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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
together 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 / DA1. 210.00
ISBN 0-444-42681-7

ELSEVIER SCIENCE PUBLISHERS

P.O. Box 211, 1000 AE Amsterdam, The Netherlands

A W

P.O. Box 1663, Grand Central Station, New York, NY 10163, USA



Quantitative Gas Chromatography
for Laboratory Analyses and
On-line Process Control

by G. GUIOCHON and C.L. GUILLEMIN

(Journal of Chromatography Library, 42)

This is a book which no chemical
analyst should be without!

It explains how quantitative gas
chromatography can - or should -
be used for accurate and precise
analysis. All the problems involved
in the achievement of quantitative
analysis by GC are covered,
whether in the research lab, the
routine analysis lab or in process
control.

The discussion of the theoretical
background is restricted to essen-
tials. It is presented in a way that is
simple enough to be understood by
all analytical chemists, while being
complete and up-to-date.

Extensive and detailed descriptions
are given of the various steps in-
volved in the derivation of precise
and accurate data. This starts with
the selection of the instrumentation
and column, continues with the
choice of optimum experimental

conditions, then calibration and
ends with the use of correct proce-
dures for data acquisition and
calculations. .

Finally, there is almost always a

way to reduce errors and an entire
chapter deals with this single issue.
Numerous examples are provided.

A lexicon explaining the most imp-
ortant chromatographic terms and
a detailed index complete the book.

This is a book which should be on
the library shelf of all universities,
instrument companies and any
laboratory and plant where gas
chromatography is used.

1988 780 pages
US$ 165.75 / Dfl. 315.00
ISBN 0-444-42857-7

A brochure describing the contents of
this book in detail is available on
request from the publisher
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Obituary

Edgar Lederer, 1908-1988

On the 19th of October of this year Edgar Lederer died, after a short illness, in his eightieth year. Better
than I could say it, a recent book states: “The foundation of chromatography was laid by M. S. Tswett in his
paper published in 1906. Following this work, chromatography was neglected for about thirty years. The
revival dates back to 1931 when R. Kuhn, A. Winterstein and E. Lederer isolated a- and p-carotene from raw
carotene by using Tswett’s technique”.

May we also be permitted to cite Professor Dr. G. Ourisson in the ori ginal French text, a language that
became Edgar Lederer’s second and beloved mother-tongue:

EDGAR LEDERER NOUS A QUITTES

Le CNRS a la tristesse d’annoncer le décés d’Edgar Lederer, 'un des plus
prestigieux représentants de la chimie francaise. [’oeuvre du professeur Lederer, dans
le domaine de la détermination de structures de produits naturels, témoigne d’une rare
continuité et les techniques d’analyse qu’il a mises au point et perfectionnées
constituent une contribution importante au développement de la biochimie.

C’est a Heidelberg que Edgar Lederer commence sa carriére de chercheur en
démontrant Pimportance des applications de I’analyse chromatographique. En
1935-1936, il isole et purifie toute une série de pigments nouveaux 4 partir de plantes et
d’intervébrés.

A Lyon pendant la guerre, il commence un travail sur les constituants odorants
d’origine animale; il devait rester trés longtemps fidéle a étude clinique des parfums,
dont il put résoudre certains problémes classiques comme la constitution de 'ambréine
de Pambre gris, celle d’autres substances a odeurs ambreées, celles du géranium
Bourbon. Il initia trés tot des travaux sur la chimie des insectes alors inconnue, sur les
voies utilisées par les organismes vivants pour synthétiser des stérols, la vitamine K,
certains antibiotiques. Tl a été I'un des principaux artisans de I'introduction en chimie
organique de méthodes trés variées, allant de la spectrométrie de masse des protéines
a ['utilisation d’organismes comme adjoints dans des études de biosynthése.

La pratique de la chromatographie, egalement introduite par Edgar Lederer, est
désormais I"'une des techniques les plus efficaces de la chimie organique utilisée
quotidiennement par les chercheurs du monde entier.

Mais c’est surtout I’étude de la chimie de bactéries trés importantes comme le
bacille tuberculeux qui forme pendant une trentaine d’années I’essentiel de son oeuvre
de pionnier, a l'interface de la chimie et de la biologie. De la paroi de ces bactéries, il
isola et caractérisa de nombreuses substances nouvelles, dont certaines sont, en ce
moment, trés prometteuses en immunothérapie.

L’oeuvre d’Edgar Lederer est caractérisée par une exceptionnelle continuité dans
Poriginalité: il n’aborda, avec succés, que des problémes trés importants pour la
comprehension du monde vivant, ou pour la santé de Phomme. Les épreuves qu’il avait
traversées avant et pendant la guerre I'avaient profondément marqué, et il a con-

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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stamment cherché a aider les scientifiques forcés par Padversité a se réfugier en France,
et a demandé que soit utilisée dans ce but une Fondation créee a I’Académie des
Sciences & Ioccasion de son 80éme anniversaire.

Edgar Lederer est né en 1908 & Vienne (Autriche). Docteur en philosophie de
Puniversité de Vienne (1930), il était également docteur des sciences physiques de
PPuniversité de Paris (1938). Entre 1930 et 1933, Lederer sé¢journa a Heidelberg au
Kaiser Wilhelm Institut fiir medizinische Forschung.

En raison des événements politiques, il quitta ’Allemagne avec son eépouse
Héléne Fréchet, fille du mathématicien frangais Maurice Fréchet, pour venir s’installer
A Paris ou il travailla d’abord a ’'hopital Necker puis, de 1934 a 1935, 4 Finstitut de
biologie physico-chimique. Il a ensuite été nomme directeur du laboratoire de synthése
a Pinstitut des vitamines de Léningrad, ou il s¢journa un an.

A son retour, en 1938, il entre au CNRS, au laboratoire de zoologie de I'Ecole
normale supérieure, puis est mobilis¢ pendant la guerre. Apres I'armistice, il poursuit
sa carriere au laboratoire de chimie biologique de la faculté des sciences de Lyon et, en
1947, a Pinstitut de biologie physico-chimique de Paris ou il est successivement maitre
de recherche puis directeur de recherche (1953). Edgar Lederer a été co-fondateur de
IInstitut de chimie de substances naturelles a Gif-sur-Yvette dont il a assuré¢ la
direction de 1960 a 1978.

Professeur en 1956 a la faculté des sciences de Paris dont il dirigeait le laboratoire
de chimie biologique, il a enseigné, depuis 1963, & la faculté des sciences d’Orsay, ouil
a dirigé le laboratoire de biochimie. Edgar Lederer ¢tait membre de I’Académie des
Sciences depuis 1982 ainsi que de huit académies etrangeres.

Médaille d’or du CNRS, il avait été également honoré par les médailles d’or
Fritzsche, A. W. Von Hoffman, P. Karrer et R. Koch; il €tait docteur honoris causa de
deux universités étrangéres, membre d’honneur de six sociétés étrangeres. Edgar
Lederer était chevalier de la Légion d’Honneur, Commandeur de 'ordre national du
Mérite et des Palmes Académiques.

Professor Edgar Lederer remained active almost till the end of his life. In Jung he celebrated his 80th
birthday with a party in the Chéteau de Gif, which is part of the institute he founded in the 1950s. After
spending his holidays in Switzerland he went for a lecture tour to Leningrad and Moscow in September.
Upon his return he fell ill and after a battle of three weeks he passed away. He was the last and perhaps the
most active of the pioneers of chromatography.

MICHAEL LEDERER
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CHROMATOGRAPHIC DISPERSION CORRECTIONS UTILIZING THE
GENERALIZED EXPONENTIAL FUNCTION

R. D. HESTER*, R. A. VAIDYA and J. P. DICKERSON

Department of Polymer Science, University of Southern Mississippi, Southern Station Box 10076,
Hatiiesburg, MS 39406-0076 (U.S.4.)

(First received March 7th, 1988; revised manuscript received September 13th, 1988)

SUMMARY

Chromatographic dispersion, sometimes referred to as band broadening or zone
spreading, reduces instrument resolution especially for long analysis times. Tung has
described chromatographic dispersion as resulting from the convolution of a true
chromatogram with a spreading function. This convolution produces an observed
chromatogram which is broader than the true chromatogram. An algorithm which
uses the generalized exponential function has been developed for solving Tung’s
dispersion equation for the true (non-dispersed) chromatogram. Mathematical
constraints and data analysis methods have been developed which enable the
generation of realistic dispersion-corrected chromatograms.

INTRODUCTION

Separation of components in chromatography can occur because of retention
differences produced by molecular adsorption, component size or charge character.
Proper selection of packing materials and mobile phase can maximize separation.
Dispersion, also referred to as zone spreading, produces signal band broadening.

Several complex mass transfer or diffusional phenomena are responsible for
dispersion®. These are related to packing material type, mesh size, column packing
efficiency, mobile phase flow-rate and macromolecular size. Therefore, dispersion is
unique to the chromatographic system. Dispersion corrections for one size-exclusion
chromatography system cannot be applied to a different system or to different
operating conditions within the same system. Dispersion is always present in
chromatography and works to decrease separation capabilities. However dispersion
corrections can be performed by applying mathematical techniques.

An observed chromatogram, h, is the result of a convolution between a true
chromatogram, f, and an instrument spreading function, g.

h="fxg D
The integral form of this convolution is given by eqn. 2.

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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h(x) = J f(u) g(x — u) du (2

As shown by eqn. 2, the value of the observed chromatogram at each elution volume
x or h(x) is obtained by an integration involving the true chromatogram and a shifted
spreading function.

Tung? defined the spreading function g as a normal function of mean zero and
standard deviation s.

80x — 1) = —— exp {— 9‘;’1} 3

S/ 2n 25*

The standard deviation s, usually called the spreading factor, controls the
amount of dispersion produced on each element, f(u) du, of the true chromatogram.
The observed chromatogram at elution volume h(x) is the sum of the dispersion
produced on each element of the true chromatogram evaluated at x. In exclusion
chromatography, eqn. 2 is generally referred to as Tung'’s dispersion equation.

Observed chromatograms of standards having known or true distributions can
be used to solve eqn. 2 for the unique single spreading factor associated with the
instrument. By knowing the spreading factor, Tung’s equation can thereafter be
inverted (solved) to obtain the dispersion-corrected or true chromatogram for other
samples analyzed by the instrument.

