = 0.0001)

(94.98 + 0.50) Z + (53430 + 6.05)
(94.98 + 0.50) Z' — (35.58 + 8.79)
(n = 11, R* = 0.9998, p = 0.0001)

(98.17 + 0.16) Z + (582.66 + 1.32)
(98.17 + 0.16) Z' + (188.14 + 1.78)
(n = 7, R* = 1.0000, p = 0.0001)
©OLI12 + 1.11) Z + (606.28 + 9.24)
©OLI12 + 1.11) Z' + (33293 £ 1237)
(n = 6, R* = 0.9994, p = 0.0001)

(Continued on p. 117)
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I

DB-1

CW-20M, DB-Wax

(B) a-Amino acids
O,N-Bis(TMS) derivatives

O,N-Bis(TBDMS) derivatives

(C) Terminally substituted amino acids
O,N,N-Tris(TMS) derivatives

O,N-Bis(TBDMS) derivatives

(70.50 + 2.48) Z + (689.50 + 18.80)
(70.50 + 2.48) Z' + (266.50 + 33.59)
(n = 4, R = 09975, p = 0.0012)
(71.80 + 4.31) Z + (1097.50 + 32.69)
(71.80 + 4.31) Z' + (235.90 + 94.19)
(n = 4, R* = 0.9928, p = 0.0036)

(110.78 + 2.18) Z + (824.10 + 17.25)
(110.78 + 218) Z' — (82.88 + 36.56)
(n = 5, R* = 0.9986, p = 0.0001)
(103.11 + 2.18) Z + (1023.95 + 17.21)
(103.11 + 2.18) Z’' — (213.40 + 42.97)

(n =5, R* = 0.9987, p = 0.0001)

(D) Alkane diols
0,0-Bis(TMS) derivatives

(93.50 + 7.79) Z + (614.50 + 39.49)

(93.50 + 7.79) Z' + (53.50 + 85.97)
(n = 3, R? = 0.0031, p = 0.0529)

0,0-Bis(TBDMS) derivatives

(97.50 + 4.91) Z + (1007.17 + 24.86)

(97.50 £ 4.91) Z' — (162.83 + 83.52)
(n =3, R? = 0.9900, p = 0.0320)

(E) Acid amides
N-(TBDMS) derivatives (44.00

e
(44.00 +

l
1
2

5.01) Z + (909.33 + 76.05)
5.01) Z' + (689.33 + 150.61)

(n = 3, R* = 0.8957, p = 0.2093)

O,N-Bis(TBDMS) derivatives (55.00
(55.00

+6
+6

35) Z + (1117.33 + 32.17)
35) Z' + (51233 £ 101.75)

(n = 3, R? = 0.9868, p = 0.0732)

“ The linear regression equations are given in the form of (4 + S.E) Z + (GRF + S.E.) where A is the regression coefficient, GRF the
intercept, and S.E. the standard errors. The statistics given are the number of data points (n), standard errors for the regression
coefficient and the intercept (S.E.), the coefficient of determination (R?) and the significance probability (p), i.e., the probability of
getting a greater F statistic than that obtained if the hypothesis is true. It should be pointed out that all regression analysis can be

seriously distorted by a single incorrect data value (see ref. 6).

s

Carboxylic acids

Upon silylation, the active hydrogen in the car-
boxylic acid group is replaced by the silyl group. The
I values of the TMS esters on DB-1 column are
approximated by their base values, and those on
CW-20M column by their base values plus 150. The
value of 150 represents the GRF for the residual
polarity of the TMS ester group (-CO-O-TMS) on
the polar column. The [ values of the TBDMS esters
on non-polar and polar columns can be calculated
from their base values. Since the quaternary carbon
atom in the TBDMS group has a GRF of —100 on
non-polar and polar columns, this value must be
subtracted from the base value. The GRF for the

residual polarity of the TBDMS ester group (—-CO-
O-TBDMS) has a value of + 100 on polar column,
which must be added to obtain the predicted 1. The
TBDMS ester group appears to be less polar than
the TMS ester group and has a smaller GRF value.
Table II compares the observed and predicted
I'values of TMS and TBDMS derivatives of homol-
ogous aliphatic carboxylic acids on non-polar and
polar columns.

Plotting the observed 7 values of the TMS and

" TBDMS esters and the free acids on DB-1 and

CW-20M columns against the number of atoms (Z)
in the parent molecule yields straight lines, as shown
in Fig. 1. The column difference (A1), defined as the
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TABLE 11

COMPARISON OF OBSERVED AND PREDICTED 7 VALUES OF SILYLATED ESTERS OF n-ALKANOIC ACIDS ON DB-1
AND CW-20M

Listed in the table are the following values: (1) for TMS esters: (i) [, (on DB-1) = base value, (ii) I, (on CW-20M) = base value +100; (2)
for TBDMS esters: (i) /, (on DB-1) = base value —100, (ii) 7, (on CW-20M) = base value; (3) the GRF for the silyl ester group on

CW-20M = +100; (4) the GRF for the quaternary C atom in TBDMS group = —100.
Compound and Formula On DB-1 column” On CW-20M column”
silylated esters
Lobs I, Difference (%)  1obs I, Difference (%)

Formic acid CH,0, 512

O-(TMS)- C4H,,0, 612 600 3.5
Acetic acid C,H,0, 642

O-(TMS)- CsH,,0,8i 705 700 0.71

O-(TBDMS)- CgH,30,Si 930 900 3.33
Propionic acid C3H0, 743

O-(TMS)- CeH ;40,81 800 800 0

O-(TBDMS)- CoH,40,Si 1015 1000 1.5
n-Butanoic acid C,.H;0, 823 1600

O-(TMS)- C-H,40,Si 891 900 1 1025 1000 2.5

O-(TBDMS)- C,oH,,0,Si 1098 1100 0.18 1200 1200 0
n-Pentanoic acid CsH,,0, 925 1706

O-(TMS)- CgH,30,Si 975 1000 2.5 1123 1100 2.3

O-(TBDMS)- C;1H,40,Si 1184 1200 1.33 1294 1300 0.46
n-Hexanoic acid CeH 5,0, 992 1834

O-(TMS)- CoH,00,S8i 1071 1100 2.64 1200 1200 0

O-(TBDMS)- C,,H,40,Si 1276 1300 1.85 1385 1400 1.07
n-Heptanoic acid C,H,40, 1103 1916

O-(TMS)- C,oH;,0,Si 1166 1200 2.83

O-(TBDMS)- C,3H,50,Si 1378 1400 1.57 1474 1500 1.73
n-Octanoic acid CsH, 60, 1187

O-(TMS)- C;1H,40,Si 1260 1300 3.08 1400 1400 0

O-(TBDMS)- C,4H;00,Si 1482 1500 1.2 1582 1600 1.13
n-Nonanoic acid CoH,;50, 1280 2132

O-(TMS)- C,,H,60,8i 1358 1400 3.01

O-(TBDMS)- C,5H3,0,8i 1578 1600 1.38 1638 1700 1.01
n-Decanoic acid CioH300; 1374 2238

O-(TMS)- C,3H,50,Si 1455 1500 3.01

O-(TBDMS)- C,6H340,Si 1674 1700 1.53 1777 1800 1.28
Lauric acid C,,H,.0, 1545 2451

O-(TMS)- C,;5H3,0,Si 1651 1700 2.88

O-(TBDMS)- C,gH350,8i 1872 1900 1.47 1977 2000 1.15
Myristic acid C,4H,50, 1747 2660

O-(TMS)- C;7H360,Si 1845 1900 2.89

O-(TBDMS)- C,0H4,0,Si 2075 2100 1.19 2176 2200 1.09
Palmitic acid Cy6H3,0, 1956

O-(TMS)- C9H400,Si 2036 2100 3.05

O-(TBDMS)- C,,H,60,81 2263 2300 1.61 2370 2400 1.25

¢ Base value = 100 Z, where Z is the number of carbon and carbon equivalent atoms. /,,, = observed I; I, = predicted /; Differ-
ence (%) = (difference between [y, and 1) x 100/(Zops or 1)
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Fig. 1. Convergence of retention indexes of silylated alkanoic acid
esters on non-polar and polar columns. The homologues of free
acids and their TMS and TBDMS esters are given as A, O and
(0 on DB-1 column (solid lines) and as A, ® and B on DB-Wax
column (broken lines), respectively.

difference between / on polar and non-polar col-
umns [4], appears to be much smaller for the
silylated acid esters than for the underivatized acids.
This clearly demonstrates that silylation alters the
polarity and polarizability of the analyte and that
the silylated derivatives mimic the chromatographic
behavior of n-alkanes.

Aliphatic fatty acids are monofunctional, while
the alicyclic and aromatic acids, because of the ring
function, are bifunctional. Silylation may also di-
minish the G RF of the ring function. The decrease is
more pronounced with silylated alicyclic acid esters
than with silylated benzoic acid ester. In bromo- and
iodobenzoic acids, silylation may also decrease the
GRFs of the halo atoms.

Aliphatic alcohols

Silylated derivatives of alcohols are ethers. The
cther oxygen has a GRF of zero on non-polar
column and a value of +70 on polar column [4].
Silylation masks completely the polarity of the ether
oxygen of the silylated ethers on polar column and
reduces its GRF to practically zero. As a result,
silylated derivatives of alcohols exhibit approxi-
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mately the same 7 values on CW-20M and DB-I
columns, as shown in Table III.

Table IV shows the 7 values of silylated ethers of
alicyclic alcohols and phenols. The GRF values of
the 6-membered alicyclic rings and the phenyl ring in
the sitylated ethers are not affected, but the func-
tionality of the ~OH group will be modified by
silylation. In alicyclic silylated ethers, chain
branching, due to the presence of iso-carbon, has
a GRF value of —40 on DB-1 column which should
be considered in obtaining the predicted 1.

Primary aliphatic amines

The I values of primary aliphatic amines may be
affected by the solvent used in diluting the analyte.
The I values of the amines are higher by about 210
units in acetone than in ethanol. According to the
structure-retention-index relationship the higher
I observed in acetone should belong to a molecule
with at least two more atoms than the amine
molecule, suggesting the formation of Schiff’s base
or anil. The high temperature in the injection port
accelerates the coupling of the amine and the solvent
acetone. According to this scheme, the reaction
product of n-hexylamine in acetone is shown as
follows:

C6H13NH2 + O:C(CH3)2 - C6H13N=C(CH3)2

The identity of the anil was confirmed by analysis
by gas chromatography-mass spectrometry.

The I values of the anils formed from amino
alkanes and acetone can be predicted from the base
values plus 52 which is the GRF for the anil
-N=(CH,), group. For higher amines the anil
reaction may be incomplete for the brief duration in
the injection port. n-Decylamine and n-dodecyl-
amine in acetone were found to show two chroma-
tographic peaks each, one corresponding to the
amine and the other to the acetone adduct or the
anil. A comparison of the observed and predicted
I'values of n-alkylamines in acetone and in ethanol is
given in Table V.

The primary amino —~NH, group possesses two
active hydrogen atoms. Depending on the condition
of silylation and the molecular connectivity of the
carbon atom to which the amino group is attached,
one or two hydrogen may be replaced. Mono-sub-
stitution converts the primary amine to a secondary
amine and disubstitution converts the primary
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TABLE 111

C. T. PENG, Z. C. YANG, D. MALTBY

COMPARISON OF OBSERVED AND PREDICTED / VALUES OF SILYLATED ETHERS FROM n-ALKANOLS

The predicted / values for TMS ethers are: I, (DB-1) = I, (CW-20M) = base value. The predicted / values for TBDMS ethers are: 1,
(DB-1) = I, (CW-20M) = base value — 100, where —100 is the GRF for the quaternary C atom in TBDMS group.

Compound and Formula On DB-1 column” On CW-20M column®
silylated ethers
Lops I, Difference (%)  Lobs I, Difference (%)

Ethanol C,H:O 446 944

O-(TMS)- CsH,,08i 614 600 2.28 652 600 7.98

O-(TBDMYS)- CgH,,0Si 827 800 3.38 834 800 4.08
1-Propanol C3H0 552 1025

O-(TMS)- CsH,c0Si 705 700 0.71 730 700 4.11

O-(TBDMS)- CyH,,0Si 907 900 0.78 919 900 2.07
[-Butanol C,H,,0 659 1141

O-(TMS)- C,H,50 800 800 0 836 800 43

O-(TBDMS)- C;0H,408i 1012 1000 1.2 1000 1000 0
1-Pentanol CsH,,0 767 1236

O-(TMS)- CgH ;081 900 900 0 921 900 2.28

O-(TBDMS)- C,,H,60Si 1107 1100 0.36 1106 1100 0.55
1-Heptanol C;H,,0 974 1440

O-(TMS)- C;oH,,081 1092 1100 0.72 1108 1100 0.72

O-(TBDMS)- Cy3H3008i 1293 1300 0.54 1282 1300 1.38
1-Decanol C,0H,,0 1267 1735

O-(TMS)- C13H300Si 1379 1400 1.5 1385 1400 1.07

O-(TBDMYS)- C;6H3608i 1590 1600 0.63 1569 1600 1.94
1-Dodecanol C,,H,60 1420 1950

O-(TMS)- C;sH3,08i 1575 1600 1.56 1573 1600 1.69

O-(TBDMS)- C,3H4oOSi 1800 1800 0 1762 1800 2.11
1-Tetradecanol C,4H;,0 1647 2157 :

O-(TMS)- C,,H;350Si 1770 1800 1.67 1759 1800 2.28

O-(TBDMS)- C,0H440Si 1987 2000 0.65 1969 2000 1.55
1-Hexadecanol C,6H140 1852 2352

O-(TMS)- C1oH4,0Si 1965 2000 1.75 1959 2000 2.05

O-(TBDMS)- C,,Hy30Si 2185 2200 0.68 2156 2200 2.01
1-Heptadecanol C;,H360 1960 2475

O-(TMS)- C,0H440Si 2056 2100 2.1 2046 2100 2.57

O-(TBDMS)- C,3H;5008Si 2280 2300 0.87 2244 2300 243
1-Octadecanol C,gH350 2059 2534

O-(TMS)- C,1H4608i 2159 2200 1.86 2144 2200 2.54

O-(TBDMS)- C,,H;5,08i 2395 2400 0.21 2339 2400 2.54

“ See footnote in Table II.

amine to a tertiary amine. The GRF for residual
amino functionality of an amino group connected to
a secondary carbon atom is + 50. Disubstitution
with two TMS silyl groups occurs only in an amino
group connected to a primary carbon atom with
a GRF value of zero or below zero in some cases [4].

In contrast, the TBDMS group is bulkier than the
TMS group and yields only mono-silylated deriv-
atives. Structural identities of the mono- and di-
TMS derivatives of n-hexylamine have been verified
by gas chromatography—mass spectrometry anal-
ysis. Table VI compares the observed and predicted
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TABLE 1V
COMPARISON OF OBSERVED AND PREDICTED / VALUES OF SOME SILYLATED ETHERS (ON DB-1)

The GRFs (m; and n,) used for I prediction have the following values: (1) alicyclic hydroxyl group = +119, (2) cyclopentane ring = + 64,
(3) quaternary carbon atom in TBDMS group = —100, (4) chain branching = -40, (5) cyclohexane ting = 462, (6) cyclohexene
ting = +67, (7) phenyl ring = +58, (8) phenolic hydroxy! group = +211.

Compound and Formula Tovs 100Z + £ m; — T I, Difference (%)
silylated ethers
Cyclopentanol CsH,,0 774 600 + 119 + 64 783 1.15
O-(TBDMS)- C;1H,,08i 1119 1200 + 64 — 100 — 40 1124 0.44
Cyclohexanol Ce¢H,,0 881 700 + 62 + 119 881 0
O-(TMS)- CgH,,08i1 1000 1000 + 62 — 40 1022 2.15
O-(TBDMS)- Cy,H,608i 1214 1300 + 62 — 100 — 40 1222 0.64
2-Cyclohexen-1-o0l C¢H, 00 887 700 + 67 + 119 886 0.11
O-(TMS)- CyH,OSi 1027 1000 + 67 — 40 1027 0
2-Methylcyclohexanol C,H,,0 941 800 + 62 + 119 — 40 941 0
O-(TMS)- C,oH,,0Si 1067 1100 + 62 — 2 x 40 1082 1.39
O-(TBDMS)- C,3H,g0Si 1285 1400 + 62 — 100 — 2 x 40 1282 0.62
4-Methylcyclohexanol C,H,,0 941 800 + 62 + 119 — 40 941 0
O-(TMS)- CyoH,,0Si 1071 [100 + 62 — 2 x 40 1082 1.02
O-(TBDMYS)- C,3H,50Si 1279 1400 + 62 — 100 — 2 x 40 1282 0.23
Phenol CsHeO 962 700 + 58 + 211 969 0.72
O-(TMS)- CoH,,0Si 1043 1000 + 58 1058 1.42
O-(TBDMS)- C,,H,,0S8i 1260 1300 + 58 — 100 1258 0.16
m-Cresol C,HO 1064 800 + 58 + 211 1069 0.47
O-(TMS)- C,oH,,0Si 1134 1100 + 58 1158 2.07
O-(TBDMS)- C,3H,,0S8i 1348 1400 + 58 — 100 1358 0.74

“ See footnote in Table 1I.

I values of some silylated alicyclic and aromatic aliphatic carboxylic acids can be chromatographed

amines. The aromatic amino group in aniline takes
only one TMS group upon silylation, and the amino
group in benzylamine is also mono-substituted.
Silylation modifies the amine function in cyclohexyl-
amine to make it resemble a hydrocarbon which
-introduces chain, branching. Chain branching in
alicyclic hydrocarbons chain branching has a GRF
value of —40 [1].

Polyfunctional compounds

The I values of polyfunctional compounds are
difficult to predict. Their I values cannot be esti-
mated from the GRFs used for monofunctional
compounds by the rule of additivity. The functional
groups can interact intramolecularly among them-
selves to affect both 4 and GRF values so that the
observed [ and the predicted I based on the group
additivity rule may be at variance. Alkylamines and

alone without derivatization, but underivatized
amino acids, containing both free amino and car-
boxyl groups in the same molecule, have infinitely
large I values and do not emerge from the column.

Derivatization by silylation greatly reduces the
polarity of polyfunctional molecules and allows
these molecules to be chromatographed as silylated
derivatives. Their / values are readily estimated from
the base values. A limited number of polyfunctional
compounds in the following categories have been
studied.

n-Alkanediols. Underivatized alkanediols yield
asymmetrical peaks. Once derivatized, the TMS and
TBDMS derivatives of the diols give sharp, sym-
metrical peaks. The 7 values of the TMS derivatives
can be predicted from the base values, as shown in
Table VII. The I values of TBDMS derivatives are
predicted from the base values minus 200 which



122

TABLE V

C.T. PENG, Z. C. YANG, D. MALTBY

COMPARISON OF OBSERVED AND PREDICTED 7 VALUES OF SILYLATED DERIVATIVES OF n-ALKAMINES (ON

DB-1)*

The GRFs (m; and n;) have the following values: (1) primary amine, -CH,NH, = +133, (2) -NHC,H; group = —30, (3) -NH-(TMS)
group = +50, (4) -N=(TMS), group = 0, (5) anil group = +52, (6) quaternary C atom in TBDMS group = —100, (7) chain

branching = —40.