Solution of Tung’s dispersion equation for function f(x) is difficult and usually
requires a computer program involving an algorithm which solves eqn. 1. Several
algorithms have been previously developed®~%; however, because of the ill-con-
ditioned nature of eqn. 1, the true chromatogram solution produced is usually
unsatisfactory, especially if the observed chromatographic data contain random signal
noise’.

In this work we will estimate a solution to eqn. 1 by making the assumption that
the true chromatogram f(u) can be described by a modified generalized exponential
(GEX) function”. In the past, we have used this function extensively to fit noisy
chromatographic data®. We have shown that the GEX function is very general in
nature and can fit negatively or positively skewed data with low or high kurtosis
(flatness). The overall generality of the GEX makes the fixed chromatographic shape
assumption less limiting. We will use constrained non-linear regression analysis to
solve for the GEX function parameters which best fit Tung’s dispersion equation. The
best fit GEX parameters will then define an estimate of the true chromatogram.

THE GENERALIZED EXPONENTIAL FUNCTION*

The modified GEX function which will be used to define the true or dispersion
corrected chromatogram is given by eqn. 4.

* For symbols, see the list at the end of the paper.
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For u > u,,

u—u, F1 B -1 u— u,
0 = [f] P {T (1 - [f

with 4 > 0and B > 1.
For u < u,,

fu) = 0

The GEX has five parameters: Uos Um, Un, A and B. The values of u,,
casily obtained from the chromatogram (see Fig. 1). The 4 and
related to the shape of the GEX function and define the inflection

Uzn). It can be shown that:

Uy =ty + (U — utt

i

U U, + (um - uo)t_

1
with 1t = 3= A=2B+ /4> — 64 + 44B + )4
B 2 - 2B

un = f(uy)

uzn = f(uy)

— |

ug uy Ump  up

4)

Uy and A, can be
B parameters are
pOIntS (ula Uip; U,

3

(6)

™
®)

Fig. 1. Typical GEX function starting at u, having a maximum at (t4m; uy) and inflection points at (uy, ugp)

and (u,, uyy).
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Also it has been shown that the nth moment of a GEX function about an axis
parallel to the ordinate at an elution volume equal to z is given by®:

+

Z_” A % B+
n=y el 5] ©)

r=0

where 8, = %”C, gt ot exp [(B — 1)/4]

ﬁ=um_uo

o n!
oot (n =)

o0 =uU, — 2

Eqn. 9 can be used to determine the area within the GEX function (area = 7J), the
mean of the function (mean = jy9/area), variance of the function (variance =
y3e/area), and skewness of the function {skewness = y5°*"/[area (variance)*?]}, and

mean

kurtosis of the function {kurtosis = y§**"/[area (variance)?]}.
REGRESSION ANALYSIS

In regression analysis an objective function which has a set of adjustable
parameters is optimized. Optimization involves maximizing or minimizing an
objective function. In non-linear regression, optimization will usually converge
provided that the initial start values of the parameters (first-guess values) are not too
distant from the best fit parameter values. A successful regression is crucially
dependent upon having an objective function that has a minimum number of
parameters and also upon having “good” first guess parameter values.

To solve Tung’s equation a least squares objective function of the form

N

2 fhex;) — J () gx; — u) du)® (10)

i=1

was minimized by using a Levenberg-Marquardt regression algorithm!®. The
objective function is the sum of N terms each of which is the square of the difference
between the observed chromatogram and the convolution integral both evaluated at
elution volume x;. x, and xy are the first and last elution volumes respectively which
span the total elution volume over which the observed chromatogram signal is
detected.

Unfortunately there exists a large number of significantly different parameter
sets each of which adequately minimize the objective function. Thus the regression is
ill-conditioned and the parameter solution set found may not be realistic. To
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compensate for the ill-conditioned nature of the regression, constraints must be used to
limit the number of possible parameter solution sets. If the constraints are not
adequate, the regression will probably find a solution which is distant from the correct
solution. Therefore it is critical that regression constraints be found that are both
realistic and as confining as possible.

REGRESSION CONSTRAINTS

Inherent in the GEX function are three intrinsic constraints which realistically
confine the regression solution space. These are (1) continuity of signal; (2)
non-negativity of signal; and (3) signal appearance over a finite range.

Most single-component chromatographic signals are continuous and smooth.
The GEX function satisfies this requirement. We do not normally expect to see both
negative and positive appearance of a single component at a detector. Thus the
chromatographic signal should always be positive and the GEX function answers this
requirement. A chromatographic signal should only deviate from non-zero vlues
during the time interval over which material is eluting through a detector. The GEX
function meets this condition because it is zero for elution volume values less than u,
and also because it approaches zero as the elution volume becomes large.

Unfortunately, the above inherent constraints are usually not sufficient to
restrict the regression solution space. Additional constraints are necessary to insure
reasonable regression convergence to an acceptable solution.

Additional constraints can be imposed by noting that in the convolution h of two
functions, gand f'that'! (1) the area of the convolution is the product of the areas of the
functions g and f; (2) the mean of the convolution is the sum of the means of functions
g and f; and (3) the variance of the convolution is the sum of the variances of functions
gand f.

The spreading function g has unit area, zero mean, and variance s2. Thus the true
chromatogram or function f has an area and mean equal to the area and mean of the
observed chromatogram or the convolution h. Also, the variance of the function fis the
variance of the convolution h less the variance of the spreading function g.

We can easily calculate the area S, mean X, and variance ¢ of he observed
chromatogram. By using eqn. 9, the area, mean and variance of the GEX function
representing the true chromatogram can be expressed in terms of the GEX parameters.
We can use this knowledge to eliminate three of the five GEX parameters. The most
convenient parameters to eliminate are u,, Uy, and uy,.

u, = ¥ — JoAC = 1) (11)
with'C = T[B/A] T [(B + 2)/AI/{T((B + 1)/4]}?

U = Uy + (X — uo)D (12)
with D = [(B — 1)/4]YA [(B/A)/[T[(B + 1)/4]

un = SE/(ttm — o) (13)

with E = A exp [(1 — B)/A] [(B — 1)/4]P4/T(B] )
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The true chromatogram function then becomes a GEX function having only two shape
parameters. The regression algorithm must find the two shape parameters (4, B) which
best minimize the much simplified and more constraining objective function.

Our past experience in fitting chromatograms has shown that the GEX shape
parameters, A and B almost always have values that are less than ten. Also the GEX
function only exists in real space when 4 and B have values that are greater than zero
and one, respectively. Acceptable first guess values for the shape parameters are the
shape parameters found by fitting a GEX function to the observed chromatogram.
Table I summarizes the information needed to set up parameter first guess values and
their constraints when regression is used to find an estimate of the true chromatogram.

It should be emphasized that the regression solution constraints that have been
developed apply only to a Gaussian spreading function in which the spreading factor,
5,1s constant. If the spreading function was made to vary with the elution volume then
some of the constraints would not necessarily apply.

EXPERIMENTAL

A non-linear regression routine was developed which contains the objective
function (eqn. 10) and incorporates the parameter constraints previously discussed.
A computer program of this regression, named “CDC” for chromatogram dispersion
correction, was generated using a Pascal compiler (Turbo Pascal 3.0, Borland
International) operating with a Z148 personal computer (Zenith Data Systems) having
a 8087 math coprocessor. The math coprocessor enable calculations to be perform-
ed on real data with 16 digits accuracy within a range of 4.19 - 10397 to
1.67 - 10*308,

Two dispersed chromatograms were produced using the convolution operator,
eqn. 2. GEX functions were used to represent the true (non-dispersed) chromatograms
and the normal spreading functions were defined by assigning specific spreading
factors. Both dispersed chromatograms, made by the convolutions which represent the
observed chromatograms, were each fitted to a GEX function so that first guess values
for the shape parameters could be made for the the program CDC. The computer
program CDC was then used to reverse the convolution or invert eqn. 2. Thus CDC
deconvolutes the obeserved (dispersed) chromatograms and thereby should return the
original GEX functions representing the true chromatograms. Using the above
technique it was possible to gauge the ability of the program CDC to deconvolute
typical chromatogram data.

TABLE I
TRUE CHROMATOGRAM REGRESSION SOLUTION SPACE

4 = Small positive amount, i.e., 0.01.

Parameter Maximum Minimum First guess value

A 10 4 Ay
B 10 : 1 +4 B,
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TABLE II

CASE | CHROMATOGRAMS

Information Symbol  True Observed or dispersed CDC estimate of the

chromatogram chromatogram, true chromatogram
s =25

Shape parameter A 3.14 2.99 3.03

Shape parameter B 3.45 5.62 473

Signal start point U, 36.0 300 343

Maximum of signal U 45.0 45.0 45.0

Maximum height Uy 2.06 1.61 2.07

Ist Inflection point Uy 41.6 40.9 41.7

2nd Inflection point  u, 48.3 49.1 48.2

Area S 0.161 0.161 0.161

Mean X 45.1 45.05 45.05

Variance a? 9.00 154 9.15

Skewness 0.105 0.068 0.079

Kurtosis 2.74 2.85 2.82

RESULTS AND DISCUSSION

Tables IT and III give information on the two cases tested. Case 1 was intended to
test CDC performance when a true chromatogram is nearly Gaussian or normal in
shape and is only slightly dispersed (s = 2.5). Case 2 was designed to evaluate CDC
when a true chromatogram is skewed right and has been severely dispersed (s = 10.0).
The three chromatogram plots associated with each test case are shown in Figs. 2 and

3.

Case | is a less demanding test of CDC capability than Case 2. The data in Table
IT and Fig. 2 show that CDC deconvoluted the dispersed chromatogram with a great

2.500

2.000

1.500

L oo s liavaseeraal

signal

1.000 A

0.500 3

0.000 999000000

30 35

40 . 45 50
elution volume

T T %

Fig. 2. Test Case 1 Chromatograms. Circles and triangles are data points for dispersed and true
chromatograms, respectively. Solid line is the CDC estimate of the true chromatogram.