Compound and Formula Lons 100Z + Em; — Zmy I, Difference (%)
silylated derivatives
Ethylamine C,H;N 413 300 + 133 — 30 403 2.42
N-(TMS)- CsH,sNSi 660 600 + 50 650 1.52
n-Propylamine C;3HoN 515 400 + 133 533 3.38
N-(TMS)- CsH;,NSi 755 700 + 50 750 0.66
N,N-Bis(TMS)- CyH,5NSi, 1031 1000 1000 3.0t
n-Butylamine C,H ;N 626 500 + 133 633 1.1
Acetone adduct C-H,sN 835 800 + 52 852 1.99
N-(TMS)- C,H,,NSi 862 800 + 50 850 1.39
N,N-Bis(TMS)- C;oH;,NSi, 1115 1100 1100 1.35
N-(TBDMS)- C,0H,5NSi 1085 1100 + 50 — 100 1050 3.23
n-Pentylamine CsH,;N 744 600 + 133 733 1.48
Acetone adduct CgH; ;N 960 900 + 52 951 0.94
N-(TMS)- CyH,; NSi 963 800 + 50 850 1.39
N,N-Bis(TMS)- C;1H,gNSi, 1200 1200 1200 0
N-(TBDMS)- C,;H,,NSi 1177 1200 + 50 — 100 1150 2.29
Isopentylamine CsH;sN 705 600 + 133 — 40 693 1.7
N-(TMS)- CgH,NSi 920 900 + 50 — 40 910 1.09
n-Hexylamine Ce¢H 5N 829 700 + 133 833 0.48
Acetone adduct CgH;oN 1046 1000 + 52 1052 0.57
N-(TMS)- CoH,3NSI 1055 1000 + 50 1050 0.47
N,N-Bis(TMS)- C,,H;3;NSi, 1301 1300 1300 0.08
N-(TBDMS)- C;,H,oNSi 1271 1300 + 50 — 100 1250 1.65
n-Heptylamine C;H,;N 937 800 + 133 933 0.43
Acetone adduct CioHyN 1145 1100 + 52 1152 0.61
N-(TMS)- C;oH,5NSI 1153 1100 + 50 1150 0.26
N,N-Bis(TMS)- C;3H33NSi, 1390 1400 1400 0.71
N-(TBDMS)- C;3H3;NSi, 1373 1400 + 50 — 100 1350 1.68
n-Decylamine CyoH,3N 1237 1100 + 133 1233 0.32
Acetone adduct C;3H,,N 1442 1400 + 52 1452 0.69
N-(TMS)- C;;3H3;NSi 1447 1400 + 50 1450 0.21
N,N-Bis(TMS)- C,6H39NSi, 1692 1700 1700 0.49
N-(TBDMS)- C;6H3,NSi 1647 1700 4+ 50 — 100, 1650 0.18
n-Dodecylamine C,,H,oN 1444 1300 + 133 1433 0.76
Acetone adduct C;sHa N 1641 1600 + 52 1652 0.67
N-(TMS)- C,sH35NSi 1644 1600 + 50 1650 0.36
N,N-Bis(TMS)- C,3H43NSi,; 1893 1900 1900 0.37
N-(TBDMS)- C,sH4NSi 1879 1900 + 50 — 100 1850 1.54
n-Octadecylamine C,gH3oN 2043 1900 + 133 2033 0.49
N-(TMS)- C,;Hy7NSi 2233 2200 + 50 2250 0.53
N,N-Bis(TMS)- C,,H;sNSi, 2486 2500 2500 0.56
N-(TBDMS)- C,4Hs3NSi 2489 2500 + 50 — 100 2450 1.57

4 See footnote in Table 1I.
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TABLE VI

COMPARISON OF OBSERVED AND PREDICTED / VALUES OF SILYLATED DERIVATIVES OF SOME AMINES (ON
DB-1)"

The GRFs (m; and ;) have the following values: (1) cyclohexene ring = +62, (2) -NH—~(TMS) group attached to secondary C atom =
+25, (3) chain branching = —40, (4) -NH—ATMS) group = + 50, (5) phenyl ring = + 58, (6) aromatic secondary amine, Ar-NH-(TMS)
group = +130, (7) aromatic tertiary amine, Ar~-N(TMS)R group = +26.

Compound and Formula Tous 100Z + Zm; — Z 1, Difference (%)
silylated derivatives
Cyclohexylamine Ce¢H 3N 851

N-(TMS)- CoH, NSI 1061 1000 + 62 + 25 — 40 1047 1.32
3-Aminoheptane C,H;N 868 877 1.03

N-(TMS)- CyoH,sNSi 1073 1100 + 25 — 40 1085 1.11
2-Aminopentane C,H,,N 868 877 1.03

N-(TMS)- C10H,sNSi 1081 1100 + 25 — 40 1085 0.37
3-Methylcyclohexylamine ~ C,H,sN

N-(TMS)- C1oH,3NSi 1110 1100 + 62 + 50 — 2 x 40 1132 1.94
Aniline CgH,N 955

N-(TMS)- CgoH, sNSi 1186 1000 + 58 + 130 1188 0.17
Benzylamine C,HoN

N-(TMS)- CioH;;NSi 1212 1100 + 58 + 50 1208 0.33
Phenethylamine CgH N 115 1091 2.15

N-(TMS)- C;1H,oNSi 1280 1200 + 58 + 50 1308 2.14
o-Toluidine C,HgN 1068

N-(TMS)- CoH,,NSi 1244 1100 + 58 + 130 1288 341
m-Toluidine C,HoN 1064

N-(TMS)- CioH,;NSi 1269 1100 + S8 + 130 1288 1.48
N-Methylaniline C,HgN 1056

N-(TMS)- C,oH,,NSi 1195 1100 + 58 + 26 1184 0.92
N-Ethylaniline CgH N

N-(TMS)- C,H,¢NSi 1303 1200 + 58 + 26 1284 1.46

¢ See footnote in Table II.

represents the GRF values for the two quaternary
carbon atoms in the TBDMS groups. The I values of
the TMS and TBDMS derivatives of propylene
glycol (i.e., 1,2-propanediol) are lower than those of
1,3-propanediol, because the former contains a
secondary alcoholic hydroxyl group.
w-Amino-l-alkanols. -Amino-l-alkanols contain
both terminal amino (-NH,) and hydroxyl (-OH)
groups. The amino groups of the amino alkanols can
form anils with acetone. The hydroxyl group is more
easily silylated than the primary amino group, and
the TMS reagent will first react with the hydroxyl
group under mild conditions to form the TMS ether
with only one TMS group per molecule. A longer

reaction time silylates both hydroxyl and amino
groups, with the terminal amino group disubsti-
tuted. The fully silylated amino alcohol will contain
three TMS groups per molecule. The TBDMS group
is bulkier than the TMS group and will replace only
one hydrogen from the amino group. As a result, the
fully silylated amino alcohols will contain two
TBDMS groups per molecule. Table VIII lists the
observed and predicted I values of the amino
alcohols.

Amino groups connected to secondary and ter-
tiary carbon atoms are not readily silylated.

Amino acids. Underivatized amino acids are non-
volatile and cannot be analyzed by gas chromato-
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TABLE VII

C. T. PENG, Z. C. YANG, D. MALTBY

COMPARISON OF OBSERVED AND PREDICTED / VALUES OF O,0-BIS(TMS)- AND 0,0-BIS(tert.-BUTYLDIMETHYL-

SILYL)ALKANEDIOLS (ON DB-1)*

The GRFs (m; and n;) have the following values: (1) quaternary C atom in TBDMS group = — 100, (2) the difference between primary and

secondary alcohol function = —70.
Compound and Formula Tps 100Z + Zm; — Iy I, Difference (%)
silylated ether
Ethylene glycol C,HqO,
0,0-Bis(TMS)- CgH,,0,51, 993 1000, 1000 0.7
0,0-Bis(TBDMS)- C14H340,81; 1400 1600 — 2 x 100 1400 0
Propylene-1,2-diol C3H30,
0,0-Bis(TMS)- CyH,,0,5i, 1013 1100 — 70 1013 1.65
0,0-Bis(TBDMS)- C;5sH360,50, 1424 1700 — 200 — 70 1430 0.42
1,3-Propanediol C;3H3g0,
0,0-Bis(TMS)- CoH,40,51; 1073 1100, 1100 2.45
0,0-Bis(TBDMS)- C,5H360,51, 1489 1700 — 200 1500 0.73
1,4-Butanediol C,H,00,
0,0-Bis(TMS)- C,0H1260,5i; 1180 1200, 1200 1.67
0,0-Bis(TBDMS)- C;6H350,51; 1595 1800 — 200 1600 0.31

* See footnote in Table I1.

graphy. Amino acids can be chromatographed as
TMS or TBDMS derivatives. The I values of
silylated amino acids are determined by the number
of silyl groups in the molecule and the proximity of
the amino and carboxyl groups. The amino group at
the o or B position to the carboxyl group is only
monosubstituted, but the amino group connected to
a methylene carbon at the terminal carbon atom is
unhindered and will be disubstituted. The amino
group in glycine is known to be disilylated by the
TMS reagent [7).

Table IX lists the observed and predicted [ values
of TMS and TBDMS derivatives of some amino
acid homologues containing w, o or f amino groups.
The terminal @ amino groups are disubstituted with
TMS groups. The molecule that contains a silylated
ester group and a terminal amino group with two
TMS groups may further decrease its [ by —60.
Amino groups attached to secondary carbon atoms
can only be monosubstituted, and the residual
polarity of the resulting secondary amino group will
have a GRF value of +50.

In o-amino acids, the close proximity of the
silylated amino and carboxyl groups will reduce the
Iby —80 and decrease the value of 4 to about 71. In
comparison, the isomeric w-amino acids with the

amino and carboxyl groups at each end of an alkane
chain have normal A4 values near 100. Linear plots of
I vs. Z of the TMS and TBDMS derivatives of
isomeric a- and w-amino acids are shown in Fig. 2.
The a-amino acids have a smaller 4 value than the
w-amino acids. A small A value is associated with
high polarity and the steric factor that reduces /. The
statistical data for the regression coefficients and the
intercepts are given in Table L.

Acid amides. Acid amides can accept one Or two
TBDMS groups. The first TBDMS group will be
attached to the amide N atom and the second
TBDMS group to the amide O atom. This result
agrees with those of others [2].

O-TBDMS
|
R-CO-NH, + 2 TBDMS —» R-C=N-TBDMS

The acid amide group is highly polar and will
affect the 4 values of mono- and di-TBDMS-sub-
stituted derivatives. The A for the monosubstituted
derivatives is 44 and that for the disubstituted
derivatives 55. Because the true value of A4 is so
different from the assigned value of 100, the base
value can no longer be used to predict I of these
silylated derivatives. Accurate prediction can be
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TABLE VIII

COMPARISON OF OBSERVED AND PREDICTED / VALUES OF SILYLATED DERIVATIVES OF &-AMINO-n-ALK ANOLS
(ON DB-])*

The GRFs (m; and n;) have the following values: (1) primary alcohol group in 2 molecule with terminal -NH,; group = +210, (2) primary
alcohol -CH,0H = +156, (3) primary amine -CH,NH, = + 133, (4) quaternary C atom in TBDMS group = — 100, (5) anil group =
+52, (6) -N=(TMS), group = 0, (7) -NH (TBDMS) group = +50.

Compound and Formula Lops 100Z + Em; — 2 m; I, Difference (%)
silylated derivatives
2-Amino-ethanol C,H,NO 739 400 + 210 + 133 743 0.54
O-(TMS)- CsHsNOSi 842 700 + 133 833 0.12
O,N,N-Tris(TMS)- C1H3,NOSi, 1281 1300 1300 1.46
O,N-Bis(TBDMS)- Cy4H;35NOSI, 1448 1600 — 200 + 50 1450 0.14
3-Amino-1-propanol C3NgNO 842 500 + 210 + 133 843 0.12
O-(TMS)- CsH,,NOSi 948 800 + 133 933 1.58
O,N,N-Tris(TMS)- C,,H;3NOSI; 1371 1400 1400 2.07
O,N-Bis(TBDMS)- C,sH3,NOSi, 1560 1700 — 200 + 50 1550 0.64
4-Amino-1-butanol C,H,,NO 998 600 + 210 + 133 943 5.51
Acetone adduct C;H,sNO 1115 900 + 156 + 52 1108 0.63
O-(TMS)- C,;H,,NOSi 1032 900 + 133 1033 0.1
O,N,N-Tris(TMS)- C,3H;35NOSi, 1459 1500 1500 2.73
O,N-Bis(TBDMS)- C,sH34NOSI, 1666 1800 — 200 + 50 1650 0.96
5-Amino--pentanol CsH,3NO 1075 700 + 210 + 133 1043 297
Acetone adduct CgHsNO 1219 1000 + 156 + 52 1208 0.9
O-(TMS)- CgH, NOSI 1135 1000 + 133 1133 0.18
O,N,N-Tris(TMS)- C4H;3,NOSi, 1558 1600 1600 2.63
O,N-Bis(TBDMS)- C,,H4,NOSI, 1760 1900 — 200 + 50 1750 0.57
6-Amino-1-hexanol C¢H,sNO 1156 800 + 210 + 133 1143 112
Acetone adduct CyH{,NO 1307 1100 + 156 + 52 1308 0.08
O-(TMS)- CyH,;NOSi 1231 1100 + 133 1233 0.16
O,N,N-Tris(TMS)- C,;sH3oNOSi, 1669 1700 1700 1.82
O,N-Bis(TBDMS)- CysH43NOSI, 1859 2000 — 200 + 50 1850 0.48

“ See footnote on Table II.

made, based on the true values of 4 and the
regression equations. The 4 and GRF values for

Miscellaneous. The I values of miscellaneous
silylated compounds may also be predicted from the

these derivatives are given in Table I under acid
amides. Comparison of the predicted and observed
[ values is given in Table X.

Aliphatic dicarboxylic acids. Dicarboxylic acids
such as oxalic acid, succinic acid, etc., can be silyl-
ated to yield disilylated acid esters. Their I values on
non-polar column can be predicted from the base
values minus 60. A GRF value of —60 is assigned to
account for the presence of two terminal silyl groups
in the di-acid molecule. The validity of this assump-
tion will be further investigated. A comparison of
the observed and predicted 7 values of these silyl
derivatives is given in Table X.

base values according to the rules outlined above.
Table X gives the comparison of the observed and
predicted 7 values of some silylated derivatives. The
presence of a silyl group in the molecule may
diminish the GRFs of other substituents and func-
tional groups. The vanishingly small GRFs for the
alicyclic rings in the alicyclic hydrocarbon car-
boxylic acids and the reduced GRFs of the bromo
(from +276 to +240) and iodo (from +380 to
+325) substituents in halobenzoic acids are such
examples. .

Chain branching refers to branching from the
main alkyl chain. At the point of branching a
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TABLE IX

C. T. PENG, Z. C. YANG, D. MALTBY

COMPARISON OF OBSERVED AND PREDICTED / VALUES OF SILYLATED DERIVATIVES OF o- AND w-AMINO ACIDS

(ON DB-1y*

The GRFs (m; and n;) have the following values: (1)~CH ,-N(TMS), group = —60, (2) =CH-NH(TBDMS) group = + 50, (3) proximity
of =CH-NH(TBDMS) and =CH-COO(TBDMS) groups = —380, (4) quaternary C atom in TBDMS reagent = —100.

Compound and Formula Ls 100Z +Zm — Zm; I, Difference (%)
silylated derivatives
2-Amino acetic acid (glycine) C,H;NO,

O,N,N-Tris(TMS)- C,1H,oNO,Si; 1317 1400 — 60 1340 1.72

O,N-Bis(TBDMS)- C,4H33NO,Si, 1551 1700 + 50 — 200 1550 0.06
3-Amino-1-propionic acid ($-alanine) C,;H,NO,

O,N,N-Tris(TMS)- C,,H3;NO,Si, 1434 1500 — 60 1440 0.42

O,N-Bis(TBDMS)- C,sH3sNO,Si, 1629 1800 + 50 — 200 1650 1.27
4-Amino-1-butanoic acid C,HoNO,

O,N,N-Tris(TMS)- C,3H33NO,Si; 1542 1600 — 60 1540 1.3

O,N-Bis(TBDMS)- C,¢H3,NO,Si, 1744 1900 + 50 — 200 1750 0.34
6-Amino-1-hexanoic acid CqH,3NO,

O,N,N-Tris(TMS)- C,sH34NO,Si; 1726 1800 — 60 1740 0.8

O,N-Bis(TBDMS)- C,5H41NO,Si; 1955 2100 + 50 — 200 1950 0.26
8-Amino-1-octanoic acid CgH{,NO,

O,N,N-Tris(TMS)- C,7H41NO,Si; 1931 2000 — 60 1940 0.46

O,N-Bis(TBDMS)- C,oH,4sNO,Si; 2159 2300 + 50 — 200 2150 0.42
2-Amino-1-propionic acid (alanine) C3;H,NO,

O,N-Bis(TMS)- CoH,3NO,Si, 1114 1200 — 80 1120 0.54

O,N-Bis(TBDMS)- C,5sH35NO,Si; 1532 1800 — 200 — 80 1520 0.79
2-Amino-1-butanoic acid C,HyNO,

O,N-Bis(TMS)- C;0H,5NO,SI, 1184 1300 — 80 1220 2.95

O,N-Bis(TBDMS)- C;6H37NO,Si, 1600 1900 — 200 — 80 1620 1.64
3-Amino-1-butanoic acid C,HgNO,

O,N-Bis(TMS)- C;0H25NO,Si, 1218 1300 — 80 1220 0.16

O,N-Bis(TBDMS)- C,cH3,NO,Si1, 1647 1900 — 200 — 80 1620 1.64
2-Amino-1-pentanoic acid (pL-norvaline)  CsH,NO,

O,N-Bis(TMS)- C;:H,,NO,Si, 1247 1400 — 80 1320 5.53

O,N-Bis(TBDMS)- C,7H3oNO,Si, 1661 2000 — 200 — 80 1720 3.88
2-Amino-1-hexanoic acid (bL-norleucine)  CeH;3NO,

O,N-Bis(TMS)- C,,H,sNO,Si, 1328 1500 — 80 1420 6.48

O,N-Bis(TBDMS)- C,sH4;NO,Si, 1751 2100 — 200 — 80 1820 3.79

¢ See footnote in Table I

methylene carbon atom is converted into a tertiary
carbon atom; this change alters the molecular
connectivity of the carbon atom and decreases the
GRF by 40. In cyclohexanol, silylation not only
eliminates the alcohol functionality but also reduces
I due to effective chain branching, resulting from the
added silyl group.

In a homologous series the 4 value may be
strongly affected by large GRF values. Derivatiza-

tion will generally reduce the latter but increase the
former. There are indications that the GRFs of other
functional groups in the molecule may be affected by
the presence of highly polar and polarizable sub-
stituent groups. This may be one of the reasons that
the I values of compounds of polyfunctionality are
difficult to predict based on the 4 and GRF values
alone.
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TABLE X

MISCELLANEOUS COMPOUNDS ON NON-POLAR AND POLAR COLUMNS*

On DB-Wax column

The GRFs (m; and n;) have the following values: )
+240, (4) C-NH—(TBDMS) group = +50, (5) qu
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~COOCH; group = +295, (2) phenyl ring = + 350, (3) the N in pyridine ring =
aternary C atom in TBDMS group = —100.

Compound

Formula Loos 100Z + Em; — Z 1, Difference (%)
Methyl (trimethylsilylacetate CsH,,0,Si 1093 800 + 295 1095 0.18
Nicotinamide, O,N-Bis(TBDMS)- CsH;34N,08i, 2513 2100 + 350 + 240 + 50 — 2 x 100 2540 1.06
Nicotinic acid, O-(TBDMS)- C12H oNO,Si 2002 1500 + 350 + 240 — 100 1990 0.59

On DB-1 column

The GRFs (m; and n;) have the following values: (1) phenyl ring = + 58, (2) chain branching =
amolecule = —60, (4) double bond in alkyl chain = + 27, (5) alicyclic ring connected to silylated
+240, (7) aryl 1 = +325 (see text under Miscellaneous).

—40, (3) two terminal silyl groups in
carboxyl group = +0, (6) aryl Br =

Compound

Formula Tops 100Z + Zm; — S, 1, Difference (%)
Hexamethyldisiloxane C¢H,50Si 667 700 3.29
Methy! (trimethylsilyl)acetate CeH,40,Si 852 800 6.1
Oxalic acid, O,0-Bis(TBDMS)- C14H300,Si, 1531 1800 — 2 x 100 — 60 1540 0.58
Succinic acid, O,0-Bis(TBDMS)- C16H140,Si; 1739 2000 — 2 x 100 — 60 1740 0.06
2-Butene-1,4-dicarboxylic

acid, O,0-Bis(TBDMS)- C18H3604Si1, 1944 2200 + 27 — 2 x 100 — 60 1967 1.17
1,5-Dimethylhexylamine,

N-(TBDMS)- C4H33NSi 1354 1500 — 2 x 40 + 25 — 100 1345 0.66
Cyclobutane carboxylic acid,

O-(TMS)- CgH,60,Si 1009 1000 1000 0.89
Cyclopentane carboxylic acid,

O-(TMS)- CoH, 50,81 1096 1100 1100 0.36
Cyclohexane carboxylic acid,

O-(TMS)- C10H,00,8i 1188 1200 1200 1.01
Cyclohexane carboxylic acid,

O-(TBDMS)- C,3H,60,8i 1410 1500 — 100 1400 0.71
Benzoic acid, O-(TMS)- CioH 40,81 1232 1200 + 58 1258 2.07
Benzoic acid, O-(TBDMS)- Cy3H,00,Si 1458 1500 + 58 — 100 1458 0
o-Bromobenzoic acid,

O-(TMS)- CioH30,BrSi 1466 1200 + 240 + 58 1498 2.14
m-Bromobenzoic acid,

O-(TMS)- CioH,30,BrSi 1472 1200 + 240 + 58 1498 1.74
p-Bromobenzoic acid,

O-(TMS)- CioHy30,BrSi 1479 1200 + 240 + 58 1498 1.27
o-lodobenzoic acid,

O-(TMS)- C,0H,,0,ISi 1579 1200 + 325 + 58 1583 0.25
m-lodobenzoic acid,

O-(TMS)- C1oH,30,ISi 1582 1200 + 325 + 58 1583 0.06
p-lodobenzoic acid,

O-(TMS)- C,oH 30,181 1591 1200 + 325 + 58 1583 0.05
3,4,5-Triiodobenzoic acid,

O-(TMS)- CioH ;0,181 2381 1200 + 3 x 325 4+ 58 + 2 x 70 2273 0.29

( Continued on p. 128)
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TABLE X (continued)

C. T. PENG, Z. C. YANG, D. MALTBY

Compound Formula Tobs 100Z + 2m; — Zmy 1, Difference (%)
Formamide,

O,N-Bis(TBDMS)- C,3H3,NOSi, 1341 (calc. from eqns. in Table I) 1337 0.82

N-(TBDMS)- C,H,cNOSi 1094 (calc. from eqns. in Table I) 1085 0.82
Acetamide,

O,N-Bis(TBDMS)- C,4H33NOSi, 1385 (calc. from eqns. in Table I) 1392 0.5

N-(TBDMS)- CgH,3sNOSI 1112 (calc. from eqns. in Table I) 1129 1.51
Propionamide,

O,N-Bis(TBDMS)- C,;sH35NOSi, 1451 (calc. from eqns. in Table I) 1447 0.28

N-(TBDMS)- CoH,oNOSI 1182 (calc. from eqns. in Table 1) 1173 0.76
Hydroxylamine, N,O-Bis(TBDMS)-  C;,H;;NOSi, 1266 1400 + 50 — 2 x 100 1250 1.26
Hydroxylamine, N,N,O-Tris(TMS)-  CoH,,NOSi; 1123 1100 1100 2.05

¢ See footnote in Table II.

CONCLUSIONS

Substituents that yield large column differences
are carboxyl, phenolic and alcoholic hydroxyls,
amino groups, etc. These highly polar groups in the

20t
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Fig. 2. Linear plots of retention indexes of TMS and TBDMS
derivatives of a-amino acids (O, @) and w-amino acids (&, &)
vs. the numbser of atoms (Z) on non-polar and polar columns. The
I values of the homologues on non-polar column are connected
by a solid line ( ) and those on polar column by a broken
line (- - -). The plots of TMS and TBDMS derivatives of the
a-amino acids on DB-1 and DB-Wax columns have almost
identical slopes; so have those of the w-amino acids. The slopes of
the silylated a-amino acids are less steep than those of the silylated
w-amino acids.

form of acids, alcohols and amines, can be chroma-
tographed underivatized, but when present in poly-
functional molecules, such as amino acids, these
groups may interact intramolecularly to increase /,
rendering the chromatography of the polyfunctional
molecules extremely difficult without derivatization.
Derivatization, especially silylation, masks the
functionality of substituent groups, minimizes their
intramolecular interaction and allows the polyfunc-
tional compounds to revert to a virtual hydrocarbon
state. In this “reduced” state the silylated molecules
exhibit chromatographic characteristics similar to
that of aliphatic hydrocarbons, thus facilitating the
prediction of their 7 values from base values. Ac-
cording to convention, the n-alkanes are assigned
identical 7 values on polar and non-polar columns.
Substituent groups retaining residual polarity and
polarizability after silylation will show higher I
values on polar than on non-polar columns. The
convergence of the I values of silylated derivatives
on these columns is a manifestation of their hydro-
carbon-like chromatographic characteristics. From
the I values of the silylated derivatives one can
deduce the molecular size in terms of the number of
atoms in the skeleton of the analyte molecule.
The relationship between retention index and
molecular size of non-polar molecules and the
relationship between structure and retention index
will be useful for estimating the number of silylated
groups in an analyte molecule. The size of the
molecular skeleton and possibly the kind and num-
ber of functional groups in an analyte molecule can
be derived from the I values and the column
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differences before and after derivatization. Silyla-
tion, methylation and acetylation give different
derivatives but may yield a core of useful shared
information. In this manner, one can gain structural
information from chromatographic data. Applica-
tion of the method is straightforward and may be
useful for routine separation, analysis, and tentative
identification of unknown components in mixtures
prior to detailed structural analysis by mass
spectrometry.
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ABSTRACT

Analysis characteristics of the hydrogen isotopes H,, HD, HT, D,, DT and T, were experimentally studied using gas chromatogra-
phy. A liquid nitrogen cooling column was employed for isotope separation, along with a thermal conductivity detector and a
small-volume ionization chamber. The intensity ratio of the six hydrogen isotopes as measured by the thermal conductivity detection
was H,:HD:HT:D:DT:T, = 100:73:61:57:49:43. When the sampling volume was 1 cm?, the estimated detection limits for H, and T,
were, respectively, 20 and 50 Pa partial pressure and 200 and 500 ppm concentration. The 0.16-cm? ionization chamber could measure
only the tritiated molecules, and the estimated detection limit for T, gas was 1 ppm. The retention time was reduced when the
concentration was greater than 1%. In particular, when it was increased above 10%, identification of neighboring peaks tended to be

difficuit.

INTRODUCTION

To develop a fusion fuel gas-processing technol-
ogy, various experimental studies have been per-
formed in the Tritium Process Laboratory (TPL) [1]
at the Japan Atomic Energy Research Institute
(JAERI). To analyze experimental gases, including
tritium, an analysis and measurement system (AMS)
is installed in the TPL. Gas chromatography (GC)
has conventionally been used as the gas analyzer,
with the fundamental measurement method for
isotopes of molecular hydrogen [2]. Primary studies
have been performed by Moore and Ward [3] using
non-radioactive hydrogen isotopes such as H,, HD
and D,. They have separated not only hydrogen and
deuterium but also their nuclear spin isomers on
alumina at —196°C. While the separation of the
p-H, and 0-H; from 0-D, and p-D, can be accom-
plished, the o-H, peak overlaps or is very close to the
HD peak [4-6]. However, to analyze quantitatively

* Permanent address: Energy Research Laboratory, Hitachi
Ltd., 1168 Moriyama-cho, Hitachi-shi, Ibaraki-ken 316, Ja-
pan.

0021-9673/91/$03.50  ©

only hydrogen isotope gases, the separation of
isomers becomes rather a hindrance. Fujita and
Kwan [6] reported that nuclear spin isomers can be
separated only when catalysts causing their equi-
libration at the temperature used are absent. When
a catalyst is present, both spin isomers are eluted as
a single zone corresponding to the average of the two
isomers. A suitable catalyst of column packing,
activated alumina covered with ferric hydroxide or
manganese chloride, and carrier gas, neon, have
been identified [6,7].

Many experimental reports have described H,,
HD and D,, but only a few have provided an
analytical study of hydrogen isotopes including
tritium [7-9]. Genty and Schott [7] reported quanti-
tative analysis of hydrogen isotopes, H,, D,, T,,
HD, HT and DT, as a mixed gas.

Although the principal method for the analysis of
hydrogen isotopes has been established, the follow-
ing characteristics still require clarification: those to
measure high-concentration tritium and other hy-
drogen isotopic mixed gases, which constitute fusion
fuel gas; and those to identify ail six hydrogen
isotopes in various ratios. Therefore we experi-

1991 Elsevier Science Publishers B.V. All rights reserved
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mentally measured the hydrogen isotopic mixed
gases by GC and tried to identify and obtain their
measurement characteristics.

EXPERIMENTAL

Tritium and tritiated isotopic gas analyses have
been performed using GC in the analysis and
measurement system (AMS) of the TPL. The AMS
is made up of four gas-handling lines for: (1)
preparation of isotopically equilibrated hydrogen
isotopes; (2) the ionization chamber test; (3) isotopic
hydrogen gas recovery by metal beds; and (4)
analysis by GC [7]. Fig. 1 shows the AMS flow
system, in which experimental gases were prepared.
At first the vessel was filled with pure H,, D, and T,
gases. The purities of these isotopic hydrogen mole-
cules were more than 99.9% for H,, more than 99%
for D, and about 99% for T,. Then a fixed volume
of the pure gas was sampled and analyzed by GC.
Next, three gaseous mixtures of pure isotopic hy-
drogen, H,-D,, H,~T, and D,-T,, each in a ratio of
1:1, were prepared. These gas mixtures were passed
through an isotopic equilibrator packed with plati-
num black-coated alumina catalyst. The equilib-
rator temperature was about 295 K. Three hydrogen
species, HD, HT and DT, were produced accord-
ingly by the isotopic exchange reaction.

Fig. 2 show the experimental flow line for GC.
Four sampling tube volumes were possible: 1, 5, 10
or 20 cm?®. The volume chosen depended on the gas

T. UDA et al.

concentration. In this study, the 1-cm® sampling
tube was selected, because it was expected to give less
radioactive waste gas. Neon was used as the carrier
gas.

Sampled gas was carried to the chromatography
column packed with manganese chloride-coated
alumina particles (Yanako Hydroisopack, made by
Yanagimoto Kogyo). The column was kept cold
using liquid nitrogen. At the same time only the
carrier gas was passed to the reference column,
which was heated up to 120°C. After passing
through the column, the gas was detected with the
thermal conductivity detector (TCD), and then the
tritium concentration was measured using an ioniza-
tion chamber. There were two ionization chambers
having volumes of about 0.16 and 21.6 cm®. The
characteristics of these ionization chamber are re-
ported elsewhere [10]. We used the smaller ioniza-
tion chamber, because the holding time of the
detecting gas was short and sharp peaks could be
obtained. The analyzed gas was carried to the
effluent tritium gas removal system (ERS) at the
TPL. Most of the remaining experimental gas was
recovered by a metal bed, in which isotopic hy-
drogen gas getter was packed. Experimental condi-
tions are summarized in Table 1.

RESULTS AND DISCUSSION

Gas chromatograms of hydrogen isotopes
Fig. 3 shows gas chromatograms measured with

Sample’

Gas Vessel(A) Isotone

Equilibrator

lonization
Chambers

X

T2 Supply

Carrier Bed L
Gas

Recovery Beds

Gas Chromatograph

[TesseI(B)]

Samplerl Thermal
Conductivity
Detector

Lig. N2

Heater

Column Column
Vacuum
Pump
Vacuum
Pumping
System

Tritium Effluent
Monitor Tritium
Removal
System
lonization
Chamber
Glove Box

Fig. 1. Flow diagram of experimental gas preparation line. This loop is the AMS installed at the TPL.
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Fig. 2. Flow diagram of gas chromatography for hydrogen isotopes analysis.

the TCD for pure H,, D, and T, gases. The gas
chromatogram of H, does not show peaks of other
molecular hydrogen isotopes. In the D, gas chroma-
togram, a small HD peak was detected as an im-
purity. The D,:HD peak-area ratio was 99.54:0.46.
On the other hand, pure T, gas includes HT, as well
as a little helium and a trace of H,. The T,:HT
peak-area ratio obtained was 98.6:1.4. The source of
hydrogen is considered to be residual gas in the
process line or at the metal bed, because pure H, gas
was used previously to activate the metal.

Fig. 4 shows a gas chromatogram of pure T, gas
at 1.8 kPa. The upper chromatogram was measured
with the 0.16-cm? ionization chamber and the lower
with the TCD. When the partial pressure of T, gas

TABLE I

EXPERIMENTAL CONDITIONS OF GAS CHROMATO-
GRAPHY FOR HYDROGEN ISOTOPES ANALYSIS

Specification of analyzer

Measurement conditions

Column diameter, 1/8 in.

Length, 3 m

Absorber, manganese chlo-
ride-coated alumina (Yana-
ko Hydroisopack)

Detector, TCD, ionization
chamber (effective volume
0.16 cm?)

Carrier gas, neon

Carrier gas flow-rate, 50 cm?/
min

Sampling gas volume, 1 cm?®

Column temperature, 77 K

TCD temperature, 393 K

Filament current, 70 mA

Tonization chamber, applied
voltage, 40 V; electric field
strength, 200 V/cm

sample is low and its peak height is small, a peak for
the impurity DT is observed. When the T, gas
pressure is high, the DT peak might be hidden by the
T, peak. Fig. 5 shows gas chromatograms of the
mixture of H,, D, and T, gases after passing
through the equilibrator. The six isotopes of molec-
ular hydrogen can be detected individually with the
TCD. On the other hand, only the three tritium-
bonding hydrogen molecules, T,, HT and DT, are
detected with the ionization chamber.

Calibration

Fig. 6 shows calibration curves for H,, HD, HT,
D;, DT and T, as plots of partial pressure versus
TCD intensity. Linearity is confirmed for each
isotope of molecular hydrogen. The intensity order
is obtained as H, > HD > HT > D, > DT > T,.
Detection limits as measured with the TCD are
between 20 and 50 Pa, ie., between 200 and
500 ppm. Fig. 7 shows linear calibration of the six
isotopes of molecular hydrogen obtained with the
TCD. The slopes of the lines are the proportional
coefficients of TCD sensitivity to partial pressures of
isotopic hydrogen gas. Using the individual propor-
tional coefficients the sensitivity. ratio obtained is
H,;:HD:HT:D,:DT:T, = 100:73:61:57:49:43. This
sensitivity ratio should be proportional to the ther-
mal conductivity balance of each hydrogen isotope
and neon gas. The thermal conductivities of pure
H,, D,, T, and neon gases are presented in Table I
[11-13]. Although the theoretical sensitivity ratio



134
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Fig. 3. Gas chromatograms of pure hydrogen isotopes, H,, D,
and T,, obtained with the TCD.
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Fig. 4. Gas chromatograms of pure T, gas (pressure, 1.8 kPa at
295 K) detected by the 0.16-cm? ionization chamber and TCD.
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Fig. 5. Gas chromatograms of a mixture of gaseous hy-
drogen isotopes (pressure, 2.1 kPa at 295 K) detected by the
0.16-cm*® ionization chamber and TCD. Mixing ratio is
Hy:HD:HT:D,:DT:T, = 0.1:4.7:1.4:58.6:30.9:4 4.

is Hy:D,:T, = 100:69:41, the measured ratio is
100:57:43, representing a difference of about 20%.
The reason for this is unclear, but it is thought that
thermal conduction to the gas layer from the sensor
wire is affected by radiation or circulation of flow
gas. However, this ratio might be constant for this
detector. So this ratio can be used for quantitative
analysis of hydrogen isotopes as proportional coef-
ficients. Using this calibration coefficient, the purity
of T, is estimated to be 99.05% and that of D, is
99.6%.

Fig. 8 shows the calibration curves for tritium and
tritiated hydrogens in the 0.16-cm? ionization cham-
ber. There is a linear relation between partial
pressure and ionization current. The detection limit
depends on the sensitivity of the ionization chamber
and chamber volume, for example when using the
21.6-cm? chamber sensitivity might increase, and the
retention time would be longer and the peak width
would be broadened. For radio-GC, a smaller
volume seems to be a better choice. The detection
limit for T, gas is about 0.1 Pa (1.0 ppm concentra-
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tion and 4.0 - 107'° mol mass). The ionization
chamber shows a response to lower concentrations
of tritium gas, and the limit can be expected to be
lowered by decreasing the noise level. But it is
difficult to obtain a higher signal-to-noise ratio
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TABLE II

THERMAL CONDUCTIVITIES (TC) OF ISOTOPIC
HYDROGEN AND CARRIER GASES AT 300 K

Molecular TC

gas (107* Jfs-mK)
H, 1815
D, 1406
T, 1036
Helium 1499
Neon 493

because of the memory effect due to contamination
inside the chamber.

Concentration effect

Generally peak separation ability depends on the
retention time interval and peak width. When
column conditions are constant, retention time, tg, is
expressed as [14]:

fe = k KA'Z (1)
v

where k is a coefficient, K, is the adsorption
equilibrium coefficient [concentration in adsorption
phase (mol/g)/concentration in carrier gas (mol/
cm?)], z is the length of the column bed (cm) and v is
the flow-rate of carrier gas (cm/s).