10 R. D. HESTER, R. A. VAIDYA, J. P. DICKERSON

TABLE Iil
CASE 2 CHROMATOGRAMS

Information Symbol  True Observed or dispersed CDC estimate of the

chromatogram chromatogram true chromatogram
s = 10.0

Shape parameter A 0.50 2.74 0.663

Shape parameter B 8.50 4.30 9.11

Signal start point Uy 36.0 12.0 344

Maximum of signal Um 45.0 475 454

Maximum height Uy, 1.00 0.430 0.932

Ist Inflection point Uy 40.5 353 40.3

2nd Inflection point  u, 49.6 59.4 50.5

Area S 12.5 12.5 12.5

Mean X 48.2 48.0 48.0

Variance o? 36.2 135.7 357

Skewness 1.26 0.162 0.962

Kurtosis 5.70 2.83 4.52

deal of accuracy. The true chromatogram and the CDC-estimated chromatogram
made from inverting the dispersed chromatogram are almost identical.

Although Case 2 is a harsh and rigorous test of CDC, the computer algorithm
performed much better than expected. The data in Table III and the chromatogram
plots in Fig. 3 show that the estimate of the true chromatogram made by CDC is very
close to the true chromatogram.

The time required for CDC to converge to a deconvolution solution was 630 and
760 s for Cases 1 and 2, respectively. Thus computer time requirements are reasonable
even for a microcomputer. Computation time would have been much less (probably
two orders of magnitude less) on a mainframe computer and/or if a more efficient
regression algorithm was used.

1.20

0.80

Loy g )

signal

0.40

Loyl

0.00

elution volume

Fig. 3. Test Case 2 Chromatograms. Circles and triangles are data points for dispersed and true
chromatograms respectively. Solid line is the CDC estimate of the true chromatogram.
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CONCLUSIONS

The use of a GEX function and constrained non-linear regression has been
shown to be a very effective in correcting the dispersion produced in chromatography.
“This is possible because realistic regression solution constraints have been developed
which minimize the computational time required to reach a solution and simul-
taneously reduce the possibility of converging to a false solution. Because of the above
features, the regression can be performed on a personal computer.

SYMBOLS

A first shape parameter of the GEX function

B second shape parameter of the GEX function
C factor in eqn. 11

"C, combination of n taken r at a time, see eqn. 9
D factor in eqn. 12

E factor in eqn. 13

f true chromatogram

g spreading function

h observed chromatogram

n order of a moment

N total number of data points

r index variable

S area

s spreading factor, see eqn. 2

u true chromatogram elution volume

U, GEX starting point

Uy abscissa value of the first GEX inflection point
) abscissa value of the second GEX inflection point
Uy GEX function maximum signal value

Un abscissa point of GEX maximum signal

Uiy signal value of the first GEX inflection point
Uoy signal value of the second GEX inflection point
t*, 1~ factor used in eqn. 6

x observed chromatogram elution volume

X mean elution volume value

z axis for a moment (axis = u = z)

o factor used in eqn. 9

B factor used in eqn. 9

r gamma function

o nth moment about axis z

o, factor used in eqn. 9

o? variance
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I. EVALUATION OF ANALYTICAL SYSTEMS BY MEANS OF FUMI
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SUMMARY

The application of the function of mutual information (FUMI) to the logical
evaluation of methods for chromatographic quantitation is described. FUMI provides
the Shannon mutual information of overlapped peaks with various resolutions. Hence
an analytical method can be evaluated logically based on both the amount of
information transmitted by overlapped peaks and the observation period of chro-
matography. As an example of the evaluation, a previously proposed chromato-
graphic analysis consisting in a rapid but incomplete separation of naphthalene and
diphenyl, and peak-deconvolution based on the Kalman filter, is considered. The
“best” chromatogram that can transmit the maximal mutual information in unit time
is given.

INTRODUCTION

A major aim in analytical chemistry is to elaborate ot search for a method
through which more information can be effectively transmitted from analytes (Q) of
interest. For high-performance liquid chromatography (HPLC), efforts are made
towards the development of column structure, elution conditions, etc., and also data
processing of signals. The development of methods often depends on trial and error,
and may result from chance. Such new methods are evaluated quantitatively, even if
empirically, by some chemometric strategies. A more desirable aim, however, is strict
evaluation on a theoretical basis, without recourse to experience.

The aid of information theory is desirable for the above-mentioned purpose. The
information on analytes £ is quantitatively described as the Shannon information [Q]
(ref. 1). In general, it is through observation and data processing of the raw data ¥ that
we can actualy acquire knowledge about the analytes . The total amount of
information /[Q] involved originally in the samples, however, cannot be obtained from
the data ¥ because of inevitable noise contamination, baseline drift, interference, etc.,
in the measurement process. Of more analytical importance is the available informa-
tion called the mutual information I[Q; ¥] between the analytes Q and the data ¥ (ref.

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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1). Excess peak overlap, for example, which often arises in rapid chromatography,
induces a critical loss of the mutual information [Q; ¥] and makes ambiguous our
knowledge about the samples of interest. The amount of mutual information 7[Q; ¥],
therefore, should underlie the logical evaluation of the whole analytical system.

The simple function of mutual information (FUMI), which describes the mutual
information of chromatography, has recently been proposed?. The derivation is based
on information theory and the theory of the Kalman filter?. Given the numerically
expressed shape of each chromatographic peak and the noise level in the measurement
process, FUMI can provide mutual information about overlapped chromatographic
peaks with various resolutions. The whole analytical system, therefore, can be
evaluated by taking into account both the observation period of the chromatography
and the information loss caused by the peak overlap. The best method is defined as one
with the maximal flow of mutual information under the experinental conditions
adopted, i.e., one that can transmit the largest amount of information in unit time.

Our aim is to apply FUMT to the logical evaluation of an HPLC method for
quantitation. The method adopted here as an example concerns a rapid but
incomplete HPLC separation of naphthalene and diphenyl and the mathematical
processing of the overlapped peaks by means of the Kalman filter®>. We examine the
problems of whether or not the data processing of the Kalman filter can outweigh the
information loss caused by the peak overlap in rapid chromatography and whether the
whole system can provide the maximal information flow. Logical optimization of
overlapped chromatograms is treated in Part 114,

THEORETICAL

We give a brief review of FUMI and some additions for its rational utilization.
An approximate function P} plays an important role in the derivation of
FUMT?. P} is derived from the strict P, (the error variance involved in the Kalman
filter algorithm) by mathematical induction?. It has the further theoretical importance
that the correlation between the Kalman filter and the linear least-squares method can
be elucidated clearly by Pf (ref. 2).

For a single peak, FUMI represents the mutual information that we can collect
through the filtering of the raw data ranging from a data point i = 1 to k (k =1,

N')Z

1
FUMI = — 3 log (P}) (N

[log (Z F2> — log (Wc)} 2

where F; denotes the signal intensity of a peak at a data point k and W, is the variance
of the contaminating noise (= constant). We see that larger peaks provide more
information and that FUMI increases as a new signal Fy., appears, but never
decreases. The mutual information for g peaks partially overlapped is given at the last
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point N (the observation period of the chromatogram) and is simply described as the
sum of the individual peak information?:

1 q ke() 1 .
FUMI = - { Y log [ ) Fi(z)z]} — 5 qlog (W.) 3)
2 5 i=k )+ 1 2

where [i = k() + 1, k(j)] denotes the region where the signals Fi(j) of the jth peak
contribute to FUMI. The cutoft point k.(j) is specified to be the point where the signal
Fy(j) first gains predominance over the noise W,. The filtering-off point k(j) is defined
as the cutoff point k,(j + 1) of the following peak j + 1. Without peak overlap, the
overall shape of every peak contributes to FUMI. If two peaks weakly overlap, then
the virtual peak lacking the tailing edge after k(1) [= k.(2)] is input in FUMI.

The efficiency of the chromatograms is given as the mutual information in unit
time:

_ FUMI

LN = @

This function denotes the averaged flow of mutual information through the
chromatography and the filtering of the whole data sequence Fi—Fy [N = k¢(g)].

For convenience to chromatographers, we shall describe the mutual information
in terms of the relative standard deviation (R.S.D.) of the filtering error P}. The error
variance P} is derived from the assumption that the amount (or concentration)
indicated by the signals Fy of the peak is unity. Hence the R.S.D. of the error at a point
k is given by '

R.S.D., = (PHY? - 100 &)
R.S.D., can be described by the minimum error P};,. Let P} be «®>Pl ;.
R.S.D. = a(Pl;)Y? - 100 (6)

The coefficient o denotes the ratio

R.S.D.,

= =k 7

* = RSD.mm @
The minimum error R.S.D. ., or Pl corresponds to the maximum information I,y
(see eqn. 1). Usually, the observation period N is specified Lo be wide compared with

the peak region and taken as a point that can give the maximum information (Jpa, =
Iy). The information loss 61 is defined as

of = Imax - Ik ) (8)

1 1
- E log(Plun) + E log(PIninaz) (9)

log & ' . (10)
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where I, denotes FUMI at k. The R.S.D. ratio « is given by the information loss:
o = exp(dl) (11)
The filtering error R.S.D.; is described in the intelligible form
R.S.D., = exp(8]) - exp(— L., - 100 (12)

(see eqns. 1 and 6). R.S.D., and 61 denote the two measures of the excess error or the
lost information when the data processing is stopped at k.

For multi-component chromatograms, let us consider the information loss or
the filtering error, which depends on the degree of peak overlap, the whole data
sequence is analysed. We give a convenient method covering the worst condition that
the loss is concentrated on a peak: only two peaks overlap. For simplicity, it is assumed
that all the peaks move along the time scale (k) of the chromatogram without any
changes in shape. The maximal information I,,,, will be picked up from a chro-
matogram with peaks sufficiently or even well separated from each other. The error in
the worst case is easily estimated by the information loss. The mean of I,,.,, is defined as

<Imax> = Imax/q (13)

According to eqn. 12, the worst error is given by the information loss 6I:

(R.S.D.) = exp(6]) - exp(— {Jmary) - 100 (14

We can easily obtain, using eqn. 14, an estimate of the error (R.S.D.) concentrated on
apeak. If 61 = 0, then the error of the filtering is equal to the minimum error and may
be completely negligible, indicating that the selected experimental conditions are
optimal. If 67 = 1, then the filtering error is e-fold more than the minimum error. It
should be noted that R.S.D.,, (R.S.D.>, P}, etc., are not referred to the total HPLC
error involving the elution process, detection process, etc., but depend only on the
error in the Kalman filtering?.