Of course, a long retention time gives a good
separation, so it is useful to activate the column
packing, i.e., to increase adsorption ability, and to
employ a longer column and decreased flow-rate of
the carrier gas. In our experiments the same column
was used and the flow-rate of carrier gas was fixed.
The relationships between partial pressures of hy-
drogen isotopes and retention times are shown in
Fig. 9. On increasing the partial pressure, the
retention time is shortened. On the other hand, when
the partial pressure is decreased, the retention time
gradually becomes longer, and finally it becomes
constant at extremely low partial pressure. This
means that the adsorption equilibrium coefficient is
dependent on partial pressure, i.e., on concentra-
tion. It is considered that the ratio of the hydrogen
isotopic concentration in the adsorption layer and in
the carrier gas layer must be constant at low
concentrations. But the ratio might decrease on
increasing the objective gas concentration.
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When analyzing a mixed gas of low and high
concentrations of hydrogen isotopes, the retention
times of both isotopes of hydrogen might overlap.
A remarkable shift of retention time occurs at partial
pressures above 1 kPa. To avoid peak overlapping,
longer retention time would be effective, and the
following two methods may be considered. One is to
increase the activity of the absorber by aging at high
temperature for a long time, and the other is to
decrease the carrier gas flow-rate. However, too
much aging shortens the life of the column packing
and a lower gas flow-rate needs a much longer
analysis time, so that more than half an hour would
be needed to separate all the isotopes of hydrogen. It
then becomes difficult to measure a small amount of
one isotopic gas mixed with a large amount of
another.
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Improvement of detection limits

To apply GC to the tritium gas-processing system,
higher sensitivity is required. Generally, GC output
versus unit concentration gas is expressed as [15]:

_ AFR
" RS-CS-W

where § is the intensity of a peak (V cm?/g), 4 is the
peak area on the recorder chart (cm?), FR is the
flow-rate of carrier gas (cm?/s), RS is the sensitivity
of the recorder (V/cm), CS is the chart speed (cm/s)
and W is the quantity of sample gas (g).

As shown in Fig. 5, a gas mixture of the six
hydrogen isotopes can be detected by GC using the
TCD. The detection limit with the TCD is 20 Pa for
H, and 50 kPa for T,. To improve these limits it
might be useful to increase the sampling volume or
to decrease the carrier gas flow-rate, as indicated by
eqn. 2. However, increasing the sampling volume
increases the amount of radioactive waste gas efflu-
ent. On the other hand, as pointed out in the
previous section, decreasing the carrier gas flow-rate
means a longer analysis time. Another important
way of improving the sensitivity is to have an
extremely high signal-to-noise ratio. However, with
the present commercially available measurement
equipment, it does not seem to be easy to achieve
a higher ratio. ,

Future study must look at ways of avoiding these
shortcomings of GC and developing an improved
gas measurement system for the fusion fuel gas
process.

@

CONCLUSIONS

The characteristics of GC when applied to iso-
topic hydrogen analyses were experimentally ob-
tained using a liquid nitrogen cooling column, with
a TCD and an ionization chamber. The following
results were obtained.

(1) Theintensity ratio for hydrogen isotopes mea-
sured with the TCD was H,:HD:HT:D,:DT:T, =
100:73:61:57:49:43.

(2) When the sampling volume was 1 cm?, the
detection limits for H, and T, were estimated to be,
respectively, 20 and 50 Pa partial pressure and 200
and 500 ppm concentration.

(3) Using the 0.16-cm? ionization chamber, the
intensity ratio obtained for T,:HT:DT was 2:1:1
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according to the atomic fraction in the isotopic
molecules. The detection limit for T, gas was
estimated to be 1 ppm concentration and 4 -
107'% mol mass.

(4) On increasing the hydrogen isotope concen-
tration above 1%, the retention time tended to drop.
Furthermore, when the concentration was increased
to more than 10%, neighboring peak identification
became difficult.
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ABSTRACT

o-Phenylethylamine, o, m, p-methoxy-a-phenylethylamines and o, m, p-methyl-a-phenylethylamines were enantiomerically separated
with four different diamide chiral stationary phases (CSPs) [monobenzyl succinate-L-Val-fert.-butylamide (CSP-1), undecenoyl-L-Val-
S-a-phenylethylamide (CSP-2), undecenoyl-L-Val-R-a-phenylethylamide (CSP-3) and cross-linked polycyanoethyl vinyl siloxane-L-
Val-tert.-butylamide (CSP-4)] using capillary gas chromatography. The ortho-effect of the methoxy group on the enantiomeric sep-
aration was investigated. The elution order of the enantiomers on CSP-3 is reversed with respect to that on the other CSPs studied. The
enantiomeric separation of a-phenylethylamine and its methoxy- and methyl-substituted isomers is illustrated.

INTRODUCTION

a-Phenylethylamine and its derivatives can be
used for the syntheses of anti-cancer drugs and
asymmetric catalysts [1-3]. The enantiomeric sep-
aration of these compounds is of great importance
in biochemistry, asymmetric synthesis and pharma-
cology. Racemic amines can be enantiomerically
separated using chiral stationary phases (CSPs)
[4,5], although the separation of substituted a-phen-
ylethylamine enantiomers has not yet been fully in-
vestigated. It has been reported that the methoxy
group shows a considerable ortho-effect in the
enantiomeric  separation of N-trifluoroacetyl
(TFAc)-o-methoxy-a-phenylethylamine [6]. This
paper reports an investigation of the mechanism of
this ortho-effect.

EXPERIMENTAL

Materials

Fused-silica capillary tubes (0.25 mm I.D.) were
obtained from Yongnian Optical .Fibre Manufac-
ture (China). Monobenzyl succinate-L-Val-tert.-bu-
tylamide (CSP-1) was kindly supplied by Professor

0021-9673/91/$03.50 ©

X. Xu (Shanghai Institute of Materia Medica, Aca-
demia Sinica, Shanghai, China). The preparations
and properties of undecenoyl-L-Val-S-a-phenyl-
ethylamide (CSP-2), undecenoyl-L-Val-R-a-phenyl-
ethylamide (CSP-3) and polycyanoethyl vinyl silox-
ane-L-Val-fert.-butylamide (CSP-4) have been de-
scribed previously [7,8].

Syntheses of the solutes

Syntheses of methyl-substituted acetophenones.
For the synthesis of 0-and m-methylacetophenones,
Grignard reagents of o- and m-halotoluenes were
reacted with acetonitrile and hydrolysed in acid so-
lution [9]. The Friedel-Crafts reaction of toluene
was used to prepare p-methylacetophenone [10].

Syntheses of methoxy-substituted acetophenones.
Fries rearrangement of phenyl acetate was used to
prepare o- and p-methoxyacetophenones, which
then reacted with dimethylsulphate in alkaline solu-
tion [11]. m-Methoxyacetophenone was prepared
by the methylation of m-hydroxyacetophenone [12].

Syntheses of methyl- and methoxy-substituted
a-phenylethylamines. All six of the amines were syn-
thesized by the Leukart reaction of their methyl-
and methoxy-substituted acetophenones with am-

1991 Elsevier Science Publishers B.V. All rights reserved
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monium formate [13]. d,/-p-Methoxy-a-phenyl-
ethylamine was partly resolved with 1-tartaric acid
in methanol [14].

Derivatization

The amines were derivatized with trifluoroacetyl
anhydride according to the method of Feibush and
Gil-Av [15]. The mass spectra of the derivatized
amines are shown in Fig. 1.

Chromatographic conditions

Fused-silica capillary columns were coated or
cross-linked as described previously [7,16]. The
chromatographic separations were carried out with
a GC R1A gas chromatograph equipped with a
split injector and a flame ionization detector. The
elution order of the amine enantiomers was deter-
mined by comparison with the retention times of
chirally pure standards.

RESULTS AND DISCUSSION

The structures of the amines studied are shown in
Fig. 2. The capacity factors (k") and separation fac-
tors (&) of N-TFAc-a-phenylethylamine and its me-
thoxy and methyl-substituted isomers are listed in
Table I. The elution order of the enantiomers on
CSP-3 is reversed with respect to the other CSPs
studied. CSP-2 and CSP-3 have two asymmetric
centres and are diastereoisomers. On CSP-2 and
CSP-3 the a-values of N-TFAc-m-methoxy-a-phen-
ylethylamine are slightly larger than those of the
p-isomer, and on CSP-1 and CSP-4 the « values are
almost equal. Except for the p-isomers on CSP-3,
the o values of m- and p-N-TFAc-methoxy-«-phen-
ylethylamines are slightly larger than those of the
corresponding m- and p-N-TFAc-methyl-a-phenyl-
ethylamines. All the o values of o-, m-, p-methyl-
substituted and m-, p-methoxy-substituted N-
TFAc-a-phenylethylamines, except for the p-iso-
mers on CSP-3, are not less than the « values of
unsubstituted N-TFAc-a-phenylethylamine. N-
TFAc-o-methoxy-o-phenylethylamine has the low-
est o values of the amines tested and is cluted faster
than its m- and p-isomers.

From these results, the following conclusions can
be made:

(1) For CSP-2 and CSP-3, the configuration of
the a-phenylethylamide moiety of the CSPs deter-

X. LOU et al.

mines the elution order of the enantiomers. On
CSP-3, the two chiral centres have opposite rota-
tional directions and the solutes show lower « val-
ues than those on its diastereoisomer, CSP-2.

(2) Except for N-TFAc-o-methoxy-a-phenyl-
ethylamine and CSP-3, none of the methyl-and me-
thoxy-substituted isomers showed lower o values
than those of unsubstituted N-TFAc-a-phenylethyl
amine.

(3) The o-methoxy group shows a pronounced
ortho-effect on the o and &’ values on the four CSPs
studied.

In the o-position of a benzene ring, a methyl
group shows greater steric hindrance than a me-
thoxy gorup. However, the o values of N-TFAc-o-
methyl-a-phenylethylamine are comparable with
those of its m- and p-isomers and are much larger
than those of N-TFAc-o-methoxy-a-phenylethyl-
amine. In this instance the steric hindrance cannot
reasonably be used to explain the lowest o values of
N-TFAc-0-methoxy-a-phenylethylamine listed in
Table 1.

It is suggested that, in the N-TFAc-o-methoxy-a-
phenylethylamine molecule, the oxygen atom of the
methoxy group and the hydrogen atom of the
amide group are at such positions that they could
form a six membered ring through intramolecular
hydrogen bonding (see Fig. 3). This intramolecular
hydrogen bonding considerably decreases the hy-
drogen bonding of the N-TFAc-o-methoxy-a-
phenylethylamine with the CSPs, resulting in much
lower « values and faster elution than its m- and
p-isomers.

" It has been reported that chiral amines can be
separated on monoamide CSPs such as N-lauroyl-
S-a-(1-naphthyl)ethylamine. The separation mech-
anism suggests that the solute is intercalated be-
tween two solvent molecules [4]. If this mechanism
is assumed, the interaction between the amide
groups of the solute and solvent is very important
for chiral recognition.

When the amide groups of the solutes cannot suf-
ficiently interact with the diamide CSPs, such as for
N-TFAc-o-methoxy-a-phenylethylamine, very low
o values or even no separation is obtained. This im-
plies that the amide group of the N-TFAc chiral
amine is also an important interaction site for chiral
recognition on diamide CSPs. The introduction of a
methyl group to o-, m-, p-position and a methoxy
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Fig. 1. Mass spectra of the N-TFAc-amines.

group to m, p-position on the benzene ring of N-
TFAc-a-phenylethylamine slightly improved the se-
lectivity of enantiomers on CSP-1, CSP-2 and
CSP-4. This is probably because the introduced

group (methyl or methoxy) enhances the interaction

of the benzene ring of the solutes with the CSPs.
The enantiomeric separation of the amines on the

four CSPs is shown in Fig. 4. Except for N-TFAc-o0-
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TABLE 1
« AND k' VALUES OF N-TFAc-a-PHENYLETHYLAMINE AND ITS METHOXY- AND METHYL-SUBSTITUTED ISO-
MERS
Isomer Temperature CSP-1 CSP-2 CSP-3 CSP-4
(O
o k' (S) o k' (S) o k' (R) o k' (S)
o-Phenylethylamine
130 1.044 5.74 1.045 9.24 1.028 5.98 1.026 5.78
150 1.039 2.68 1.040 4.34 1.023 2.98 1.024 2.38
Methyl-substituted o-phenylethylamine
o-Isomer 130 1.044 6.14 1.048 10.9 1.029 7.08 1.025 6.05
110 1.049 14.9 1.036 15.8 1.030 16.2
m-Isomer 130 1.046 6.98 1.048 12.2 1.028 7.93 1.030 6.62
110 1.055 17.2 1.034 18.1 1.034 18.2
p-Isomer 130 1.050 7.45 1.051 13.1 1.024 8.50 1.032 6.93
110 1.058 18.3 1.032 19.2 1.038 19.2
Methoxy-substituted a-phenylethylamine
o-Isomer 130 - 9.59 1.015 14.2 - 10.2 -4 8.87
150 - 4.28 1.013 6.88 - 4.88 - 3.62
m-Isomer 130 1.053 227 1.040 233 1.032 23.7
150 1.045 10.9 1.052 16.7 1.032 11.6 1.024 8.44
p-Isomer 130 1.053 24.5 1.022 24.3 1.033 25.4
150 1.046 12.0 1.047 18.1 12.6 1.026 9.08

4 No separation.

1.018
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methoxy-a-phenylethylamine, all the amines can be
readily separated into their antipodes on CSP-1,
CSP-2 or CSP-4.

CONCLUSIONS

The methoxy group of N-TFAc-o-methoxy-a-
phenylethylamine shows a considerable ortho-effect
on the selectivity of enantiomers, probably due to
the formation of intramolecular hydrogen bonding
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Fig. 4. Chromatogram of N-TFAc-chiral amines. Fused-silica capillary column (20 m x 0.25 mm) coated as given for each part. (a)
Coated with CSP-1; temperature 150°C; carrier gas hydrogen; R-enantiomers eluted first. (b) Coated with CSP-2; temperature 130°C (5
min), then 4°C/min to 150°C; carrier gas hydrogen; R-enantiomers eluted first. (c) Coated with CSP-3 ; temperature 110°C (10 min), then
4°C/min to 150°C; carrier gas hydrogen; S-enantiomers eluted first. (d) Cross-linked with CSP-4; temperature 130°C (5 min), then
4°C/min to 150°C; carrier gas hydrogen; R-enantiomers eluted first. Peaks: 1 = d l-o-phenylethylamine; 2 = d,i-o-Methyl-a-phenyl-
ethylamine; 3 = d,/-m-methyl-a-phenylethylamine; 4 = d,/-p-methyl-a-phenylethylamine; 5 = d,l-0-methoxy-a-phenylethylamine; 6 =
d,l-m-methoxy-¢-phenylethylamine; 7 = d /-p-methoxy-a-phenylethylamine.
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between the oxygen atom in the methoxy group
with the hydrogen atom in the amide group. Both
substituents and their positions in the benzene ring
can to some extent affect the a-values of substitut-
ed-a-phenylethylamine antipodes. The amines test-
ed, except for o-methoxy-a-phenylethylamine, can
be readily separated into their enantiomers in a sin-
gle run on CSP-1, CSP-2 or CSP-4 under selected
conditions.
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ABSTRACT

Cholecystokinin analogues containing N-methyl amino acids were studied by reversed-phase high-performance liquid chromatogra-
phy at reduced temperatures. A reduction in temperature to — 17°C led to lower efficiency, but at the same time separations of cis and
trans isomers (and some impurities) were achieved. The velocity constants for cis—trans equilibria were calculated.

INTRODUCTION

The effect of increased temperature on the chro-
matographic separation of peptides has been exam-
ined in several papers [1,2]. Usually, increased tem-
perature leads to higher efficiency of the column
and the separation of peptides is improved [3]. Low-
er temperatures generally decrease the efficiency of
the column owing to the increased viscosity of the
mobile phase, but it can be used for various phys-
ico-chemical studies of peptides. Increased energetic
barriers allows for the separation of isomers which
are otherwis inseparable [4-8]. For example, rapidly
interconverting species were observed in the case of
muramyldipeptides, and the chromatographic trace
was used for calculation of the velocity constants of
interconversion [9]. Detailed theoretical studies of
this phenomenon were later performed by Melan-
der et al. [10]. However, where rapid interconver-
sion of two or more forms of the analyzed com-

* Present address: Selectide Corporation, 10 900 N. Stallard
PL., Tucson, AZ 85737, USA.

0021-9673/91/303.50  ©

pound is likely (e.g., anomers of sugars or glycopep-
tides or peptide conformers), we can expect to sep-
arate these forms only if the interconversion is
slowed by decreasing the temperature. Mixtures of
isomers often can be observed with peptides con-
taining secondary amino groups (e.g., proline or N-
alkylated amino acids). We have applied this think-
ing to the separation of cis and trans peptide bond
conformers of the cholecystokinin-related penta-
peptide Gly-Trp—MeNle-Asp—Phe-NH, [11,12]. A
decrease in temperature led not only to separation
of the expected conformers, but also the separation
of impurities present in the sample which were not
observed under normal room temperature condi-
tions of chromatography. We were able to show
which peaks are conformers by their separation and
re-equilibration to the original equilibrium mixture.
We could also calculate the velocity constant of the
cis—trans interconversion [9].

1991 Elsevier Science Publishers B.V. All rights reserved
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EXPERIMENTAL

Materials

The peptide Gly-Trp~MeNle-Asp-Phe-NH,
was synthesized by solid-phase peptide synthesis us-
ing a Boc-benzyl (Bzl) strategy on a
p-methylbenzhydrylamine polystyrene resin {11,12].
The peptide was purified by high-performance
liquid chromatography (HPLC) on a Vydac-C,g
column (25 X 1 cm 1.D.) using a gradient elution
with 0.1% trifluoroacetic acid and acetonitrile and/
or methanol as the organic modifier.

Methods

Chromatography was performed on a Spectra-
Physics SP-8700 instrument using a Spectra-Physics
SP-8400 variable-wavelength detector. For the low-
temperature experiments, the columns was jacketed
in a Tygon tube (40 x 2 ¢cm 1.D.) connected to a
thermostat adjustable from +60 to —20°C. Two
columns were used: a Vydac C,5 peptides and pro-
teins column (7 ym; 25 X 0.4 ¢cm [.D.) and an ED-
MA 40 column (10 yum; 8 x 0.8 cm 1.D., Tessek,
Prague, Czechoslovakia). Velocity constants were
calculated according to published methods [9].

RESULTS AND DISCUSSION

Analogs of the C-terminal pentapeptide of chole-
cystokinin were synthesized in connection with
studies of the receptor selectivity and central activ-
ities of these compounds [11,12]. The analogues
containing N-methylnorleucine such as Gly-Trp-
MeNIle-Asp-Phe-NH,; had an interesting range of
biological activities and therefore were studied by
'H NMR spectroscopy [11,12]. These studies have
shown that these peptides exist as both ¢is and trans
conformers about the Trp-MeNle peptide bond
[12]. Therefore, we decided to try to separate them
by HPLC. Under normal conditions (at room tem-
perature) we observed only a single symmetrical
peak (Fig. 1A). A decrease in temperature led to the
broadening of this peak and at 0°C four peaks could
be detected, although baseline separation was not
achieved (Fig. 1B). We initially used acetonitrile as
the chromatographic organic solvent, and therefore
we could not decrease the temperature further. For
this reason, we changed the organic modifier to a
mixture of methanol and acetonitrile. In this system

SHORT COMMUNICATIONS

we could go down to —20°C, even though under
these conditions the flow had to be decreased to 0.8
ml/min owing to the very high back-pressure (260
bar). At —17°C the mixture clearly contained five
components (Fig. 1C). We were able to separatein a
pure form the three main peaks. The fractions were
collected into containers cooled in a bath contain-
ing a dry-ice—ethanol mixture. Analytical evalua-
tion at —17°C showed their purity (Fig. 1D-F).
When the fractions were heated to room temper-
ature and reinjected into the same column kept at
—17°C (Fig. 1G-I), fraction 1 did not change, but
fractions 2 and 3 afforded an identical mixture of
the two peaks of the peptide conformers. It may be
predicted [13] that the fraction containing the less
retained compound has the trans conformation-
containing peptide.