EXPERIMENTAL

All the programs were written in BASIC. A PC-9801 VX desk-top computer
(NEC) equipped with an Intel-80286 compatible CPU (8 MHz), a 640-kbyte RAM and
two 5-in. floppy disk drives was used. The cutoff point k(i) was specified to be the
point of the fronting edge with 0.5% signal of the peak maximum.

The chromatographic experiments were performed on a Model 655A-11 liquid
chromatograph system (Hitachi) with an Inertsil ODS column (250 mm x 4.6 mm
L.D.) (Gasukuro Kogyo). The details have been described previously?.

RESULTS AND DISCUSSION

A chromatogram of naphthalene and diphenyl is shown in Fig. 1. The
overlapped peaks have an apparent ratio of the height of the valley to that of the mean
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Fig. 1. Chromatogram of a mixture of naphthalene (leading) and diphenyl (trailing). The abscissa denotes
the number of the data acquired by an analogue-to-digital converter at 200-ms intervals, 420 s after i injection.
For details, see ref. 3.
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Fig. 2. Chromatograms of (A) naphthalene and (B) diphenyl, (A’ and B') the time (k) courses of the mutual
information and (A” and B") the filtering error. (A) Jmay = 9.68; (B) Iy = 9.46. ——, X, = |;———— X, =

10; —-—--, X, = 100. Experimental conditions as in Fig. [.
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peak maximum of ca. 40% and were analysed by the Kalman filter. The analytical
systemn was concluded to be satisfactory: the observed total error, obtained from five
experiments, was less than 0.7% (R.S.D.) for both peaks®. The above system was
originally evaluated quantitatively but empirically®; it has now been evaluated again
but deductively based on FUMI.

Fig. 2 shows the individual peaks of (A) naphthalene and (B) diphenyl in Fig. 1,
(A’ and B') the time (k) course of FUMT and the (A" and B”) R.S.D., of the filtering
error. As the observation proceeds, the mutual information increases and reaches
a maximum around the peak maximum. The filtering error R.S.D., displays the
opposite behaviour to FUMI. In other words, our knowledge about the samples
increases greatly or becomes more precise through observation and analysis until the
vicinity of the peak maxima. The slight waving in the early region of FUMI for the
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Fig. 3. Influence of the peak overlap on (A) FUMI, (B) g1, N] and (C) (R.S.D.;> for a mixture of
naphthalene and diphenyl. The abscissa denotes the cutoff point k(2) of the diphenyl peak. I, = 19.14(=
I.ax Of naphthalene + I,,, of diphenyl). ——, X, = I, ——— X, = 10; -~ =, X; = 100. N = k(2) + 282.
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naphthalene peak seems to come from the conspicuous fronting of the peak?®. We can
see that after the peak maxima, no further appreciable amount of information can be
obtained from the Kalman filtering of the chromatograms. This suggests that the most
efficient chromatogram must consist of overlapped peaks, and not only baseline
separation.

Let us consider the relationship between the mutual information and the degree
of peak overlap. In Fig. 3, (A) FUMI, (B) the efficiency Ig[1, N] and (C) {R.S.D.> for
the overlapped peaks are plotted as a function of the cutoff point k.(2) of the trailing
peak. Itis assumed that the trailing peak moves the time scale k without any changesin
shape; the position of the leading peak is fixed. As the peaks are increasingly separated,
the efficiency increases, reaches a maximum and decreases hyperbolically. If the peaks
overlap completely [k.(1) = k.(2)], then no information can be obtained and the
efficiency takes the least value. The hyperbolic decrease in Ig[1, N] is due to the
saturation of the mutual information for both peaks. It should be noted that the last
peak gives the saturated or maximal information according to our definition.

The most efficient chromatogram with the maximum of Ig[1, N] is simulated in
Fig. 4C. The input signals F* (= F;/X,) is 100-fold smaller than the actual signals F;.
The peak suppression (X, = 100) means that /g[1, N]allows for the “unexpected” small
peaks (for theoretical meanings, see below). This chromatogram is the “best” in that it
can transmit the mutual information in the most efficient way through observation .
and filtering. In other words, the flow of information through the chromatogram is
maximal. Fortuitously, it corresponds to the actual chromatogram shown in Fig. 1.
The total errors of the small peaks (6% concentration) of naphthalene and diphenyl

: N +
1 T T

n : I N 4 + +
1

+
T T Y t T T Y

0 500 O 500 0 500
data point data point data point

N
T ™

Fig. 4. Simulated chromatograms with various amounts of mutual information. (A) Peak interval p = 19,
information loss 6/ = 3.66, R.S.D.nn = 0.27%, period of the chromatogram N = 436; (B) p = 61,
0l = 0.60, R.S.D.ppyy = 0.013%, N = 478;(C) p = 73,61 = 0.25, RS.D..,;,, = 0.009%, N = 490; (D) p =
119, 6/ = 0.006, R.S.D. i = 0.007%, N = 536; (E) p = 269, 5] = 0.000, R.S.D.,;y, = 0.007, N = 686.
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were reported to be ca. 4% and 11% (R.S.D.), respectively, and larger than those for
the 100% materials shown in Fig. 2A and B3. This result indicates the necessity to use
the suppression factor X; in evaluating or designing versatile determination (see
below). Some chromatograms with their own information are also shown in Fig. 4. For
the more strongly overlapped peaks (A and B), the observation time is relatively short,
but sufficient information cannot always be obtained. For the chromatograms with
weakly overlapped peaks (D and E) the opposite situation applies.

FUMT and Ig[1, k] have been derived on the assumption that the data processing
involved in the calculation of the mutual information is the one-dimensional Kalman
filter for peak resolution®®. If another type of data handling with inferior peak-
resolving power such as the commonly used perpendicular dropping is utilized, then
the chromatograms with the weak peak overlap (D or E) would be the most efficient.
The bias for the estimates provided by the common technique was shown to be not less
than 10% for the overlapped peaks, whereas the Kalman filter gave a ca. 0.2% bias®.
The superior data processing with the Kalman filter can provide a faster flow of
mutual information than the commonly used technique.

The information loss 81 is very important as it can serve to solve the problem of
whether or not the rapidity of the chromatography shown in Fig. 1 can outweigh the
incomplete peak separation in the elution process®. The loss 6/ in Fig. 1 is shown to be
negligibly small in comparison with the total HPLC error in the following way. The
information loss of the leading peak is 0.25 and the corresponding filtering error
(R.S.D.) is 0.009% for a 100% concentration. These values for the trailing peak are
the most favourable. On the other hand, the total error in the whole HPLC system
covering the elution, detection and filtering was observed to be ca. 0.7% (R.S.D.) for
the overlapped peaks; the error or reproducibility of the whole system, measured with
a solution of dipheny!, was 0.24%3. The filtering error is far smaller than the observed
total HPLC error; the information loss 6 (= 3.538) corresponding to the HPLC
error (= 0.24%) is far larger than 61 for the filtering (= 0.25). We therefore conclude
that the rapid analysis design comprising Kalman filtering of the overlapped peaks
shown in Fig. 1 is excellent if the overall HPLC errors are acceptable.

When the suppressed signals Fj* are input in FUMI, the values of the mutual
information and the efficiency function decrease (see Figs. 2A’, 2B’ and 3B). The
position of the efficiency maximum increases slightly with increasing X, (sce Fig. 3B)
and the degrees of peak overlap of the best chromatograms are varied accordingly. The
factor X, seems to remain arbitrary in the function Ig, but is closely related to the
linearity of the filter involved in FUMI and of the signals of HPLC systems?. X, can be
determined as characteristic of a particular HPLC system used. Incomplete linearity of
HPLC signals has been observed in special cases and interfered with the successful
application of the linear filter>®. This is the case for FUMIL. If the HPLC signals
completely satisfied the linearity postulate, there would be no need for the above
consideration and Fig. 4B (X, = 1) would be given as the best in the ideal HPLC
system. The factor X, therefore, was introduced to bridge the gap between theory and
practice, and should be specified according to the HPLC linearity observance?. The
necessity to use X, in proposing the best chromatogram (Fig. 4C) can be interpreted by
the same situation: the small peaks that would give poor precision should be
appropriately separated in the chromatogram for a successful determination. The
relationship between the suppression factor X, and the peak-resolving powers of the
one-dimensional Kalman filter for peak resolution was described previously?.
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The best chromatogram presented here holds true for the adopted experimental
conditions involving linear Kalman filtering and an HPLC system with limited
linearity. Its elution pattern may vary according to the conditions adopted. If the
analysis is carried out or designed under more ideal situations, then more complicated
chromatograms will be provided as the best (see above). The experimental design
should be performed so that the mutual information may be maximal or most
efficiently transferred to real situations.

CONCLUSION

The overall analytical system shown in Fig. 1 has been logically evaluated with
the aid of FUM1 and concluded to provide the maximal information flow. Information
theory and the Kalman filter underlie the procedure proposed here and no experience
has been utilized. FUMI is a simple, quantitative description of the Shannon mutual
information in chromatography and will be useful in various areas of analytical
chemistry.
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SUMMARY

The function of mutual information (FUMT) was used as a quality criterion in the
optimization of the injection interval in overlapped chromatograms. FUMI, which
represents the amount of Shannon’s mutual information involved in the chromato-
grams, was calculated for overlapped chromatograms with various injection intervals.
The most efficient peak separation was selected with respect to the amount of the
mutual information and the observation time. Overlapped chromatograms containing
negative peaks were also optimized successfully.

INTRODUCTION

The final goal of analytical techniques is to obtain an exact knowledge of the
amounts of substances of interest in a sample. Liquid chromatography is not an
exception, and many chromatographers have endeavoured to achieve this goal by
optimizing the chromatographic conditions. However, how can we evaluate the
chromatographic separation? In reply to this question, researchers have proposed
various quality criteria for chromatographic separation which can quantify the quality
of the chromatograms®. Most of these criteria include the peak resolution (R,) or the
peak separation for each pair of adjacent peaks. In commonly used criteria, the
summation of R, for all adjacent pairs of peaks was calculated and the chromatograms
were evaluated by means of this value. The efficiency of analysis was also regarded as
an important factor, so some workers included the measurement time in addition to R,
in their criteria. These criteria, however, lack a theoretical base.

A versatile criterion should cover two important factors that are missing in R
(A) the noise level in the measurement process and (B) the mathematical formalism of
data processing. It should be noted that a knowledge of the samples of interest cannot
be obtained before the observation and mathematical processing of the raw data. The
reliability of quantification is well known to be significantly dependent on the
contamination noise levels. Point B concerns the fact that the peak-resolving power of
the Kalman filter, previously proposed®:*, was shown to be superior to the commonly

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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used perpendicular dropping, and to give more reliable estimates. The criteria based on
these methods of different powers cannot be the same.

A function called FUMI (function of mutual information) has been derived on
the basis of information theory and the Kalman filter theory*. FUMI represents the
mutual information in chromatograms. The efficiency is represented as the ratio of
FUMI to the observation time. In Part I°, FUMT was calculated with two overlapped
peaks, and the relationship between the amount of mutual information and the degree
of peak overlap was discussed.

Recently we have presented overlapped chromatograms that resulted from the
successive injection of samples at relatively short intervals®®. The overlapped
chromatograms efficiently reduced the total analysis time and improved the efficiency
of the analysis.

The object of this paper is to assess the feasibility of this function as a quality
criterion for multi-peak chromatograms. We demonstrate the optimization procedure
for injection intervals in the overlapped chromatograms with the use of FUMI. The
procedure presents the peak separation with sufficient precision and favourable
efficiency. The advantage of overlapped chromatograms can be expanded with the aid
of FUMI. Although we use overlapped chromatograms as a model in this study, FUMT
is a general criterion and is applicable to the usual chromatographic separation modes.

THEORETICAL
We shall briefly review the theory developed in Part I°. For a single peak, FUMT

represents the mutual information that we can retrieve through the filtering of raw
data ranging from a data pointi = 1 to k (k = 1, ..., N)*:

FUMI = %|:log <§k; Ff) — log (WC)] )

where F; denotes the signal intensity of a peak at a data point iand W, is the variance of
the contaminating noise (= constant).
The mutual information for partially overlapped multiple peaks is®

1 (4 k) 1 B
FUM1=—{Z log[ Y Fi(i)ﬂ} ~ > qlog (W) @)
2 = i=k ()+1 2

where g denotes the number of peaks and [k.(/) + 1, k¢()] the region where the signals
Fi(j) of the jth peak contribute to FUMI. The cutoff point k.()) of the jth peak is often
specified to be the first point where the peak signals predominate in mnoisy
chromatograms. On the other hand, the filtering-off point k¢(j) is variable and
determined to be equal to the cutoff point k.(j + 1) of the following peak:
ke(j) = ko(j + 1). The information derived from the late region of the jth peak after
k = ki(j), overlapped with the early region of the following peak, is neglected, as the
filtering is always performed sequentially in a one-dimensional way from i = | to
N (ref. 2). Thus, the strong peak overlap makes the region [k.(j) + 1, ke(j)] narrow and
then causes the loss of mutual information. When k.(j) coincides with k.(j + 1), no
mutual information is picked up from either peak.
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The efficiency of the chromatograms is given as

FUMI

BN = o)

where N denotes the observation period of the chromatogram. This function
represents the average amount of information in unit time and its maximum gives
a chromatogram with the most efficient peak separation.

The information loss of a chromatogram, 81, arising from the peak overlap is
defined as

81 = I — FUMI “4)

where I,., denotes the maximal information obtained from a chromatogram with
every peak sufficiently separated from each other. The filtering error is minimized at
the maximum of FUMI (61 = 0).

In the worst case, the information loss occurs only in a single peak, i.e., the peak
is overlapped strongly with the second peak, which is separated from the third peak.
The error in this instance is easily calculated by the difference from the maximal
information of the multi-component chromatogram; the relative standard deviation
(R.S.D.) of the worst error is given approximately by>

{R.S.D.) = exp(é]) - exp(— {Imax)) : 100 ®)

where (In.x> denotes the mean maximal information of ¢ peaks (= Inax/q). This
equation is useful for estimating the filtering error (R.S.D.) of a chromatogram from
the information loss 1.

An additional procedure has been introduced for the practical use of the
function of the information efficiency, Ig. The peak signals F; are replaced by a small
shape Fi(F; = F} - X,, where X, is the suppression factor); the calculated Iz with
F; presupposes the appearance of small peaks.

EXPERIMENTAL

High-performance liquid chromatographic (HPLC) data

Chromatographic measurements were made on an Inertsil ODS column (250
x 4 mm [.D.) with methanol as the eluent at a flow-rate of 0.5 ml/min. HPLC signals
were converted and stored on 5-in. floppy disks. Additional experimental details can
be obtained from refs. 6 and 7.

Computer simulation

All calculations were performed on a PC-9801 VM desk-top computer (NEC).
Programs were written in N88BASIC. Graphics were performed using a Model
MP3100 X-Y plotter (Graphtec).

Raw HPLC signals for a single chromatogram were overlapped with various
injection intervals and the corresponding value of FUMI was calculated. The
beginning point of the ith peak, k (i), was set at the point where the signal level reaches
0.5% of the peak maximum.
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RESULTS

A methanolic solution containing four components, phenetol, diphenyl, pyrene
and perylene, was injected into the HPLC system and gave the chromatogram shown
in Fig. 1. When this solution is injected into the HPLC system successively at short,
regular intervals, an overlapped chromatogram results. FUMI was calculated for the
overlapped chromatograms involving 20 peaks derived from five-fold injections at
various injection intervals. Fig. 2 illustrates the change of FUMI with injection
intervals from 5 to 800 s. The maximal interval of 800 s, is equal to the
chromatographic duration for one sample, and then the injection mode is the same as
in the usual repeated experiments.

With short injection intervals FUMI shows some local maxima and minima
corresponding to the complex change of the peak overlapping pattern. At an interval
of about 315 s, FUMT is maximal and no longer increases with increasing intervals. No
peak overlap occurs in the chromatograms with injection intervals longer than 315's.
Even with an interval shorter than 315 s, however, FUMT has an almost maximal
value. To select the most efficient interval, we restricted ourselves to the satisfactory
region of the injection interval where the information loss is less than unity; in the
satisfactory region, the R.S.D. of the filtering error is expected to be less than 2.7 times
the value of the minimum (eqn. 5), and the precision is guaranteed sufficiently. The
optimal interval was searched within this region with the use of the information
efficiency.

The information efficiency, I, was calculated with the suppression factor, X,
When X; is set at 100, for example, Ig is calculated with signals of 100-fold smaller
intensity than the model peaks. This procedure means that 75 takes account of the case
where peaks of 1% concentration of the model appear in the overlapped chromato-
gram. The effect of X, was described in Part I°. The change in Iy is shown in Fig. 3 with
suppression factors of 10, 100 and 1000. /¢ decreases hyperbolically in the long interval
region where FUMI takes a constant value. The maximum value of Iy in the

a

Intensity
FuUuMI

e} + +
o 5 10 15 o 200 400 600 800

THime (min) Interval of Injection (=)
Fig. 1. Chromatogram of (a) phenetole, (b) diphenyl, (c) pyrene and (d) perylene.

Fig. 2. Variation of FUMI of the overlapped chromatogram derived from the single chromatogram shown
in Fig. 1.
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Fig. 3. Variation of I with suppression factors X; of (1) 10, (2) 100 and (3) 1000.

satisfactory region defined above is obtained at an injection interval of 165 s with any
X, value, while the neighbouring local maximum of FUMT is at 185 s.

Fig. 4A shows the optimal overlapped chromatograms with injection intervals of
165 s. The value of FUMT is 179.084 and the maximum of FUMT is 179.46, and 61 is

(A

Intensity

o 5 10 15 20 25

Time (min)

(= @

Intensity
Intensity

o] 5 10 15 20 25 30 o] 5 10 15 20 25

Time (min) Time (min)

Fig. 4. Overlapped chromatograms derived from the single chromatogram shown in Fig. 1. Injection
interval: (A) 165s; (B) 180 s; (C) 80 s.
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0.382. The predicted R.S.D. (0.018%) of the filtering error for the optimal
chromatogram is considered satisfactory and almost the same as the minimum R.S.D.
(0.012%). The overlapped chromatograms shown in Fig. 4B and C were obtained with
injection intervals of 185 and 80 s, respectively. FUMI for the former is 179.464 and
almost equivalent to the maximum, but Ig is slightly smaller than the optimal
chromatogram (Fig. 4A). The shortest interval, 80 s, gives a local maximum of FUMI,
but is outside the satisfactory region.

The suppression factor, X;, does not influence I in the satisfactory region, but
the effect of X appears in the region of short intervals. For a short observation period,
the effect of X; is greater>.

We show another example of the optimization of overlapped chromatograms
using FUMI. The chromatogram shown in Fig. 5 contains three component peaks that
are also present in the preceding example and a small solvent peak. This chromato-
gram was overlapped and FUM]T was calculated according to the procedure described
above. The calculated value of FUMI and Iy are plotted in Fig. 6. The results reveal

¢ d
I8 b
-
]
g
0
Y
g
H
JUUL
e A
o 5 10 15

Time (min)

Fig. 5. Chromatogram of (a) solvent peak (10% ethanot), (b) phenetole, (c) pyrene and (d) perylene.
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Fig. 6. Variation of (1) FUMI and (2) Ix (X, = 100) of the overlapped chromatogram.
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Intensity

Time (min)

Fig. 7. Optimal overlapped chromatogram derived from the single chromatogram shown in Fig. 5.

that the small peaks and even the negative peaks are also adaptable to FUMI. The
optimal interval was 230 s and the corresponding overlapped chromatogram is shown
in Fig. 7. FUMI for the optimal chromatogram was 164.385, and the information loss
and the R.S.D. of the error were 0.025 and 0.027%, respectively.

DISCUSSION

We have defined the quality of chromatograms with use of the mutual
information or the precision of the quantification of target components. In other
studies, R, seemed to be related closely to the analytical precision and was used as the
quality criterion for multi-peak chromatograms. It is obvious that the quantification
error is minimized when peaks are separated completely (R, > 2), and increases with
decrease in R,, but no definite relationship between the error and R, has been given.