Ay

5 10 15 20 25 min

Fig. 1. Chromatography of an HPLC-purified sample of Gly-
Trp-MeNle-Asp-Phe-NH, at various temperatures. Condi-
tions: column, Vydac C,, peptides and proteins (25 x 0.4 cm
1.D.); eluent, methanol-acetonitrile-0.1% trifluoroacetic acid
(50:13:37); flow-rate | ml/min; detection at 222 nm. (A) 23°C; (B)
0°C; (C) — 17°C; (D) fraction one (from C) kept frozen, analyzed
at — 17°C; (E) fraction two kept frozen, analyzed at —17°C; (F)
fraction three kept frozen, analyzed at —17°C; (G) fraction one
heated to room temperature, analyzed at —17°C; (H) fraction
two heated to room temperature, analyzed at — 17°C; (1) fraction
three heated to room temperature, analyzed at —17°C.
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On closer inspection, the low-temperature HPLC
of the conformational mixture reveals (Fig. 2) that
the trace contains a plateau between peaks B and A.
This is similar to previous observations [4-9,13] and
provides the possibility of calculating the velocity
constant for interconversion of the cis and trans
conformations of the peptide. In the present situa-
tion, however, it is not feasible to determine exactly
the equilibrium constant because faster elution
could not be achieved owing to the high back-pres-
sures. The determination of the areas A, B and C[9]
was also complicated by the fact that the peaks were
not sharp. Therefore, we performed approximate
calculations with the best data we could obtain.
Two values of K were obtained; the first did not
include areas A’ and B’ with the area C, and the
second (in our opinion the more correct, because it
reflects in part the computer-simulated situation)
included these areas (for the theory of the calcula-
tion [9]). The value of K was roughly estimated to be
0.47. According to our calculation, the velocity con-
stant of cis—trans interconversion at —17°C is be-
tween 1.7- 1072 and 2.9 - 10”2 min~ . Even though
our calculation is much simpler than that suggested
by Melander et al. [10], the results are comparable.

The peaks eluted earlier from the Vydac C; col-
umn at —17°C are probably impurities that were
not observed or separated in the runs performed at
room temperature. We decided to test different
chromatographic materials to see if the separation
of these impurities could be achieved. An alterna-

A

-

I
|
|
—— L _d__J_1

1 1 1 1 1
min 25

Fig. 2. Chromatographic trace of re-equilibrated mixture of cis
and trans conformers of Gly-Trp-MeNle-Asp—Phe-NH, used
for the calculation of velocity constants. For details see ref. 9.
Conditions as in Fig. 1; temperature, —17°C.
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tive hydrophobic material used for reversed-phase
HPLC is a modified polystyrene in which the poly-
styrene is coated with ethylene dimethylacrylate
(EDMA 40). This column was made available to us
in the form of a small (8 x 0.8 cm I.D.) experi-
mental column, courtesy of Tessek. This column
clearly separates the impurities from the main prod-
uct, but a decrease in temperature does not lead to
an improvement in the separation. On the contrary,
the efficiency of the column is decreased and at
—6°C unacceptably broad peaks with very high re-
tention times were obtained. Hence, no complete
separation of the conformers was achieved, and on-
ly shoulders on the broad peak of the main compo-
nent of the mixture were observed (Fig. 3). How-
ever, it is important to note that this column pro-
vides an alternative to the usual C;g and other hy-
drocarbon-modified supports for reversed phase
chromatography.

To observe the influence of reduced temperature
on the separation of peptides having similar reten-
tion times, we tested the separation of oxytocin ana-
logues containing D- and L-tetrahydroisoquinoline-
carboxylic acid in position 2 [14]. In this instance,
the separation was completely lost at decreased
temperature owing to the poorer efficiency of the
column (the situation was the same using either a
Vydac C;g or a EDMA-40 column; the latter result

A2
+20°C

J'—_—/\/\ e

min
Fig. 3. Chromatography of HPLC-purified sample of Gly~Trp—
MeNle-Asp-Phe-NH, at various temperatures. Conditions:
columns, EDMA 40 (8 x 0.8 cm 1.D.); eluent, methanol-aceto-
nitrile-0.1% trifluoroacetic acid (50:3:47); flow-rate 1 ml/min;
detection at 222 nm.
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+6°C +20°C +38.5°C

Fig. 4. Influence of temperature on the separation of [2-(>- and
L-tetrahydroisoquinolinecarboxylic acid)]oxytocin. Conditions:
column, EDMA 40 (8 x 0.8 cm 1.D.); eluent, methanol-aceto-
nitrile-0.1% trifluoroacetic acid (50:3:47); flow-rate 1 ml/min;
detection at 222 nm.

isillustrated in Fig. 4), but was improved by heating
the column.

In conclusion, it is hard to predict a priori the
influence of lowering the temperature on the sep-
aration of peptides. Decreased efficiency and in-
creased retention times may be expected. However,
in some instances, as in the separation of isomers
that interconvert at room temperature and thus re-
quire reduced temperature to slow the rate of in-
terconversion, separation can only be achieved by
lowering the temperature. The use of alternative
solid supports for reversed-phase HPLC is strongly
recommended for verification of the purity of syn-
thetic peptides.
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ABSTRACT

The analytical characteristics of cimetidine tablets were studied. A high-performance liquid chromatographic method was developed
in order to assay cimetidine and its related impurities simultaneously. A reversed-phase system and diode-array detector were used.

INTRODUCTION

Cimetidine is a histamine H,-receptor antag-
onist. It inhibits gastric acid secretion and other ac-
tions of histamine, mediated by H,-receptors. Clin-
ical trials have shown cimetidine to be of value in
the treatment of gastric and duodenal ulcers and in
other conditions where gastric acid is involved [1-
14]. It is widely used by the oral, intramuscular and
intravenous routes. Also, a large number of cimeti-
dine products are commercially available, especially
oral products, and in particular tablet formulations.
The impurities profiles in these preparations have
been widely investigated [15-17]; the maximum ac-
ceptable limits of these impurities are reported in
some Pharmacopoeias [18-20].

In the pharmaceutical dosage forms, some degra-
dation products can be present. Cimetidine under-
goes decomposition through two pathways: hydro-
lysis and oxidation [21], with the production of
N-cyano-N'-methyl-N"-[2-(5-methyl-1 H-imidazol-
4-yl)methyljsulphinylethylguanidine (I), N-methyl-

0021-9673/91/303.50  ©

N'-[2-(5-methyl- 1 H-imidazol-4-yl)methylthio]eth-
ylguanidine (II) and N-carbamoyl-N'-methyl-
N"-[2-(5-methyl- 1 H-imidazol-4-yl)methylthio]eth-
ylguanidine (III). As a related impurity, commer-
cial cimetidine contains also N-cyano-N'-[2-(5-
methyl-1H-imidazol-4-yl)methylthioethyl]-S-meth-
ylisothiourea (IV), which is the immediate precur-
sor in the synthesis [15].

Different high-performance liquid chromato-
graphic (HPLC) methods have been utilized for de-
termining compounds I-IV in cimetidine dosage
forms [15-17]. Nevertheless, these are not suitable
for determining all the mentioned impurities simul-
taneously [16-17] and they also need two different
mobile phases for their separation [15]. Therefore, it
was deemed of interest to develop an HPLC meth-
od in order to determine simultaneously the above-
mentioned impurities and the drug, using only one
mobile phase. An HPLC system equipped with a
photodiode-array UV detector was utilized for the
on-line determination of impurity profiles. The
method was used to verify the quality of cimetidine

1991 Elsevier Science Publishers B.V. All rights reserved
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tablet formulations commercially available in Italy
with respect to their drug and impurity contents.

EXPERIMENTAL

Materials

Twelve different formulations of cimetidine
which are commercially available in Italy were stud-
ied. The tablets were composed of 200, 400 or 800
mg of cimetidine and several other ingredients.

Cimetidine and related impurities (I-1V) were
supplied by Smith Kline & French (Milan, Italy).
Sodium 1-pentanesulphonate was from Fluka
(Buchs, Switzerland). Acetonitrile (HPLC grade)
and all the other reagents were from Carlo Erba
(Milan, Italy). All solvents used in the HPLC sys-
tem were solubilized with distilled water treated
with a Milli-Q system (Millipore, Milford, MA,
USA).

Apparatus

Analytical HPLC was performed using an LKB
Model 2249 gradient pump and an LKB Model
2140 rapid spectral detector (Pharmacia—LKB,
Uppsala, Sweden) connected to a personal comput-
er (Personal System 2, mod. 30, IBM, Portsmouth,
UK). The column was a uBondapak C;g (10 um)
(30 cm x 3.9 mm 1.D.) from Waters—Millipore
(Milford, MA, USA).

Chromatographic conditions

The separation of the tested compounds was
achieved using a linear gradient. Solvent A was
0.025 M sodium acetate, adjusted to pH 3.50, con-
taining 0.003 M sodium 1-pentanesulphonate. Sol-
vent B was 0.025 M sodium acetate (pH 3.50) con-
taining 0.003 M sodium 1-pentanesulphonate plus
20% (v/v) of acetonitrile. The gradient was linear
for 25 min (from 10% to 90% B), then returned to
10% B to allow the column to re-equilibrate. The
elution of the compounds was carried out at room
temperature with a flow-rate of 1.0 ml/min. The
volume injected was 5-50 ul. Detection was effected
at 220, 230, 240 and 250 nm.

Sample preparation

Ten tablets were accurately weighed and ground
to a fine powder. An amount of the powder that
contained ca. 100 mg of cimetidine was weighed
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and transferred to a volumetric flask where it was
stirred with 180 ml of mobile phase A. After sonica-
tion for 15 min, the mixture was made up to volume
(200 ml) with mobile phase A and filtered.

The impurities I-IV were dissolved in mobile
phase A (I, IIT and IV at 2 ug/ml and Il at 4 pg/ml).

Assay procedure

Volumes of 5 ul of the sample solution were in-
jected into the chromatograph under the conditions
described. For comparison, and identical amount
of the cimetidine standard solution was injected.
The standard solution contained the same concen-
trations of the drug (based on the label claim). The
impurities were determined by injecting 50 ul of the
sample solution and comparing the areas of impuri-
ty peaks with those of the peaks obtained by.in-
jecting known amounts of each impurity.

RESULTS AND DISCUSSION

The method described for determining cimetidine
and related impurities, employing HPLC with a
photodiode-array detector, was shown to be selec-
tive and sensitive. Simultaneous detection, at differ-
ent wavelengths, and measurements of the UV spec-
trum of each separated compound during elution
make it possible to identify the impurities easily and
rapidly.

A representative chromatogram illustrating the
resolution of a standard mixture and a sample are

R T

Detector response

b J N

b S 10 15 20 25 30

Fig. 1. Chromatograms of (a) standard mixture of cimetidine (a)

(0.4 ug), 1 (0.4 png), 11 (0.8 pg), I (0.4 ug) and 1V (0.4 1g); (b)
sample L. Column: uBondapak C,,. Detection at 220 nm.
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\g T T T T g
210 230 250 270 210 230 250
nm

Fig. 2. Photodiode-array UV spectra of the components of a
standard mixture after chromatographic separation (see Fig. 1).
(a) Spectra of impurities I, I, 1T and IV; (b) spectrum of cimeti-
dine.

shown in Fig. 1. Fig. 2 shows the spectra of the
main compound cimetidine and of the impurities
I-1V as obtained by photodiode-array detection.
Although the spectra are similar, the slight but
characteristic differences are of diagnostic value in
the identification of I-1V.

The reproducibility of the method was satisfacto-
ry, as shown in Table I, which reports the response

TABLE I1
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TABLE I

REPRODUCIBILITY OF DETERMINATION OF CIMETI-
DINE IN TABLET FORMULATIONS

Sample  Cimetidine Coefficient of variation (%)
concentration
+S.D. Within-assay® Between-assay®
(%)

A 101.2 + 1.6 1.8 23

B 9L.7 £ 1.1 2.1 2.9

C 926 £ 1.8 2.7 3.2

“ Average of five determinations.
® Average of ten determinations.

to repeated injections of three of the samples ana-
lysed.

Linearity was checked statistically, and Table I1
shows the data obtained for the calibration graphs
of cimetidine and the impurities.

Recovery was determined by preparing synthetic
mixtures, simulating three tablet formulations, con-
taining known amounts of standard and impurities

STATISTICAL DATA FOR CALIBRATION GRAPHS FOR CIMETIDINE AND IMPURITIES I, IL IIl AND IV

Compound Range tested Correlation Slope Intercept
(ug) coefficient
Cimetidine 0.40-20.0 0.9996 3.057 0.058
I 0.02-1.60 0.9997 1.770 0.006

II 0.04-3.20 0.9986 0.518 0.029

114 0.02-1.60 0.9983 1.403 0.030

Iv 0.02--1.60 0.9951 2.301 0.127
TABLE III
RECOVERY STUDY
Synthetic Amount injected (ug) Recovery (%) + S.D.*
mixture

Cimetidine 1 II 11 v Cimetidine I 1I I v

a 12.5 004 008 004 004 995+21 963+45 976+39 958+ 41 981 +43
b 15.0 004 008 004 004 987 +£27 956+31 949 +43 9.1 +37 971 +38
c 17.5 005 010 005 005 978 £18 938 +35 968 44 951 +43 949 + 4.7

¢ Average of five determinations.



152

TABLE IV
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ASSAY (% OF DECLARED) OF CIMETIDINE AND RELATED IMPURITY LEVELS IN COMMERCIAL DOSAGE FORMS

Each value represents the mean (+S.D.) of five determinations. The impurity levels not reported were less than 0.01 %.

Sample  Cimetidine Impurity concentration (%)

concentration

+£8.D. (%) I I 111 v I+1I+11+1V
A 1012 £ 1.6 - - - 0.05 0.05
B 91.7 £ 1.1 - - - - -
C 92.6 £ 1.8 - - - 0.20 0.20
D 90.0 + 0.4 0.20 - - - 0.20
E 91.3 £ 20 0.13 - - - 0.13
F 99.2 + 0.8 - - - 0.09 0.09
G 102.8 £ 1.2 0.09 - - - 0.09
H 109.5 + 0.9 - - - - -~
1 110.0 £ 0.8 - - - 0.20 0.20
L 91.5 + 2.1 0.11 - - 0.10 0.21
M 93.7 £ 2.2 0.05 - - 0.07 0.12
N 93.1 + 0.8 - - ~ 0.17 0.17

and subjecting them to the procedure (Table III).

The detection limit was ca. 2 ng, calculated on a
response of twice the noise level.

The results obtained for cimetidine and impuri-
ties in commercial dosage forms are reported in Ta-
ble IV. The amount of active ingredient found ex-
perimentally is within 10% of the amount declared,
in agreement with Italian regulations. The percent-
ages of the related impurities, for all the formula-
tions examined, met pharmacopoeial standards.

The described HPLC method appears to be re-
producible and sensitive and provides a reliable
quality control of cimetidine tablet formulations.
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High-performance liquid chromatography of thiazolidinic
compounds obtained by condensation of pyridoxal 5'-
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ABSTRACT

We investigated six thiazolidine 4-carboxylic acids of biological interest, obtained by condensation of pyridoxal 5'-phosphate or
pyridoxal with L- or D-cysteine, cysteamine or L-cysteine ethyl ester. A reversed-phase high-performance liquid chromatographic
method, using a C,; column for their separation, was developed by sequential optimization of the pH and the gradient of the mobile
phase. Resolution of the compounds was obtained with an analysis time of less than 20 min.

INTRODUCTION

Thiazolidine compounds are formed by conden-
sation of either aliphatic or aromatic moieties, con-
taining a -CHO group, with different aminothiols
[1,2]. We obtained several thiazolidine 4-carboxylic
acids (TAs) by condensation [3-8] of pyridoxal 5'-
phosphate (PLP) or pyridoxal (PL) (the other alde-
hyde form of vitamin Be), with L- of D-cysteine, cys-
teamine or L-cysteine ethyl ester (Fig. 1, compounds
I-VI). '

Interest in these compounds arose following the
observation that several aminothiols, such as L- or
D-cysteine, cysteamine, and L-cysteine ethyl ester,
exert a high degree of inhibition on certain PLP-
dependent enzymes, such as rat liver L-threonine
deaminase, the properties of which we have exten-
sively studied [9-11]. Inhibition is due to the forma-

0021-9673/91/$03.50

tion of a thiazolidinic ring, from condensation of
L-cysteine and the enzyme-bound PLP.

Since the thiazolidine compounds are easily
formed under physiological conditions (pH 7 and
37°C), it seems likely that they also form in vive. If
s0, it Is important to identify their biological role in
the cell. To solve this problem, a procedure was
needed for the isolation and determination of TAs,
which would also be valid in the presence of tissue
extract. Accordingly we developed the selective
high-performance liquid chromatographic (HPLC)
procedure, described in this paper.

EXPERIMENTAL
Chemicals

PLP, PL, L- and D-cysteine, cysteamine, L-Cys-
teine ethyl ester, potassium dihydrogenphosphate

© 1991 Elsevier Science Publishers B.V. All rights reserved
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Fig. 1. Formation of thiazolidine 4-carboxylic acids through
condensation of PLP and r-cysteine (1), cysteamine (II), and L-
cysteine ethy! ester (III); or PL and L-cysteine (IV), cysteamine
(V), and L-cysteine ethyl ester (VI). ’

and potassium monohydrogenphosphate were ob-
tained from Merck (Darmstadt, Germany). Norit A
was purchased from Fisher Scientific (Fair Lawn,
NIJ, USA). Methanol (HPLC grade) was obtained
from Baker (Phillipsburg, NJ, USA).

Preparation of thiazolidine 4-carboxylic acids (I-
Vi)

Compounds I-VI were synthetized from PLP or
PL with L- of D-cysteine, cysteamine, or L-cysteine
ethyl ester, by known methods [3,4,6]. Their purity
was tested through elemental analysis, and IR and
NMR spectra.

IR analysis was performed using a Perkin-Elmer
(Garden Grove, CA, USA) Model 782 spectrom-
eter; NMR spectra were obtained using a Perkin-
Elmer Model R600 instrument.

Aqueous solutions of the compounds showed a
specific UV spectrum with an absorption maximum
at 330 nm with ¢ = 6.41 (), 6.98 (II), 4.05 (11I), 6.08
(IV), 1.49 (V), 5.92 (VI) I mmol~* cm™!. The spec-
tra were obtained using a Shimadzu (Kyoto, Japan)
UV-160 spectrophotometer.