FUMI represents the mutual information in chromatograms and can also be
connected to the R.S.D. of the filtering error, and we can estimate the precision of the
filtering for various overlapped chromatograms with the aid of FUMI. The optimal
chromatogram presented above is considered to be reasonable because the informa-
tion loss or the excess filtering error is negligibly small. Practical consideration of the
optimal chromatogram is given below.

We are interested in the correspondence between the filtering error and the total
precision of actual chromatographic analyses. The filtering error predicted from
FUMTis shown to describe well, although qualitatively, the change in the actual HPLC
error as follows. Overlapped chromatograms with the same sample solution as that
shown in Fig. 1 were analysed by the reduced Kalman filter of four dimensions®. The
injection intervals were 200, 180, 160 and 150 s and the observed repeatability of the
systems was 0.42%, 0.28%, 1.09% and 6.32%, respectively. With the shortest interval
(150 s), some peaks are exceedingly overlapped and the estimated concentration was
biased by ca. 12% at most. The calculated R.S.D.s of the filtering error with each
interval are 0.017%,0.013%, 0.17% and 2440%, respectively. The first three vatues for
the filtering error are far smaller than the actual errors, including the errors in elution,
detection and filtering. The filtering error (R.S.D. = 2440%) with an injection interval
of 150 s is overestimated because of the mathematical property of the error variance
P involved in FUMT*. The overestimating property is favourable, because we can
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avoid choosing the excessively overlapped chromatogram as optimal. The “‘visual”
inspection of the optimal overlapped chromatograms described in ref. 6 is not
unreliable, but FUMI is more useful.

Overlapping of the chromatograms with the successive injection of samples at
short intervals is an effective method of reducing the analysis time and increasing the
efficiency without the need for any skilful techniques. We applied this method to an
automated system for the content uniformity test on pharmaceutical formulations and
greatly increased the total efficiency or throughput®?®. The only critical parameter in
this method is the injection interval, on which the precision and the efficiency of
analysis depend. The injection interval, however, had been selected empirically in spite
of its importance. The introduction of the mutual information is a clear solution to this
problem. The R.S.D. of the filtering error can be predicted with a fairly simple
function, FUMI, and optimal conditions can be selected with regard to both efficiency
and precision. The overlapped chromatography method is shown here to be better
than previously considered. The optimization method using FUMI must increase the
reliability and applicability of overlapped chromatograms.
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SUMMARY

The dispersion (Iy) and selectivity (7*) indices of homologous alkyl, w-chloro-
ethyl and alkenyl benzoate and monochlorobenzoate esters are presented as obtained
on low polarity (SE-30) and polar (OV-351) capillary columns. The effects of alkyl
chain length, unsaturation and the position of chlorination are discussed and the
results compared with studies of aliphatic esters. The compounds considered allow
a study of the effect upon retention of chlorination in both the aromatic ring and the
alkyl group.

INTRODUCTION

The division of the retention index of a solute in gas chromatography (GC) into
a contribution due to apolar forces and related to molecular weight and a second
contribution due to a summation of polar interactions and steric effects has been
described recently' 2. The first communication dealt in general! with the development
of the indices whilst the second detailed various homologous groups of carbonyl
compounds. With the carboxyl compounds? the effects of substitution and branching
in both constituent chains were considered together with carbonyl compounds, i.e.
mono- and diketones and pyruvates, containing both a carboxyl and carbonyl
functional group.

The present work considers both normal®, w-chioroethyl* and branched-chain®
alkyl and alkenyl® benzoate esters and their isomeric monochlorinated derivatives
examined isothermally at 160°C on low-polarity (SE-30) and polar (OV-351) capillary
columns. The phase OV-351 is described as highly purified FFAP, reported to be the

* For Part 11, see ref. 2.

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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esterification product of Carbowax 20M and 2-nitroterephthalic acid’. Various
studies of the esters of interest, particularly the parent esters, have been recently
reported® and are not repeated in this work. The influence of the various structural
parameters, particularly on the selectivity indices, are discussed and some comparisons
are made with earlier studies of aliphatic carboxyl compounds.

EXPERIMENTAL

The GC was conducted on a Perkin-Elmer Sigma 3 instrument using a vitreous
silica SE-30 capillary column (25 m x 0.33 mm L.D.), (S.G.E., North Melbourne,
Australia) and a fused-silica OV-351 column (25 m x 0.32mm I.D.) (Orion Analytica,
Espoo, Finland). The conditions were: injection and flame-ionisation detector
temperature, 275°C; column temperature, 160°C; nitrogen carrier gas and a split ratio
of 1:25. Retentions were measured as retention indices as previously reported3—5.

RESULTS AND DISCUSSION

Table I shows dispersion (/) and selectivity (*) indices for the alkyl and alkenyl
esters studied. The n-alkyl benzoate esters on the low-polarity phase show I* values
which tend to decrease slightly as the chain length is increased although the main
decrease occurs with the lower alkyl esters. This is indicative of a significant methyl
effect and formation of a homologous series where additional methylene groups have
a truly additive effect. The values are, however, considerably higher than those of the
corresponding alkyl esters, i.e. the n-alkyl hexanoates, due to the higher boiling points
and the aromatic structure. As with alkyl- and alkenylbenzenes' an extension of the
n bonding system greatly extends the selectivity.

Chlorination at all three positions on the ring produces equivalent and higher 7y
values due to the increased molecular weight but lower values of I* on the SE-30
stationary phase. It has been shown previously! with aliphatic compounds that the
presence of polar functional groups tends toward positive I* values whilst groups with
screened electrons display strongly negative values. Here while the basic aromatic
structure is of greater polarity, the addition of a halogen causes a considerable
reduction.

The I* values of the ortho, meta and para isomers are very similar, there being
a slight decrease from ortho to para and a minimal further decrease from para to meta.
The corresponding values of all compounds are greatly increased on the polar
(OV-351) column. The substantial difference between the values of the parent esters
and their derivatives is not evident now. The elution pattern is as demonstrated
previously where maximization of the polar effects occurs with the ortho substi-
tuent™®. This behaviour can be explained on the basis of electromerism®. The decrease
in electron density occurring in the phenyl ring with o-substitution is more pronounced
than that with m- and p-substitution, the increased interaction between this more
electron-deficient ring and the electron-donating groups of the phase giving rise to the
relatively higher retentions of the o-chloro isomers on OV-351. This effect with the -
and p-chloro isomers seems to be similar, i.e. the retention behaviour between the
isomeric esters remains unchanged with increasing column polarity.

The effect of branching of the alkyl group is evident from Table I. Methylethyl
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benzoate on SE-30 has a considerably lower value of /* than any of the n-alkyl
benzoates, the effect of the methyl group in shielding the carbonyl being considerable
as indicated previously®. The other five esters all follow a logical sequence, the
l-methylpropyl has a lower /* value but this is greater than that of 2-methylpropyl
ester where greater separation occurs. The 1,2-dimethylpropyl ester with further
constraints has a lower /* value. The 1-methylbutyl and 3-methylbutyl esters follow
the corresponding propyl esters. With chlorination the greatest values of I* are again
shown with the ortho homologues, but the absolute values of I* are very much lower
than those for the saturated esters because branching on the carboxyl group reduces
the polarity of this part of the compound and this in company with the aromatic
moiety and the halogen atom has a marked effect.

On the polar phase the values of all four series are lower than for the straight
chain esters but the trends are the same, namely

* % * sk
r o-chloro < I alkyl < I p-chloro <[ m-chloro

The effect of unsaturation in the alkyl benzoates is evident firstly by comparison
of 2-propenyl and n-propyl benzoate. On SE-30 slight enhancement of I* occurs with
the unsaturated ester while the three sets of chlorinated isomers have essentially equal
I* values. With increased phase polarity the I* values of the unsaturated esters and of
the chlorinated esters are expectedly increased. The 3-butenyl ester showed a reduced
I* value compared to the n-butyl ester on SE-30 but an increased value on OV-351. The
2-butenyl ester with closer proximity of the unsaturation to the carbonyl group shows
further increased values of I* in both phases. It is evident here as in the preceding
work on alkyl esters that the 2-butenyl isomer shows greater relative I* enhancement
than the 2-propenyl ester, the significance of the terminal methyl group again being
apparent. The 4-pentenyl ester shows increased values of I* relative to the n-pentyl
benzoates but the values are reduced compared to the shorter-chain unsaturated esters
indicating further that transmission of polar effects along an alkyl chain is limited.

The ester (1-methyl-3-butenyl) with a pendant methyl group adjacent to the
carboxyl group shows the lowest values of I* of all the esters on both phases, and the
effect relative to both the 3-butenyl and 4-pentenyl is quite dramatic. The moderating
effect of a methyl group as a substituent adjacent to the carbonyl group has been
observed previously with unsaturated aliphatic esters.

Table II shows dispersion () and selectivity (I*) indices for the w-chloroethyl
benzoates and their monochlorinated derivatives.

Monochlorination of the aromatic ring has been shown on the non-polar phase
to produce a reduction in I*. With ethyl benzoate, a reduction in 7* in excess of 80 is
evident on monochlorination of the ring while similar chlorination of the ethyl group
causes a reduction of about 30. The difference in the values are due to less interference
of the # bonding system by the chlorine substituent. As expected, Table II shows that
the selectivity index on the same phase is reduced both with chlorination of the ethyl
group and of the ring.

Table IIT shows the effects of di- and trichlorination of the ethyl group where
very much greater reductions in I* are evident as expected, while similarly with ring
chlorination comparably large reductions also occur. In common with the other series
(Table I), the ortho compounds (Table IT) exhibit greater retention and the highest I*
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TABLE IV

ALTERNATIVE TABULATION OF REDUCTION IN SELECTIVITY (/*) INDICES WITH
w-ETHYL AND RING CHLORINATION

Compound Site of I* Reduction
chlorinated chlorination

SE-30 - OV-351
Ethyl Alkyl group 29.5 192.5
benzoate Aromatic ring 82.5, 85.5, 88.5* 40.5, 43.5, 45.5
Monochloroethyl Alkyl group 155.6 155.6
benzoate Aromatic ring 76.6, 83.6, 81.6 29.4, 64.6, 43.6
Dichloroethyl Alkyl group 180.0 274.6
benzoate Aromatic ring 76.6, 88.5, 80.6 39.5, 63.5, 57.5
Trichloroethyl Aromatic ring 73.5, 91.8, 85.5 32.4, 37.6, 39.6
benzoate

* 0-, m-, p- respectively.

values of the three isomers. The actual variations in the I* values are shown in Table
II1.

The increased difference in selectivity of monochloroethyl benzoate and
dichloroethyl benzoate in comparison to ethyl benzoate and monochloroethyl
benzoate is observed. However, a very similar reduction in [* occurs with ring
chlorination of the two species, and the same effect is apparent with all three series with
I* decreasing expectedly with increasing chlorine content. The effect of the addition of
one, two or three chlorine atoms to ethyl benzoate is shown in the lower part of
Table III.

With the polar stationary phase the same trends are evident but increased I*
values are initially experienced due to the predominant effects of the donor phase but
are overcome with increased chlorine content.

The effécts of ring chlorination are also shown in Table IV. The effect of chlorine
introduction in the alkyl chain is as indicated in Table III. Introduction of a chlorine
atom at any of the ring positions produces on SE-30 similar and possibly slightly lower
reductions of I* as the polarity or chlorine content of the parent compound is
increased. With the polar stationary phase a significant increase in /* is evident with
the first alkyl chlorination and much less with ring chlorination of ethyl benzoate.
The results for the three isomers are very variable with the monochloroethyl
compound and only slightly less so with the dichloroethyl benzoate, but significantly
lower with the trichlorobenzoate derivatives.
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SUMMARY

Polyoxyethylene 4-alkylphenylamines having from 1 to 16 carbon atoms in their
alkyl groups and average degrees of ethoxylation from | to 8 were analyzed by gas
chromatography and distribution coefficients were computed. Successive homologues
having different numbers of oxyethylene groups were separated according to their
increasing molar masses. Arithmetic retention indices were determined for separated
homologues and increments for characteristic molecular fragments were calculated.
They are equal to 298 and 805 for the oxyethylene group and the benzene ring,
respectively. Retention indices of polyoxyethylene 4-alkylphenylamines can be
estimated from the appropriate increments with an error of about 10 units. The molar
mass distribution for these compounds is between those obtained for polyoxyethylene
alkylamines and polyoxyethylene alcohols.

INTRODUCTION

4-Alkylphenylamines are known as extractants for noble metals'2. They were
also used as intermediates to obtain quaternary ammonium salts® and polyoxyethyl-
ene 4-alkylphenylamines* 5. These last surfactants were obtained in the reaction of
4-alkylphenylamines with ethylene oxide:

(CHCHR0),H

/S
R NH, + ( YCH,—CH, —+R N 1
@ 2 nrm \Zo/ 2 \(CH,CH,0), H ()

They are polydisperse mixtures and contain successive homologues having various
numbers of oxyethylene groups.

The molar mass distribution of typical non-ionic surfactants, i.e., polyoxyethyl-
ene alcohols and polyoxyethylene alkylphenols, was discussed in several independent

0021-9673/89/803.50 © 1989 Elsevier Science Publishers B.V.
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papers and different models were proposed to calculate the molar fractions of
successive homologuesS~!°. Recently, a general and mathematically improved com-
puting technique was used and molar mass distributions were computed for
polyoxyethylene alcohols and polyoxyethylene alkylphenols and also for typical
polyoxyethylene alkylamines!!.

The aim of this work is to determine the composition of polyoxyethylene
4-alkylphenylamines and the retention indices of their successive homologues having
different numbers of oxyethylene groups and to use these data to calculate the
increments of the retention indices for characteristic molecular fragments and to
compute the so-called distribution coefficients.

EXPERIMENTAL

Polydisperse polyoxyethylene 4-alkylphenylamines having 1, 6, 8, 10, 12 and 16
carbon atoms in their alkyl groups and average degrees of ethoxylation equal to 1, 3,
5 and 8 were used.

A gas-liquid chromatograph (Perkin-Elmer Model 900) with a flame ionization
detector was used. The separation was carried out in stainless-steel columns (04m x
27mmID,09m x 27mmID.or1.8m x 2.7 mm 1.D.), Chromosorb G AW
DMCS (60-80) mesh was used as the support and silicone resin OV-17 (3%) as the
liquid phase.

Nitrogen was used as the carrier gas and its flow-rate was 20 cm?3/min. The
analyses were started with a column temperature, depending on the product
composition, of 80-170°C, which after 1 min of separation was increased at 6°C/min to
320°C, where it was maintained.

Trimethylsilyl derivatives were prepared in a glass microreaction vessel (capacity
3 ¢m?) having a PTFE-lined cap (Supelco, Bellefonte, PA, U.S.A.). A sample of about
0.05 g was weighed and 0.5 cm?® of N,O-bis(trimethylsilyl)acetamide (Applied Science
Labs., State College, PA, U.S.A.) were added. The sealed reaction vessel was
maintained at 70°C for 1 h and shaken from time to time.

The arithmetic retention indices!? were determined for the homologues
separated. The percentages of the components were calculated from the areas of their
peaks, assuming correction coefficients of 1. The values of the peak resolutions were
calculated according to

_ 2(tr1 — tr2)
w; + wp

R @)

where tg; and fz, denote the retention times of successive peaks and w; and w, the
widths of these peaks measured at their bases.

RESULTS AND DISCUSSION

The chromatographic conditions were similar to those reported previously for
polyoxyethylene alkylamines'*~'®. Under these conditions, successive homologues
having different numbers of oxyethylene groups are eluted according to their
increasing molar masses, and they can easily be identified by their retention indices.
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L
0

min 60 50 40 30

Fig. 1. Chromatogram of polyoxyethylene 4-dodecylphenylamine. Average degree of ethoxylation, 8; peak
numbers denote oxyethylene groups present in the homologues separated.

Positional isomers having the same total number of oxyethylene groups but located in
different ways in both the polyoxyethylene chains are not separated. An exemplary
chromatogram of polyoxyethylene 4-dodecylphenylamine with an average degree of
ethoxylation equal to 8 is shown in Fig. 1. The separation of polyoxyethylene
4-alkylphenylamines up to the homologues containing thirteen oxyethylene groups
was achieved. Small peaks due to by-products, mainly polyoxyethylene glycols, are
also observed between the main peaks of polyoxyethylene 4-alkylphenylamines.
The values of the arithmetic retention index for successive homologues of
polyoxyethylene 4-alkylphenylamines and of the peak resolutions are given in Table L.
The arithmetic retention index is linearly correlated with the number of oxyethylene
groups. The siopes of such plots give the increments of the retention index per

TABLE

ARITHMETIC RETENTION INDICES, 7., AND PEAK RESOLUTIONS, R,, FOR TRIMETHYL-
SILYL DERIVATIVES

No. of Polyoxyethylene 4-alkylphenylamines

oxyethylene

groups Methyl Hexyl Dodecyl

I, R, I, Ry 1, Ry

0 1390 — 1875 - 2480 —
1 1695 8.5 2170 5.6 2785 32
2 1955 6.7 2475 53 3080 3.6
3 2276 6.3 2780 5.0 3375 3.1
4 2584 5.2 3082 4.5 3670 2.6
5 2881 4.6 3380 3.6 3970 2.5
6 3180 4.2 3678 3.6 4265 2.4
7 3479 3.7 3975 2.1 4565 24
8 3770 34 4270 2.0 4860 1.7
9 4069 3.0 4565 2.0 5160 1.7

10 4366 2.6 4860 1.9 - 5455 1.5

11 4660 2.6 5155 1.7 5755 1.2

12 4960 24 5430 1.8 6050 1.3

13 5260 2.5 5750 1.7 6350 1.2
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oxyethylene group. The following values of this increment were obtained: 297.7, 298.1
and 297.6 for polyoxyethylene 4-alkyiphenylamines having 1, 6 and 12 carbon atoms
in the alkyl group, respectively. Thus, the average value is approximately equal to 298
and agrees well with the increment obtained previously for polyoxyethylene alkyl-
amines (41, = 299)!°. Arithmetic retention indices of polyoxyethylene 4-hexyl-
phenylamines are about 796-816 units higher than those obtained previously for
polyoxyethylene hexylamines. These differences are equal to 816, 805, 808, 807, 806,
804 , 800 and 796 for appropriate homologues having 2, 3, 4, 5, 6, 7, 8 and
9 oxyethylene groups, respectively. Thus, the aromatic ring increases the retention
index by about 805 units, and this effect does not depend upon the length of the
polyoxyethylene chain. The increments previously determined'® can also be used to
predict the values of the retention index for polyoxyethylene 4-alkylphenylamines. The
average error of such an estimation is equal to 11 units, and only in one case does the
error exceed 20 units.

The peak resolutions are similar to those reported previously for other groups of
non-ionic surfactants*”. They decrease as the lengths of the polyoxyethylene chain
and/or of the alkyl group increase.

The contents of the successive homologues in the products analyzed are given in
Table II. They were used as initial data for further computing of the distribution
coefficients. The contents of other compounds, mainly polyoxyethylene glycols, which
are eluted between the main peaks, are also given in Table I1. Quite significant amounts
of these compounds are formed and their contents increase in a typical way as the
average degree of ethoxylation increases. Polyoxyethylene 4-alkylamines obtained
from 4-methylphenylamine contain less polyoxyethylene glycols in comparison to
products obtained from 4-alkylphenylamines containing from 6 to 16 carbon atomsin
their alkyl groups.

The reaction between an initial 4-alkylphenylamine (RXH) and ethylene oxide
(EO) can be described as follows

RXH + EO ko RXEOH
RXEOH + EO ky RX(EO),H 3)

RX(EO),_H + EO ¢ RX(EO)H

where ko, k1, ... k, denote the rate constants for the successive steps of the process,
X denotes N or NH and R a 4-alkylpheny! group.