Preparation and use of rat liver supernatant

Rat liver supernatant was prepared as previously
reported [12]. Male albino rats, 9 weeks old, 250 g
body weight, were decapitated and their livers rap-
idly removed; a 10% homogenate (in 50 mM potas-
sium phosphate, pH 7.5) was prepared and centri-
fuged at 260 000 g for 1 h at 4°C. A 10-ml volume of
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the supernatant was treated with 1.5 ml of 50% No-
rit A suspension (v/v) according to Hershko et al.
{13], for 15 min and centrifuged at 1000 g for 15
min.

A 0.5-ml volume of 4 m M solution of compounds
I-VI was added to 0.5 ml of supernatant, immedi-
ately deproteinized with 2 M hydrochloric acid (0.5
M final concentration), centrifuged at 8000 g and
diluted with a 50 mM potassium phosphate buffer
(pH 7.5) to 1 mM final concentration of TAs. The
blank was obtained by replacement of the super-
natant with 0.5 ml of the same buffer, and 20 ul of
this solution (20 nmol of each) was submitted to
HPLC analysis.

Apparatus and chromatographic conditions

We used a Beckman (San Ramon, CA, USA)
System Gold high-performance liquid chromato-
graph equipped with a 126 programmable solvent
module, a scanning detector module 167 and a
Beckman Ultrasfere XL C,;g column (70 X 4.6 mm
1.D., 3-um particle size) protected by a precolumn.

The mobile phase was a mixture of 0.05 M potas-
sium phosphate buffer [adjusted to pH 5.5 with 0.5
M potassium hydroxide (buffer A)], 0.01 M potassi-
um phosphate buffer pH 5.5 (buffer B) and metha-
nol. The programme for the mobile phase gradient
is given in Table I. The flow-rate was 1 ml/min and
the detection wavelength was 254 nm.

RESULTS AND DISCUSSION

Optimal conditions

Under these conditions we ignored the free ami-
nothiols (- and D-cysteine, cysteamine, and L-cys-
teine ethyl ester) because they did not interfere with
the chromatography.

We carried out a preliminary study to obtain the
best separation of TAs from the starting products
(PLP and PL): the effects of different pH values of
the mobile phase are reported in Fig. 2. The pH
chosen for the chromatography was 5.5. Moreover,
we varied the relative proportions of buffers A and
B and methanol in order to obtain the best sep-
aration of the six TAs, PLP and PL, as shown in
Fig. 3.

Good linearity was obtained for TAs I, II, IV and
VI, PLP and PL in the range 0.3-20 nmol and for
TAs III and V at 1-40 nmol and 5-40 nmol, respec-
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TABLE I

GRADIENT PROGRAMME FOR MOBILE PHASE COM-
POSITION

Time (min) Mobile phase (%, v/v)* Duration (min)

Buffer A Buffer B Methanol
0 (start) 97 - 3 3
3 - 97 3 2
5 - 60 40 3
16 - 97 3 2
18 97 - 3 2
25 (stop) 97 - 3 -

a

Buffer A: 0.05 M potassium phosphate buffer (adjusted to pH
5.5 with 0.5 M potassium hydroxide); buffer B: 0.01 M potassi-
um phosphate buffer (adjusted to pH 5.5 with 0.5 M potassium
hydroxide).

24

3o 38 a0 50 55 6.0 ﬁu
Fig. 2. Effect of pH on capacity factors (k") values of (M) PLP,
(A)PL, (&) [, (O) I, (O) V. The data relating to compounds
II1, V and VI are not shown because these compounds were not
eluted under the experimental conditions used, but only after
addition of methanol to the mobile phase.
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Fig. 3. Separation of PLP, PL, I, II, III, IV, V and VI. Injected
amount: 20 nmol of each standard.

tively. Correlation coefficients and regression equa-
tions are reported in Table II.

The overall between-run and between-day preci-
sions of the retention times and peak areas were
studied, and the results are presented in Table III.

Behaviour of TAs in the presence of tissue extracts
Rat liver supernatant was added to the solution
of these compounds, as indicated in Experimental.
As shown in Fig. 4, their chromatographic beha-
viour did not change. These data demonstrate that
there were no biological compounds in the super-
natant affecting the determination of TAs, and that

TABLE 11

CORRELATION COEFFICIENTS AND REGRESSION
EQUATIONS OF PLP, PL, I, IL, 111, IV, V AND VI

Compound  Regression equation Correlation coefficient (r)
PL y = 55x — 1.58 0.9994
PLP y=327x + 1.05 09993
1 ¥y =328x — 051  0.9999
1I y =378 — 070  0.9999
1l y =019 + 0.10  0.9989
v y = 326x — 084 0.9998
v y = 1.09x — 1.03 0.9992
VI y =270x — 0.17  0.9999
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TABLE 111
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PRECISION OF RETENTION TIME AND PEAK AREAS OF PLP, PL, I, II, I1I, IV, V AND VI

Parameter Compound  Retention time  S.D. Relative  Peak area S.D. Relative
(min) (n=5) S.D. (%) (arbitrary units) (n=>5) S.D. (%)
Between-run precision 1 1.50 0.02 1.13 6.29 0.04 0.63
(within 1 day) PL 2.46 0.01 0.24 10.76 0.13 1.21
PLP 3.12 0.03 0.96 7.31 0.19 2.59
11 4.05 0.01 0.15 6.37 0.04 0.63
v 4.48 0.01 0.24 12.13 0.07 0.62
v 9.71 0.01 0.06 3.18 0.04 1.26
m 12.27 0.00 0.00 20.31 0.06 0.29
Vi 14.46 0.00 0.00 12.17 0.15 1.23
Between-day precision I 1.48 0.05 3.31 5.86 0.32 5.46
(7 days) PL 2.48 0.03 1.17 10.20 0.42 4.12
PLP 3.11 0.07 2.25 7.33 0.26 3.55
1 4.05 0.05 1.16 6.50 0.43 6.61
v 4.54 0.07 1.49 13.60 2.34 17.20
v 9.67 0.07 0.70 3.65 0.31 8.49
111 12.18 0.05 0.40 20.16 1.14 5.65
VI 14.56 0.10 0.69 13.95 0.76 5.44

it can be carried our in the presence of tissue ex-
tracts.

Our results show that TAs I-VI can be easily sep-
arated from each other and from their precursors
(PLP or PL) by HPLC. The same procedure can be
used when tissue extracts are added to the assay
mixture. Only compound IV showed irregular be-
haviour during HPLC separation, as evidenced by

9.53 (v}

Ajse
158 (1)
3.39 (PLp)

1232 [t)
1469 (rij

2.58 (M)
464 (0]

T T T T T ml
15 '8 min

A2.")4

the high S.D. value (Table I1I): this was not due to
contamination, since its purity had been carefully
controlled, as reported in Experimental. In spite of
this however, compound 1V can be easily separated
from the others and determined in the presence of
tissue extracts.

We conclude that our procedure facilitates inves-
tigation of the biological role of all these com-

953 (v

339 (Pte)

1ss (1)

464 (V]
12.32  {i11])
14869 {v1)

o
3
o~

405 (11)

0 3 6 L] 18 min

Fig. 4. Behaviour of TAs in (A) the absence and (B) the presence of tissue extract.
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pounds, and in particular can be used to ascertain:

(1) if they are present in cellular extracts or in
biological fluids;

(2) if they undergo quantitative fluctuations un-
der different conditions;

(3) if they are synthesized from the cell or under-
go metabolic transformations;

(4) if they interfere only in the PLP-dependent
reactions or also in other enzymic transformations.
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ABSTRACT

A liquid chromatographic method was developed using pulsed amperometric detection at a gold working electrode to measure
residue levels of ethylenethiourea (ETU) in crops and groundwater. Use of the sequential pulsing program eliminates electrode fouling
while preserving the sensitive and selective detection of ETU. Minimum detection limits in crops were 5-10 ppb (1.25-2.5 ng on-
column) and 5 ppb (0.5 ng) in groundwater. The commercial availability of the pulsed electrochemical detector and its gold working
electrode that remains functional with a minimum of conditioning is an improvement in method simplicity.

INTRODUCTION

Ethylenethiourea (ETU) is a formulation conta-
minant and environmental metabolite of ethylene
bisdithiocarbamate (EBDC) fungicides, the most
widely used fungicides worldwide [1]. The presence
of ETU residues in food crops is of regulatory con-
cern because high doses of ETU cause thyroid en-
largement (goiter) and cancer (thyroid and liver) in
experimental animals [2].

ETU has been -determined by a variety of gas
(GO) and liquid chromatographic (LC) methods
[3,4]. The low volatility of ETU necessitates deriv-
atization for analysis by GC and the low UV absor-
bance maximum (232 nm) makes LC with UV de-
tection susceptible to interferences found in typical
environmental samples. The most successful LC
method published uses amperometric detection
with a mercury-gold amalgam working electrode to
determine ETU at levels >10 ppb in many crops
[5]. However, the gold electrode supplied by the
manufacturer must be modified prior to use in the

0021-9673/91/$03.50  ©

analysis. Briefly, the electrode surface was treated
with liquid mercury and subsequently equilibrated
in air for extended times (=2 days) [5]. In addition,
the modified working electrode has a finite period of
consistent response (<21 days), after which the
electrode surface must be reconditioned as de-
scribed above. These limitations provided the impe-
tus to explore other electrochemical techniques for
the sensitive and selective detection of ETU.
Pulsed amperometric detection has been used
successfully to measure thiourea derivatives at low
levels using gold or platinum working electrodes
[6,7]. This technique is not limited, as is d.c. ampe-
rometry on these electrodes, by poisoning of the
electrode surface by oxidized sulfur species and
metal oxide formation. The ability to use a sequence
of potential pulses allows for measurement of elec-
tron transfer at the working electrode followed by
an oxidative “cleaning” potential and a subsequent
reductive “‘reconditioning” potential to regenerate
an active and stable electrode surface [8]. The com-
mercial availability of such instrumentation led us

1991 Elsevier Science Publishers B.V. All rights reserved
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to use this technique for the determination of ETU
in crops and groundwater.

EXPERIMENTAL

ETU was obtained from Aldrich (Milwaukee,
WI, USA) and recrystallized from water before use.
LC solvents were prepared from acetonitrile (Opti-
ma, Fisher Scientific, Fairlawn, NJ, USA) and wa-
ter purified with a Milli-Q system (Millipore, Bed-
ford, MA, USA) and were degassed by helium
sparging. LC separation of ETU was performed us-
ing a quaternary gradient pump module (Dionex,
Sunnyvale, CA, USA) equipped with a Rheodyne
Model 7125 injector and a 25 ecm X 4 mm LD.
OmniPac PAX 500 column (Dionex) using 5% ace-
tonitrile in 25.0 mM KH,PO, (Sigma, St. Louis,
MO, USA), pH 7.0, at a flow-rate of 1.5 ml/min.
Pulsed amperometry was measured using the poten-
tial-time waveform defined in Fig. 1 produced by a
pulsed electrochemical detector (Dionex) equipped
with a Ag/AgCl reference electrode and recorded
on an LCI-100 recording integrator (Perkin-Elmer,
Norwalk, CT, USA). The gold working electrode
was used as received from Dionex following an ini-
tial polishing by hand (ca. 1 min) using a fine abra-
sive compound. A UV detector (UVIS 200, Linear
Instruments, Reno, NV, USA) was used for in-line
detection of ETU at 232 nm to monitor the column
performance and detector response. Method vali-
dation was provided by particle beam LC-mass
spectrometry (LC-MS) using ['3C]JETU as an in-
ternal standard [9].

Extraction and purification of ETU residues
from papaya and banana samples obtained from
commercial grocery stores were performed by using
the AOAC method as revised by Krause [5]. Briefly,
a 50-g portion of fruit (peel or pulp) was homoge-
nized with aqueous methanol and filtered and an
aliquot corresponding to 10 g of fruit was processed
further. The bulk of the solvent was removed in va-
cuo and the remainder was applied to Gas-Chrom
S. The ETU residues were eluted through a column
of alumina with 2% methanol in methylene chlo-
ride, which was removed in vacuo. The samples
were dissolved in water (4 ml) and filtered (0.45 um)
prior to LC analysis of 100-ul aliquots. ETU con-
centrations were determined from comparison of
peak areas or heights with those generated by au-
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Fig. 1. Potential-time waveform used for pulsed amperometric
detection of ETU. £, =034 =05, =051, = 0.59, t, =
0.6, f; = 0.65 s. Current is integrated from [ tot.

thentic standards injected immediately after the
crop extract.

RESULTS AND DISCUSSION

Sensitive and selective detection of ETU in Ha-
wailan fruits and groundwater was accomplished
using a commercial pulsed electrochemical detector
and a polymer-based LC column. This column has
been found to give reproducible retention time and
peak shape'for ETU in crops and groundwater with
sufficient retention (k’=1.3) for amperometric de-
tection. The waveform used (Fig. 1) was based on
that described by Johnson and co-workers [6,7] and
the detector response to ETU standards was opti-
mized by variation of potential and times. Integrat-
ed amperometry has been reported to give en-
hanced response to thioureas relative to simple
potential-time waveforms such as that shown in
Fig. 1[7]. However, integrated amperometric wave-
forms corresponding to those previously published
did not enhance the detection limit for ETU under
the conditions of this study. It was also determined
that varying the pH in the range 3-10 did not en-
hance the detector response to ETU. After several
days of analyzing crop samples, an increase in the
background signal and a decrease in the signal from
ETU were observed. The sensitivity of the electrode
was restored by polishing the working electrode
surface as described above. After a short equilibra-
tion time (<30 min), the detector was ready for use.

The use of an in-line UV detector allowed the
assessment of the effect of the electrochemical de-
tector on peak asymmetry. Determination of the
peak asymmetry factor (B/4) by measuring the ar-
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Fig. 2. Determination of ETU in papaya peel and pulp by LC
with pulsed amperometric detection.

eas of the front and back portions of the peaks from
both detectors showed that the electrochemical de-
tector did not introduce significant tailing effects
(<1%). _

Fig. 2 shows the analysis of papaya pulp and peel
for samples spiked with 20 ppb of ETU prior to
homogenization, which corresponds to 5 ng inject-
ed on-column. The ETU detected corresponds to
recoveries of 112 and 80% for the peel and pulp,
respectively. These recoveries, and those from ba-
nana pulp (93%), are typical of the modified AOAC
procedure and are comparable to those obtained in
this laboratory from a variety of crops analyzed by
a particle beam LC-MS method [9]. The detection
limits (signal-to-noise ratio = 3) varied depending
on the sample, but were typically 5-10 ppb (1.25-
2.5 ng on-column). The major components of the
total noise were baseline disturbances from unre-
tained components and the presence of electroac-
tive interferences, especially in papaya peel, the
most complex matrix encountered. These limits
compare favorably with those obtained using the
mercury—gold amalgam working electrode reported
by Krause (1.25-2.5 ng) [5]. While no tolerances are
set for ETU levels in food crops, typical laboratory
detection limits are 10 ppb.

The chromatogram in Fig. 2 shows the presence
of at least two electroactive components in the pa-
paya peel sample. The presence of sulfur-containing
compounds in papaya skin has been reported previ-
ously [10]. The papaya pulp sample is essentially
free from electroactive components except ETU.
Chromatograms of control papaya samples showed
no ETU and had similar elution profiles of coex-
tractive components.
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ETU was also determined in groundwater ob-
tained from the Palolo section of the Pearl Harbor,
Honolulu basin aquifer. Control injections showed
no detectable ETU, so samples were fortified with
varying amounts of ETU prior to analysis. The am-
perometric detector response to ETU in groundwa-
ter was linear over more than two orders of magni-
tude (0.5-100 ng, r* =0.9995). The detection limit in
groundwater was estimated to be 5 ppb (0.5 ng)
with no sample preparation using 100-ul injections.

This study demonstrates the utility of pulsed am-
perometric detection for the detection of ETU in
environmental samples at levels comparable to
those previously obtained using d.c. amperometry
with a mercury-treated gold electrode [5]. The use of -
the pulsed waveform permits analyte detection and
the working electrode reconditioning required for
extended use with typical environmental samples
and minimum variation in detector response. In ad-
dition, the commercial availability of the gold
working electrode used in this study, which remains
functional with a minimum of conditioning, i.e., oc-
casional polishing that is easily incorporated into a
daily routine, represents an improvement in method
simplicity.
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ABSTRACT

Gas chromatography was used to determine the specific retention volumes at 20°C, V(20°C), for various hydrocarbons on different
microporous carbons. It was found that all microporous carbons can be used for the diffusive sampling of hydrocarbons with more than
four carbon atoms. Those hydrocarbons with more than seven carbon atoms have extremely high V. (20°C) values on these adsorbents,
whereas the ¥ (20°C) values for very light hydrocarbons (< C,) are almost all less than 100 /g, which shows that diffusive sampling may
not be suitable for them. It was also found that the adsorption of molecules occurs readily in those micropores which give the highest

isosteric heats of adsorption.

INTRODUCTION

The uptake rate of a diffusive sampler (DA/L) {1]
should be constant in an ideal case before the
saturation of adsorbents, as it depends only on the
geometry of the sampler (cross-sectional area, A,
and diffusion length, L) and the individual pollutant
vapour which has a particular diffusion coefficient
in air, D. However, this is true only for an optimized
adsorbent—adsorbate system. In practice, non-con-
stant sampling rates were observed [2,3], which are
related to the characteristics of the adsorption of the
adsorbate-adsorbent system concerned. Therefore,
in diffusive sampling, the optimum adsorbent has to
be selected for a particular analyte in order to keep
the analyte concentration at the adsorbent surface as
low as possible.

* Present address: Environmental Science Division, Lancas-
ter University, Lancaster LA1 4YQ, UK.
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The adsorbent for diffusive sampling can be
selected by determining the experimental uptake
rate [4], which should be similar to the ideal uptake
rate for the optimized adsorbate-adsorbent system.
It can also be selected by a much simpler method as
suggested by Brown and Walkin [3]. They proposed
that the strength of an adsorbent should be ex-
pressed as the retention volume of a particular
analyte at 20°C per gram of adsorbent, i.e., the
specific retention volume at 20°C. If this value
exceeds 100 1/g, the adsorbent should prove satisfac-
tory for diffusive sampling.

Microporous carbons are potential adsorbents
for diffusive sampling, especially for the sampling of
light hydrocarbons. In this paper, the results of the
specific retention volumes at 20°C for various
hydrocarbons on different microporous carbons are
reported; these can be used as a guide for the
sclection of adsorbents in the future diffusive sam-
pling work.

1991 Elsevier Science Publishers B.V. All rights reserved
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EXPERIMENTAL

Gas chromatographic measurements were made
using a Perkin-Elmer F30 gas chromatograph fitted
with a flame ionization detector. The carrier gas was
nitrogen (supplied by British Oxygen) at a flow-rate
of 35 cm?/min, which was controlled by the make-up
needle valve throughout the course of the experi-
ments. The column inlet pressure was measured by a
septum pressure gauge and the outlet pressure was
measured to be atmospheric. Retention measure-
ments were made over the temperature range 40—
380°C. The gas hold-up time (z,) was determined by
the homologus series method [5].

The hydrocarbons used were 1% calibration
standards for n-alkanes (methane to n-butane) and
n-alkenes (ethylene to n-butylene) from Phase Sepa-
rations and n-pentane to n-nonane, cyclohexane,
benzene, isopentane, 2-methylpentane and 2,2-di-
methylbutane from Aldrich. The details of the
sample preparation have been described previously
[6].

The adsorptive vapours were injected into the
carrier gas stream by means of a gas-tight syringe.
The on-line computer was started simultaneously
with injection. Sequences of injections were made
until retention volumes were reproducible to within
2% for at least three consecutive injections. The
specific retention volume, V,, was calculated from
the following equation:

Ve =273 (tg — to) Fo/T w (1)

where fy is the retention time of the adsorptive (min),
to is the gas hold-up time (min), T is the absolute
temperature (K), w is the weight of adsorbent in the
column (g) and F. is the volumetric carrier gas
flow-rate reduced to column temperature and mean
pressure (cm®/min).

The following microporous carbons were used.
Carbosieve B is a polymer-based molecular sieve
carbon, obtained from JJ’s Chromatography
(King’s Lynn, Norfolk, UK). Two charcoal cloths,
CCl1, a high burn-off charcoal with a much wider
range of pore size, and CC2, a low burn-off charcoal
cloth, were kindly supplied by Dr. J. J. Freeman of
Brunel University. The surface properties of these
carbons are given in Table I. The details of the
column preparation and conditioning have been
described previously [6].
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TABLE 1
SURFACE PROPERTIES OF ADSORBENTS

Ager = BET specific surface area; 4, = external area; V, and
V, = primary and secondary micropore volumes respectively,
from nitrogen « plot. For definition of «g see ref. 9.

Adsorbent Aper A Ve Vs
(m*/g) (m*g) [em’(ig)/g] [em(liq.)/g]
Carbosieve B 1174 51.5 0.45 0
CCl1 2074 60.5 0.23 0.98
CC2 1039 16.5 0.41 0

RESULTS AND DISCUSSION

It was found that under the conditions employed
almost all hydrocarbons gave nearly symmetrical
chromatographic peaks, except in a few instances,
such as 2,2-dimethylbutane on Carbosieve B and
n-octane and n-nonane on Carbosieve B and CC2.
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The specific retention volumes were calculated ac-
cording to eqn. 1 from the retention times. The
logarithms of the derived specific retention volumes
(l/g) were then plotted against the reciprocal of the
absolute column temperature. Representative log ¥,
vs. 1/T plots of different hydrocarbons for Car-
bosieve B, CCl and CC2 are shown in Figs. 1-5.
These plots are almost all linear over a wide range of
temperature, although there is a slight curvature in
some instances.

The specific retention volumes at 20°C were
obtained for each hydrocarbon by extrapolating the
slope of each line in the log ¥, vs. 1/T plots. The
derived values of the specific retention volumes at
20°C for each hydrocarbon are given in Table I. The
Ve (20°C) values for 2,2-dimethylbutane on Car-
bosieve B and n-octane and n-nonane on Car-
bosieve B and CC2 cannot be determined because of
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the severe asymmetry of the chromatographic bands
(tailing) and the problem of irreproducible retention
data.

It can be seen from the results in Table II that the
specific retention volumes at 20°C generally increase
with increasing molecular weight of the hydrocar-
bons. The values of ¥, (20°C) for hydrocarbons with
more than four carbon atoms all exceed 100 1/g,
which indicates that all these adsorbents can be used
for the diffusive sampling of these hydrocarbons.
However, owing to difficulies with desorption, pol-
ymer adsorbents that have much lower specific
surface areas (such as Tenax) should be used for the
diffusive sampling of hydrocarbons with more than
seven carbon atoms instead of microporous carbons
on which these hydrocarbons have extremely high
V, (20°C) values. In contrast, even for CC1, which
has the highest specific surface area (2074 m?/g) of
the adsorbents, the values of ¥, (20°C) for hydrocar-
bons with less than three carbon atoms, i.e., methane
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to propane, ethylene and propylene, are still far less
than 100 /g, except for propane on Carbosieve B,
which shows that diffusive sampling may not be
suitable for these very light hydrocarbons or the
accuracy of their diffusive sampling measurement
will be very poor compared with the pumped
method.

It is interesting that, similarly to the findings for
the isosteric heats of adsorption values, ¢* [6], the
corresponding V, (20°C) values for n-alkanes and
n-alkenes generally decrease in the order Car-
bosieve B > CC1 > CC2, i.e., Carbosieve B, which
possesses a homogeneous pore structure, gives high-
er V, (20°C) values than CCl, which has a much
broader range of pore sizes, which indicates that
adsorption occurs readily in those micropores which
give the highest isosteric heat of adsorption. In
contrast, the ¥, (20°C) values for hydrocarbons with
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Fig. 5. Plots of log ¥, against 1/T for hydrocarbons on CC1. O =
Isopentane; [] = cyclohexane.

branched chains or bulky shapes on CC1 are higher
than those on the other two adsorbents. This may be
due to the wider micropores in CCl, in which there
may be an enhancement of the adsorption energy for
adsorption of bulkier molecules, because the en-
hancement in ¢* depends on the ratio of micropore
width to molecular diameter [7], and the adsorptive
molecules of different size will tend to adsorb
preferentially in slightly different parts of the micro-
pore structure [8].

The other phenomenon which is also similar to
previous findings for ¢ [6] is that the V, (20°C)
values of straight-chain hydrocarbons are higher
than those of hydrocarbons with branched chains or
bulky shapes, which may indicate the molecular
sieving properties of these adsorbents. For all ad-
sorbents, the ¥, (20°C) values generally decrease in
the order n-pentane > isopentane, n-hexane >
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TABLE II

SPECIFIC RETENTION VOLUMES AT 20°C FOR HY-
DROCARBONS ON DIFFERENT ADSORBENTS

Hydrocarbon V, (20°C)

Carbosieve B CC1 cC2
Methane 0.12 0.13 0.05
Ethane 5.8 [.1 1.2
Propane 330 50 52
n-Butane 1.9.10* 5.1.10° 1.8 - 10°
n-Pentane 5.0-10° 1.7-10°5  28.10%
n-Hexane 7.6 - 108 6.1 - 106 1.2 108
n-Heptane 4.0 - 10° 3.9 - 108 42107
n-Octane — 1.8 - 10 —
n-Nonane - 1.5-101% —
Ethylene 0.80 0.68 0.62
Propylene 45 33 34
n-Butylene 1.2 - 103 1.1-102 1.0 - 103
Benzene 2.8-10° 9.2-10° 20-10°
Cyclohexane 2.6 - 10° 1.0 - 108 1.2-10°
Isopentane 2.3-10° 3.7-104 42.10*
2-Methylpentane 2.8 - 10° 33-105 26 10°
2,2-Dimethylbutane — 2.2 - 108 1.6 10°

2-methylpentane > 2,2-dimethylbutane > cyclo-
hexane ~ benzene, which may be explained by
assuming that generally a linear conformation will
allow the greatest interactions between surface and
adsorbate, whereas with a branched structure the
interaction between surface and adsorbate is
weakened because some carbon atoms are relatively
far away from the surface.
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CONCLUSIONS

The specific retention volumes at 20°C provide a
very simple method fo the selection of adsorbents for
diffusive sampling. The results show that all micro-
porous carbons can be used for the diffusive sam-
pling of hydrocarbons with more than four carbon
atoms. However, for hydrocarbons with more than
seven carbon atoms, which have extremely high ¥,
(20°C) values, these adsorbents may not be suitable
owing to the difficulties with desorption. The ¥,
(20°C) values for hydrocarbons with less than three
carbon atoms are almost all less than 100 1/g, which
indicates that diffusive sampling may not be suitable
for these very light hydrocarbons. The results also
show that the adsorption of molecules occurs readily
in those micropores which give the highest isosteric
heats of adsorption.
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ABSTRACT

Synthesized glucobrassicin, an indole glucosinolate present in rape, was submitted to exogenous enzymatic degradation with com-
mercial myrosinase at two different pH values. Organic products were analysed after silylation by gas chromatography using a
thermoionic detector. Three products (3-indolemethanol, 3-indoleacetonitrile and 3,3'-diindolylmethane) were identified by compari-
son with the retention times of silylated authentic materials and by gas chromatography—mass spectrometry. Two different degradation
schemes were proposed according to the pH conditions: 3-indoleacetonitrile was obtained at acidic pH and 3,3'-diindolylmethane at
neutral pH. The synthetic glucobrassicin thus behaved in the same manner as the natural product.

INTRODUCTION

Glucosinolates are an important class of com-
pounds widely distributed in all crucifer plants
[1-3]. Much work has been devoted to the rape: the
meal remaining after oil extraction can be fed to
livestock, but in limited amounts as it contains
some of these glucosinolates. During processing of
seeds, they are broken down by an endogenous en-
zyme, myrosinase (E.C. 3.2.3.1) to give, in partic-
ular, organic isothiocyanates, nitriles, oxazolidi-

0021-9673/91/$03.50  ©

nethiones and thiocyanate ion [1-3]. These deriv-
atives have been found to be harmful when con-
sumed by humans and animals [1-3]. Thyroid, liver
and kidney diseases are known to occur in mono-
gastric animals [1-5].

Nowadays, new varieties named double low rape-
seed (00 rapeseed), which contain less glucosino-
lates, are cultivated. However, this genetic improve-
ment has affected only the aliphatic fraction. The
indole glucosinolates (Fig. 1) represent the major
part of the total glucosinolate content [6].

1991 Elsevier Science Publishers B.V. All rights reserved
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It has been shown that they are susceptible to
thermal degradation leading to the formation of
thiocyanate ions [6-8]. Nitriles have also been ob-
tained in rape seeds and meals [9,10]. Enzymatic
degradation of natural glucobrassicin has been de-
scribed [11]. Nevertheless, the separation and puri-
fication of indole glucosinolates are very tedious
[12] and it seems that complete degradation
schemes are to be found only by using pure com-
pounds. We took advantage of a recently developed
synthesis of glucobrassicin [13] to make an exog-
enous enzymatic degradation study of this glucosi-
nolate at acidic and neutral pH.

EXPERIMENTAL

Materials

Glucobrassicin was synthesized as described by
Viaud and Rollin [13] with a slight modification: the
intermediate 3-(2-nitrovinyl)indole was prepared by
the condensation of indole and 1-dimethylamino-2-
nitroethylene [14]. 3-Indoleacetonitrile and pyridine
were obtained from Merck, myrosinase from Sigma
and bis(trimethylsilyl)trifluoroacetamide (BSTFA)
from Pierce. 3-Indolemethanol was obtained by so-
dium borohydride reduction of the corresponding
aldehyde [15].

To prepare 3,3'-diindolylmethane, 3-indolemeth-
anol hydrate (1 g) (Aldrich) and distilled water (50
ml) were placed in a 100-ml flask equipped with a
condenser and heated with magnetic stirring for 18
h under reflux. The solid was dissolved in ethyl ace-
tate and the solution was dried (magnesium sul-
phate), filtered and concentrated in vacuo. Recrys-
tallization from methanol afforded an orange solid
(490 mg; m.p. 162-163°C; lit. [16] m.p., 164-165°C).
'H NMR (300 MHz, DMSO-dg), § (p.p-m.): 4.12
(s, 2H, CHy); 6.90 (dd, 2H, Hs, Jys_y, = 7.1 Hz);
7.02 (dd, 2H, He); 7.11 (d, 2H, H,, Jupnuy = 1.5
Hz); 7.31(d, 2H, H7, Jug_u, = 8.2 Hz); 7.51 (d, 2H,
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Ha, Jusns = 7.9 Hz); 10.72 (m, 2H, NH). 13C
NMR (62 MHz, DMSO-dg), § (p.p.m.): 20.87
(Ci0); 111.25 (C-); 114.14 (C5); 117.97 (Cs); 118.62
(Ca); 120.67 (Cq); 112,71 (C,); 127.13 (Cg); 136.33
(Co).

Enzymatic hydrolysis of glucobrassicin
Glucobrassicin (10 mg) was weighed into a 10-ml
tube. Buffer solution (5 ml; pH 3 or 7) and a few
milligrams of myrosinase were then added. The ho-
mogenized solution was kept at 37°C for 4 h. Or-
ganic products were extracted with hexane (2 x 5
ml). The extracts were concentrated under a slow
flow of nitrogen and the residue was silylated with
50 pl of pyridine and 50 ul of BSTFA at room tem-
perature. Analysis was performed after 5 min.

Gas chromatographic conditions

Gas chromatographic analysis was carried out on
a Delsi DI-700 gas chromatograph with thermoion-
ic detection (TID). A fused-silica column (25 m x
0.32 mm 1.D.) with a 0.2-um coating of SE-30 was
used. The carrier gas (helium) pressure was 0.8 bar;
the splitting ratio was 1:50. The oven temperature
was programmed from 100 to 280°C at 5°C min~!.
The injector and detector temperatures were 320°C.

Gas chromatography-mass spectrometry

The instrument used was an Intersmat IGC 121
M gas chromatograph linked via a direct inlet to a
Micromass VG 16-F mass spectrometer. The col-
umn was a 25 m x 0.22 mm L.D. fused-silica capil-
lary column with a 0.25-um coating of BP-1. The
injection port temperature was 280°C, helium was
used as the carrier gas at a pressure of 1.0 bar and
the oven temperature was programmed from 130 to
300°C at 4°C min~". Positive-ion electron impact
mass spectra were recorded at 70 eV. Spectra were
swept from 20 to 700 u at 0.5 s per decade.

Mass spectra of silylated reference products are

OH
Ry s o OH
— / Ry=R;=H glucobrassicin
CH,—C \\ OH
I N—OSOC;) Ri=OH R;=H 4-hydroxyglucobrassicin
Ry= OCH; R;= H 4-methoxyglucobrassicin

N .
i R;=H Ry= OCH; neoglucobrassicin
R,

Fig. 1. Major indole glucosinolates in rapeseed.
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s&
OH H. 0 D-glucose R—Cy ] sulfate ion
4
R—C OH
N (5] —N=
N-050; myrosinase Lossen R—N=C=S + other products
S rearrangement
R—c”
NOSQ,

Fig. 4. General breakdown of glucosinolates.

given in Fig. 2. (The mass spectrum of the trimeth-
ylsilyl derivative of 3-indolemethanol differs consid-
erably from that in the Wiley/NBS Registry of Mass
Spectral Data [17]).

RESULTS AND DISCUSSION

Gas chromatograms of the trimethylsilylated de-
rivatives of enzymatic degradation products of glu-
cobrassicin are shown in Fig. 3. Hydrolysis prod-
ucts at pH 3 and 7 are shown in Fig. 3A and B,
respectively, followed by a mixture of pure silylated
products (Fig. 3C). Identification was confirmed by
gas chromatography-mass spectrometry.

As can be seen, two different mechanisms were
evidenced in the enzymatic degradation of gluco-
brassicin: at pH 3, the only detected product was
3-indoleacetonitrile; at pH 7, the predominant com-

S—Glucose
m SOy
N

pH7 |

. H
myrosma'se/
: ~CH,NCS
N

!
H

not detected

pound (>98%) was 3,3'-diindolylmethane, with a
trace (<2%) of 3-indolemethanol.

Unambiguously, 3,3'-diindolylmethane comes
from the self-condensation of the corresponding al-
cohol, certainly via a mechanism described previ-
ously [18]. It is well documented that myrosinase
(thioglucoside glucohydrolase) cleaves the S—glu-
cose bond to give, after desulphation, an isothio-
cyanate (Fig. 4), commontly observed with aliphatic
glucosinolates [1-3].

With glucobrassicin, this compound has never
been evidenced despite many trials [8]. (Neverthe-
less, in recent work dealing with the degradation of
neoglucobrassicin, the corresponding isothiocya-
nate was evidenced under particular experimental
conditions [19]). It appears that it is unstable and
immediately yields 3-indolemethanol and thiocya-
nate ion.

pH3
myrosinase

|
A — 0o T
! o

<2% >98 %

Fig. 5. Enzymatic hydrolysis of synthesized glucobrassicin.
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ABSTRACT

The application of supercritical fluid chromatography (SFC) with modified carbon dioxide for the separation of polymethoxylated
flavones (PMFs) is reported. The chromatographic system consists of a bare silica column (250 x 4.6 mm LD.) with a carbon
dioxide-methanol mobile phase and UV detection (313 nm). Selectivities are found to be different with this SFS system than with
high-performance liquid chromatography (HPLC). All these naturally occurring PMFs (sinensetin, nobiletin, tangeretin, heptamethox-

yflavone, tetramethylscutellarein) could be satisfactorily determined using an internal standard. The method was applied to the determi-
nation of PMFs in several Citrus oils. The SFC procedure is considerably faster than HPLC with good resolution and an adequate

accuracy for the quantitative identification of PMFs.

INTRODUCTION

Flavones, which are widespread in the vegetable
kingdom, generally occur as hydroxylated or glyco-
sylated derivatives [1]. Polymethoxylated flavones
(PMFs) constitute a special group which are present
in certain Citrus species. The peel of these fruits
contains higher concentrations of PMFs than their
leaves or juices. Flavonoid determination is useful

* Present address: Dionex S.A., 103 av. Grenier, 92100 Bou-
logne, France.

0021-9673/91/$03.50

in chimiotaxonomic studies on Citrus and to au-
thenticate Citrus oils. Many papers have been pub-
lished on the determination of PMFs by high-per-
formance liquid chromatography (HPLC) [2-11].
The results of supercritical fluid chromatographic
(SFC) separations of PMFs with carbon dioxide on
silica-packed columns are described in this paper.

EXPERIMENTAL

Separations were performed on a stainless-steel
column (250 mm x 4.6 mm I.D.) packed with Du-

© 1991 Elsevier Science Publishers B.V. All rights reserved
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Pont Zorbax silica (5 um) equipped with a preco-
lumn (50 mm x 4.6 mm I.D.) filled with the same
silica. The mobile phase, carbon dioxide (N 45
grade, 99,995% purity) (Air Liquide, Bois d’Arcy,
France) was pumped through the system by a Var-
ian (Palo Alto, CA, USA) Model 2510 pump. The
polar modifier (HPLC-grade methanol; Rathburn
Chemicals, Walkerburn, UK) was added using a
Gilson (Villiers-le-Bel, France) Model 302 pump.
The two solvents were mixed in a Gilson mixing
chamber. The pump heads were cooled at 4°C to
promote filling of the pump with liquid mobile
phase from the carbon dioxide tank. Samples were
introduced onto the column via a Rheodyne Model
7010 injector fitted with a 20-ul sample loop. A Var-
ian Model 2550 variable-wavelength UV detector,
equipped with an 8-ul high-pressure flowcell, was
set at 313 nm (range 0.08 a.u.f.s.). The pressure was
controlled by a manual back-pressure regulator
(Model 26-3220-24004, Tescom, MN, USA) con-
nected in series after the detector and maintained at
40°C by a water-bath. All stainless-steel tubing be-
tween the injector and the column, and also be-
tween the outlet of the column and the pressure reg-
ulator, was immersed in a water-bath at 40°C to
reduce detector noise.

The PMFs used as standards in this work were
donated from several sources.

RESULTS AND DISCUSSION

The major aim of this study was to investigate the
ability of packed columns for SFC separation of the
PMFs. These compounds have the basic flavone
structure shown in Table I. As they differ only in the
position and the number of methoxy groups on the
A, B and C rings of the flavone, differences in polar-
ity and solubility are weak and difficult to interpret.
Owing to the similar chemical structures of these
compounds, a bare silica stationary phase with a
high specific surface area was considered to give
higher selectivity than a partitioning stationary
phase, and used for this work. All these flavones
have their UV absorbance maxima in the range
310-350 nm range [2].

A pure carbon dioxide mobile phase was first
tested, but none of the PMFs in Table I could be
eluted from Zorbax silica-packed columns at 40°C
and 300 atm. As expected on such a column, the

SHORT COMMUNICATIONS

TABLE I

STRUCTURES OF POLYMETHOXYLATED FLAVONES
(1]

PMF Systematic name

Tangeretin 5,6,7,8,4'-Pentamethoxyflavone

Heptamethoxyflavone 3,5,6,7,8,3' ,4’-Heptamethoxy-
flavone

Nobiletin 5,6,7,8,3",4'-Hexamethoxyflavone

Sinensetin 5,6,7,3",4'-Pentamethoxyflavone

Tetramethylisoscutellarein 5,8,7,4'-Tetramethoxyflavone
Isosinensetin 5,7,8,3,4'-Pentamethoxyflavone
Tetramethylscutellarein 5,6,7,4'-Tetramethoxyflavone
Hexamethoxyflavone 3,5,6,7,3',4’-Hexamethoxyflavone

flavonoids were strongly adsorbed on the activated
silanol sites present in the column and the elution
strength of pure carbon dioxide was not sufficient
for these medium-polarity compounds.

Methanol—carbon dioxide mixtures as mobile phase

The addition of methanol to supercritical carbon
dioxide alters the retention in packed-column SFC
by masking the active silanol sites. A preliminary of
the separation of a test mixture containing five
PMFs was carried out to determine their retention
behaviour on a bare silica column using supercrit-
ical carbon dioxide modified with methanol in the
range 5-30%. The capacity factor of each flavone
(tangeretin, nobiletin, sinensetin, tetramethyliso-
scutellarein and isosinensetin) on a Zorbax silica
column was determined at the constant temperature
(40°C) for several different methanol contents in
carbon dioxide (Table II). Each solute was injected
four times and the relative standard deviation
(R.S.D.) of the capacity factor was less than 0.5%.
The elution order obtained on a silica column with
a carbon dioxide-methanol mixture as mobile
phase is the same that observed in adsorption
HPLC with heptane—ethanol or heptane—isopropa-
nol mixtures [1], and the opposite of the elution or-
der in reversed-phase HPLC [9,10]. In our work, the
retention behaviour observed on the silica column
confirms that the retention mechanism is based on
adsorption of solutes on silanol groups. Tangeretin
and heptamethoxyflavone, which contain five and
seven methoxy groups, respectively, elute before
nobiletin and tetramethylisoscutellarein, which
contain six and four methoxy groups, respectively.
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TABLE II
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INFLUENCE OF METHANOL ADDED TO CARBON DIOXIDE ON THE CAPACITY FACTORS OF POLYMETHOXY -

LATED FLAVONES

Stationary phase, Zorbax silica (250 mm x 4.6 mm L.D.); outlet pressure, 200 atm; temperature, 40°C.

Methanol Capacity factor (k")
(%, viv)
Tangeretin ~ Nobiletin Sinensetin Isoscutellarein  Isosinensetin
5 3.94 5.64 15.35 21.00 -
7 2.40 3.34 5.75 8.35 11.00
10 1.55 2.25 3.60 4.75 5.00
20 0.56 0.73 1.17 1.52 -
30 0.40 0.50 0.76 0.99 -

This indicates that the flavonoid retention is deter-
mined not only by the number of methoxy groups
present, but also by steric effects to an extent that
becomes greater as the number of methoxy groups
increases. Similar effects were observed in HPLC
and reported by Bianchini and Gaydou [1], who
studied the retention of seventeen polymethoxylat-
ed flavones on a silica packing (LiChrosorb Si 60)
using mainly n-heptane—ethanol (75:25, v/v) or a-
heptane-isopropanol (60:40, v/v) as mobile phase.
They discussed the influence of both position and
number of methoxy groups in the flavonoid skele-
ton on the retention. We observed in SFC the same
sequence for the capacity factors as obtained by Bi-
anchini and Gaydou using adsorption HPLC.

An increase in methanol content results in en-
hanced solute solubility, a decreased solute adsorp-
tion and, consequently, a decrease in retention (Ta-
ble II); nevertheless, no improvement in selectivity
occurred in the 5-20% methanol range for these
solutes.

Retention effects could be simply discussed in
terms of additivity rules. For example, consider the

TABLE III

logarithms of retention values with 7% modifier. A
hypothetical 5,7,4'-trimethoxyflavone would have a
log k&’ of 1.16. Introducing the increments I =
—0.53, Iz = —0.24 and 15, = +0.13 for substi-
tuents in positions 6, 8 and 3', respectively, experi-
mental and calculated log k' values compared as
shown in Table II1. A methoxy group in position 3
decreases the retention (see the elution order of hep-
tamethoxyflavone and nobiletin), whereas a me-
thoxy group in position 3’ increases the retention
(see the capacity factors of tangeretin and nobile-
tin). Finally, methoxy groups in positions 3’ and 4'
contribute to an increase in the capacity factors
(tangeretin and heptamethoxyflavone).

The SFC analysis of a standard mixture of six
polymethoxylated flavones was carried out in less
than 12 min using silica as the stationary phase, as
shown in Fig. 1. The resolution between nobiletin
and heptamethoxyflavone is greater than 1.5,
whereas reversed-phase HPLC needed the use of
water—tetrahydrofuran solvent to resolve these two
compounds satisfactorily [8,9].

Fig. 2a and b show chromatograms of the same

EXPERIMENTAL AND CALCULATED LOG &' VALUES FOR POLYMETHOXYLATED FLAVONES

Stationary phase, Zorbax silica (250 mm x 4.6 mm 1.D.); outlet pressure, 200 atm; temperature, 40°C; mobile phase, carbon dioxide

modified with 7% of methanol.

Parameter 5,7,4'-Trimethoxy- Tangeretin Nobiletin Sinensetin Tetramethyliso- [sosinensetin
flavone scutellarein

(Log k). - 0.380 0.524 0.760 0.922 1.04

(Log k") ogye. 1.160 0.390 0.520 0.760 0.920 1.05
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flavonoid mixtures with different carbon dioxide
and methanol flow-rates; at high flow-rate these sol-
utes elute in 2 min without any significant loss of
efficiency and resolution.

ﬁr{‘”LKLJL,L

—

) a 8

—

time(r;in)

Fig. 1. SFC separation of synthetic mixture of polymethoxylated
flavones. Column, 250 mm x 4.6 mm 1.D.; stationary phase,
Zorbax (5 pum) silica; mobile phase, carbon dioxide modified
with 10% of methanol; inlet pressure, 220 atm; outlet pressure,
200 atm; column temperature, 40°C; carbon dioxide flow-rate, 3
ml/min; methanol flow-rate, 0.3 ml/min; UV detection at 313
nm. Solutes: | = tangeretin; 2 = heptamethoxyflavone; 3 =
nobiletin; 4 = sinensetin; 5 = tetramethylisoscutellarein; 6 =
isosinensetin.
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Linearity of response and detection limits

The determination of the flavones was achieved
using the described SFC system. Linearity ranges of
peak area versus PMF concentration were establish-
ed for the UV detector set at 313 nm by injecting 20
ul of the first sinensetin standards of various con-
centrations (238, 166, 142, 119, 100, 71, 47 and 25
p.p-m.) and second the tangeretin standards (196,
153, 130, 96, 65, 48 and 24 p.p.m.) (Fig. 3). The UV
detector responses of these two flavones were linear
in this concentration range up to 5 pg. Detection

uuUL ;rw

0 4 8 time(min) 1 2 time(min)
Fig. 2. Rapid separation of polymethoxylated flavones by
packed-column SFC. Conditions as in Fig. 1, except as follows:
(a) carbon dioxide flow-rate 3 ml/min, methanol flow rate 0.3
ml/min, inlet pressure 220 atm; (b) carbon dioxide flow-rate 9
ml/min, methanol flow-rate 0.9 ml/min, inlet pressure 258 atm.
Solutes: 1 = tangeretin; 3 = nobiletin; 4 = sinensctin; 5 =
tetramethylisoscutellarein.
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PEAK AREA
d

T T v T r 1
0 100 200 300
concentration (p p m)

Fig. 3. Quantitative relationship between flavone peak area and
concentration. Inlet pressure, 220 atm; outlet pressure, 200 atm;
column temperature, 40°C; UV detection at 313 nm; Volume
injected, 20 ul; sample dissolved in ethanol. Solutes: 1 = sinense-
tin; 2 = tangeretin.

limits (signal-to-noise ratio = 2) were 2.5 p.p.m. for
tangeretin (50 ng) and 1.6 p.p.m. for sinensetin (32
ng).

Analysis of Citrus oils

In some instances, an internal standard (couma-
rin) was added to the Citrus oils in order to facilitate
the identification of the peaks by comparison of
their capacity factors. Finally, PMFs were deter-
mined in an orange oil (Fig. 4) and a tangerine oil
(Fig. 5).

CONCLUSIONS
Packed-column carbon dioxide SFC appears to

be useful for rapid analyses of the main polymeth-
oxylated flavones in Citrus oils. Carbon dioxide
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ML

0 4 8

-

»
time (min)

Fig. 4. SFC of the polymethoxylated flavones in orange oil. Con-
ditions as in Fig. 1; orange oil diluted 1:15 in ethanol. Solutes:
LS. = internal standard (coumarin); 1 = tangeretin; 2 = hepta-
methoxyflavone; 3 = nobiletin; 4 = sinensetin; 7 = tetramethyl-
scutellarein; 8 = hexamethoxyflavone.

modified with 10% of methanol was found to elute
all the PMFs from a bare silica stationary phase.
The SFC analysis is faster than reversed-phase
HPLC, with a fair resolution and accurate and re-
producible retention times and peak-area determi-
nations.
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NKJU 8 4

0 a 8 time(min

Fig. 5. SFC of the polymethoxylated flavones in tangerine oil.
Conditions as in Fig. 1; tangeretin oil diluted 1:15 in ethanol.

Solutes as in Fig. 4.
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Determination of cimetidine in pharmaceutical
preparations by capillary zone electrophoresis
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ABSTRACT

A method was developed for the determination of cimetidine (the active ingredient in the ulcer medication Tagamet) in the commer-
cial preparations in which it is sold. Samples were dissolved, diluted and extracted with petroleum ether before capillary zone electro-
phoresis in 20 mM phosphate buffere at pH 7. Analysis of over 60 samples from commercially available formulations gave relative

standard deviations of 1.9 to 6.4%.

INTRODUCTION

Cimetidine is a first-generation anti-ulcer drug
manufactured by Smith Kline and French (Bee-
cham), and sold :under the trade name Tagamet.
Many analytical procedures for cimetidine are
available, and these methods have been applied
commonly to body fluids. The most widely used is
high-performance liquid chromatography (HPLC),
typically employing UV absorbance detection at
228-229 nm [1-5]. Differences in the cited proce-
dures are in extraction, sample type, internal stan-
dard, or interfering compounds. Less-commonly
employed procedures use colorimetry [6,7], titration
[8], polarography [9], and even ion-selective eclec-
trodes [10].

Most pharmaceutical work with capillary zone
electrophoresis (CZE), and its relative, micellar
electrokinetic capillary chromatography (MECC),
has been of a qualitative nature [11-13]. CZE was
investigated as the basis of a method, in the present
application, in order to take advantage of the speed,

0021-9673/91/$03.50 ©

separating capability, and small sample require-
ment of the technique. The underutilized quantita-
tive potential of this technique is also thus illustrat-
ed.

EXPERIMENTAL

Chemicals and reagents

Phosphoric acid, potassium hydroxide, hydro-
chloric acid, light petroleum (b.p. 30-75°C) and
phenol were ACS grade and purchased from VWR
Scientific (Irving, TX, USA). Cimetidine was ob-
tained from ICN Biomedicals (Costa Mesa, CA,
USA) and kept in refrigerated storage. Commercial
cimetidine pharmaceuticals were obtained at a local
pharmacy.

Electrophoretic system

The electrophoretic system employed a Hipo-
tronics 840A 0-30KVDC (Hipotronics, Brewster,
NY, USA) power supply. The 80-cm, 50 ym L.D.
capillary (No. TSP050375, Polymicro Technolo-

1991 Elsevier Science Publishers B.V. All rights reserved
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gies, Phoenix, AZ, USA) was fitted with an on-col-
umn detector (model CV#, ISCO, Lincoln, NE,
USA) 24 cm from the negative (grounded) termi-
nus. The positive electrode was enclosed in a
plexiglass box to prevent electrical shock. Signals
were detected concurrently by a 0-1 mV recorder
(BD40, Kipp en Zonen, Delft, Netherlands) and an
integrator (Model 4290, Varian Associates, Walnut
Creek, CA, USA). Sample degassing was accom-
plished using a Branson 2200 (Branson Ultrasonics,
Danbury, CT, USA) ultrasonic cleaner.

Instrumental and chemical parameters for electro-
phoresis

Resolution and peak symmetry were found to be
optimized in a buffer of 20 mM phosphate at pH 7,
prepared by titrating a 20 mM solution of H3PO,
to neutrality with 20% potassium hydroxide. Ini-
tially, the capillary was forcibly syringe-purged, and
the reservoirs at the capillary termini were filled
with buffer, following degassing of the phosphate
solution for 15 min using sonication and aspirator
vacuum. Subsequently, degassing the reservoirs on-
ly was usually sufficient.

The UV spectrum of cimetidine showed a single
peak at the wavelength employed, 220 nm. An elec-
tropherogram of a mixture of cimetidine (5.6 - 1073
g/ml) and the chosen internal standard, phenol (8 -
1072 g/ml) in buffer is shown in Fig. 1. Separations,
performed at 25 kV, gave currents of 25-40 pA.

Samples were introduced by 10-s immersions of
the entrance end of the capillary into sample solu-
tion elevated 25 cm above the exit reservoir level.
Estimates of sample size, using a method previously
reported [14] indicated that ca. 5 nl was injected in
the 10-s period.

Pharmaceuticals assay

Preparation of the calibration curve for use in
assaying the pharmaceutical preparations was ac-
complished by first preparing stock solutions of ci-
metidine (ca. 0.07 g/100 ml) and phenol (ca. 0.08
£/100 ml) in pH 7 phosphate buffer. Five standards,
each containing 5 ml of the phenol solution, and 2,
4, 6, 8, and 10 ml, respectively, of the cimetidine
solution were placed in 50-ml volumetric flasks,
then made to volume with phosphate buffer. Dupli-
cate 10-s injections of each were made after degass-

SHORT COMMUNICATIONS

Recorder Response
[+

0.0 T T
0 5 10 15
Time, Minutes

Fig. 1. Electropherogram of CZE separation of (a) cimetidine
and (b) phenol in 20 mM phosphate buffer, pH 7.

ing. The average peak area ratios, when graphed vs.
concentration, showed the expected linearity.

The amount of cimetidine in tablets was deter-
mined by placing one tablet in a 250-ml volumetric
flask, adding phosphate buffer to the mark, and
stirring overnight on a magnetic stirrer. A 10-ml
aliquot was transferred to a 100-ml volumetric
flask, 10 ml of phenol solution added, and the flask
made to volume with phosphate buffer. A 50-ml
aliquot of this final solution was extracted twice
with 25 ml light petroleum, and the extracts were
discarded. Duplicate 10-s injections were made af-
ter degassing. The only variation to be noted is that
5-ml aliquots of the 250-ml initial solutions were
used on the 800-mg tablet samples, in order to keep
the peak area ratios within the limits of the cali-
bration curve.

Tagamet liquid preparations (label claim 300
mg/5 ml) were assayed by pipetting 5 ml of the
liquid into 250-ml volumetric flasks, then diluting
to volume with phosphate buffer. Aliquots of 10 ml
of this solution were then treated the same as the
10-ml aliquots of the tablet solutions above.

Injectable preparations followed a similar proto-
col to the liquids described above. The entire 2 ml
contents of each vial were emptied into 250-ml vol-
umetric flasks which were made to volume with
phosphate buffer; 10 ml aliquots were used for de-
termination as before. The results of over 60 assays
of commercial preparations are summarized in Ta-
ble I. Tabular values were calculated from the aver-
age of duplicate peak area ratios, using the slope
and intercept of the best-fit line for the cimetidine
standard solutions.
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RESULTS AND DISCUSSION

Assay parameters

The linear range of instrument response, as
shown by increases in peak area ratios with increas-
ing cimetidine concentration, is demonstrated in
Fig. 2. Above approximately 1.8 - 10~# g/ml, direct
proportionality is lost. At this concentration, the
detector response is maximized, and further in-
creases are not able to be measured.

Initial quantitation attempts utilized measure-
ment of relative peak heights as an estimate of cime-
tidine level. Much more consistent values were
obtained if relative peak areas are used. Twenty du-
plicate injections of the same sample (heights hand-
measured from the recorder trace, areas taken from
the electronic integrator) gave a relative standard
deviation of 3.3% for peak height ratios, 1.8% for
peak area ratios.

Since the internal standard, phenol, was neutral
at the chosen pH, it migrates with the electroosmot-
ic flow; however, no problems associated with this
coincidence were noted. All pharmaceutical prep-
aration types were analyzed, and no problems with
interferences were encountered.

Capillary performance deterioration

When pharmaceuticals were diluted and the solu-
tions introduced into the capillary without pretreat-
ment, successive electropherograms showed poorer
resolution, smaller peaks, and a more erratic base-
line. The light petroleum extraction in the proce-
dure eliminated this problem; after extraction, cap-

TABLE I
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Fig. 2. CZE linearity response test: cimetidine peak area/phenol
peak area as a function of cimetidine concentration.

illary performance remained constant over hun-
dreds of samples. Repeated light petroleum extrac-
tions of pure solutions of cimetidine and internal
standard showed the peak area ratio is unaffected
by this step.

Sample dissolution time

Tablet samples which stood in buffer solution
showed cimetidine peaks which increased in size for
several hours. After standing overnight, the peaks
stabilized at a maximum, therefore tablet samples
were stirred overnight before dilution, extraction
and assay. Similar observations were not noted in
the liquid and injectable preparations; they could be
determined immediately.

Comparison with existing methods
One HPLC method for cimetidine and its degra-
dation products in preparations which included

SUMMARY OF ANALYSES OF PHARMACEUTICAL PREPARATIONS

Preparation Number Amount CZE method results (mg) R.S.D?
of (mg)" ; (%)
samples Avg. High Low

Tablet 14 200 212 232 196 6.4

Tablet 14 300 314 335 290 3.9

Tablet 14 400 402 411 380 23

Tablet 5 800 830 870 790 35

Liquid 10 300/5 ml 327 339 314 2.7

Injectable 10 300/2 ml 324 332 314 1.9

“ Manufacturer’s stated amount.

b R.S.D. = Relative standard deviation.
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tablets [15] had relative standard deviations which
ranged up to 7.1%, while another in biological
fluids had coefficients of variation of as much as
20% [16]. Therefore, CZE is at least comparable in
precision, while requiring fewer manipulations, a
much smaller sample, and less time than the more
common methods. Extraction and pretreatment,
usual in HPLC, is simple here, and the CZE method
requires less operator skill.
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