The abbreviations used for 4-alkylphenylamine and its polyoxyethylene deriv-
atives are the same as those used in our previous work'* on polyoxyethylene alcohols,
alkylphenols and alkylamines. This is possible because positional isomers having the
same total number of oxyethylene groups but different distributions in the two
polyoxyethylene chains are not separated, and consequently, they are not taken into
consideration. In this case X denotes NH in 4-alkylphenylamines, 4-alkylphenyl-2-
hydroxyethylamine and in some higher homologues having only one polyoxyethylene
chain, while X is N in those typical homologues having two polyoxyethylene chains.
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By using the computing method previously described by us!!, the distribution
coefficients ¢; = ki/ko, ¢2 = kafko, ..., cu = kalko, defined as the ratio of the
successive rate constants to the rate constant of the first step, were determined (Table
[1I). They demonstrate that results obtained for polyoxyethylene 4-methylphenyl-
amines differ from those obtained for polyoxyethylene 4-alkylphenylamines having
Jong alkyl groups (C—C,6)- The distribution constants are of similar order and a sharp
decrease is observed between homologues containing 8 and 9 oxyethylene groups in
polyoxyethylene 4-alkylphenylamines having from 6 to 16 carbon atoms in the alkyl
groups. This clearly demonstrates that homologues having 9 or more oxyethylene
groups are not eluted completely from the chromato graphic column. Thus, their actual
contents are higher than those given in Table IL

The correlation coefficients are approximately 0.9 and the value of 0.99 was
obtained only for polyoxyethylene 4-methylphenylamines. This means that some
important deviations of the computed values from those experimentally determined
are observed for polyoxyethylene 4-alkylphenylamines having from 6 to 16 carbon
atoms in their alkyl groups. This is not caused by the errors of the chromatographic
analysis, the accuracy and precision of which are the same as in analyses of other
non-ionic surfactants'®. This is a result of some differences observed in the reaction
course during the syntheses of polyoxyethylene 4-alkylphenylamines.

The molar mass distribution of the successive homologues for polyoxyethylene
4-octylphenylamines is presented in Fig. 2. The numbers on the curves denote the total
numbers of oxyethylene groups present in the homologue considered. Similar
distributions were obtained for other products although the concentrations of the
individual homologues were somewhat different.

They demonstrate that the content of 4-alkylphenylamine does not decrease so
quickly to zero as in the case of polyoxyethylene alkylamines, and small amounts of it
are observed in the products having an average degree of ethoxylation equal to 6. As
a result, it is impossible to obtain almost pure 4-alkylphenyldi(2-hydroxyphenyl)-
amines as in the case of alkylamines. This is caused by the low basicity of the nitrogen
atom in 4-alkylphenylamines and, as a result, by the relatively low reaction rates of the
first two steps leading to the formation of 4-alkylphenyl(2-hydroxyethyl)amine and
4-alkylphenyldi(2-hydroxyethyl)amine.

content, mole %

o] i 2 3 4 S 6 7
Average degree of ethoxytlation

Fig. 2. Molar mass distribution for polyoxyethylene 4-octylphenylamines.
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Fig. 3. Comparison of molar mass distributions for polyoxyethylene 4-octylphenylamines (Ph-0, Ph-2 and
Ph-6), polyoxyethylene hexylamines (H-0, H-2 and H-6) and polyoxyethylene dodecanol (D-0, D-2 and
D-6). Numbers denote the numbers of oxyethylene groups in the homologues considered.

The distribution of the successive homologues is also different in comparison to
polyoxyethylene alcohols, as is demonstrated in Fig. 3. The content of 4-alkylphenyl-
amine (Ph-O) decreases more quickly than that of dodecanol (D-0O), but more slowly
than that of hexylamine (H-O). The content of 4-alkylphenyldi(2-hydroxyethyl)amine
(Ph-2) never reaches the high value of alkyldi(2-hydroxyethyl)hexylamine (H-2) but is
higher than that of the appropriate analogue of dodecanol having two oxyethylene
groups (D-2). Thus, the molar mass distribution of polyoxyethylene 4-alkylphenyl-
amines is between those reported previously for polyoxyethylene alkylamines and
polyoxyethylene alcohols®!.

CONCLUSIONS

Successive homologues of polyoxyethylene 4-alkylphenylamines having differ-
ent numbers of oxyethylene groups can be separated according to their increasing
molar masses and their contents can be determined by gas chromatography. The
separations are similar to those reported previously for other groups of non-ionic
surfactants having polyoxyethylene chains. The retention index increments are similar
to those obtained previously for polyoxyethylene alkylamines. Those for the
polyoxyethylene group and the aromatic benzene ring are equal to 298 and 805,
respectively. Retention indices of polyoxyethylene 4-alkylphenylamines can be
estimated from the appropriate increments with an error of about 10 units. The molar
mass distribution of polyoxyethylene 4-alkylphenylamines is between those reported
previously for polyoxyethylene alkylamines and polyoxyethylene alcohols.
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GAS CHROMATOGRAPHIC BEHAVIOUR OF CARBOHYDRATE TRI-
METHYLSILYL ETHERS

II. ALDOHEXOSES
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Departament de Quimica, Facultat de Cienciés, Universitat de les Illes Balears, 07071 Palma de Mallorca
(Spain)
(First received March 11th, 1988; revised manuscript received August 23rd, 1988)

SUMMARY

The tautomeric forms of the eight aldohexoses were separated as their O-tri-
methylsilyl ethers on several packed and capillary columns. Their chromatographic
behaviour was similar to that previously found for aldopentoses, but different from
that of other ethers. A mathematical approach developed for aldopentoses was ap-
plied to aldohexose retention indices on several stationary phases, in an attempt to
relate these values to their structural characteristics.

INTRODUCTION

The study of carbohydrates by gas chromatography (GC) requires their deriva-
tization in order to improve the volatility. Among the derivatives which do not cause
changes in the initial configuration of the molecules, the trimethylsilyl (TMS) ethers
are the most used'*?.

Although many studies have dealt with the relationships between chemical
structure and chromatographic behaviour, publications on sugar derivatives are
scarce and incomplete. Several rules were deduced by Sweeley e al.® and have since
been confirmed®.

In the first part of this series® it was found that aldopentose TMS ethers show
an unusual chromatographic behaviour on stationary phases of different polarities.
Some structural features were correlated with retention, the highest positive contribu-
tion corresponding to TMS groups in equatorial positions. The retention indices of
aldopentose TMS ethers decreased with increasing temperature. Now this study is
extended to the TMS ethers of the eight aldohexoses.

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.



1. MARTINEZ-CASTRO et al.

50

0L1 - 81°0 154 SSBID Jenqny usdo apew-A101BI10qE] STC-AO

0Ll - 81°0 174 Sse[ fenqn uadg apeur-A101eIoqe] SIT-AO

091 - o Y4 BOL[IS pasng Ienqm uadQ pieoed-1sjMaH WO0T xemoqlen

061-091 - o 4 BOI[Is pasn{ Tenqm uedQ yoedwoiy) L1-AO

007081 - 81°0 oy SSe[D reqny uadQ  opew-AlojeIoqe] ¥$-dS

081091 110doojedng € € [991S sso[ure)g payord BUIOIYOUND], $Hda

091 110doojadng € € [99]S SSaUIR]G payoed BUWIOI{OUNS L INOT XBmMOqIE))

012051 110dooradng € € [331S ssajuielg payoed BUIOIOUNS L 0€-dS

asoyd

(D,) aanvaadwa | oddng (ww) @1 (w) y18uag LI 2dAy u1sLi() duonvis

SASOXdH A0 SYFdHLT SIL 40 SISATVNV 2D dHL NI A4S SNINNTOD DIHdVIDOLVINOIHD

[37dV.L



GC OF CARBOHYDRATE TMS ETHERS. II. 51
MATERIALS AND METHODS

Samples

B-D-Allose and D-altrose were obtained from Fluka (Buchs, Switzerland); p-
mannose, D-gulose, D-idose, D-galactose and a-D-talose from Sigma (Eisenhofen,
F.R.G.), and p-glucose from Ferosa (Spain).

A 1-mg amount of crystalline sample was dissolved in water or pyridine and left
to stand for 48 h at room temperature, in order to attain the anomeric equilibrium.
Syrup samples (idose and gulose) were equilibrated in water. Aqueous samples were
lyophilized prior to silylation.

To silylate the samples, 0.1 ml of trimethylsilylimidazole was added and the
mixture heated at 65°C for 30 min®:

GC analysis

The chromatographic equipment, carrier gas and injection and detection condi-
tions were as described previously®. Columns and conditions are summarized in Ta-
ble I. Chromatograms were taken in the isothermal mode: oven temperatures were
equal or slightly higher than those used previously®.

Kovats retention indices were calculated from the retention times of TMS
ethers and suitable n-alkanes. The dead time was determined by linear regression’.

Calculations
Retention index calculations and normal and stepwise linear regressions were

carried out by using several programs written by us in BASIC for a microcomputer
Olivetti M-20.

RESULTS AND DISCUSSION

The eight aldohexose TMS ethers showed in capillary GC four peaks corre-
sponding to the four cyclic tautomers (two pyranoses and two furanoses); only two
peaks were observable for most sugars when using the packed columns. Retention
indices are shown in Table II. They were similar on both capillary and packed col-
umns, with the exception of Carbowax 20M columns where the retention indices
were highly variable. The aldohexose identification was carried out by GC-mass
spectrometry (MS) and by comparison with NMR data®°. In two cases (mannose
and glucose), it was impossible for us to assign some furanose forms present in the
mixtures in very small amounts.

Effect of the stationary phase polarity

Retention indices changed with the polarity of the stationary phase, but no
correlation was established. In a plot of the stationary phase polarity calculated
according to McReynolds'® against the first principal component, a positive correla-
tion is expected®. However, Fig. 1 shows that the overall retention decreases in the
order SE-54, OV-215, OV-17, OV-225 and Carbowax 20M. Similar chromatographic
behaviour was observed for the packed columns, where Carbowax 20M showed the
lowest 1 values. These results agree with those found® for aldopentoses, and confirm
that the usual criteria of stationary phase polarity are not suitable for TMS ethers of
sugars.
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TABLE II ,
RETENTION INDICES, 7, OF ALDOHEXOSES

s fys

Stationary phase, McReynolds polarity and temperature (°C).

Component SE-54 ov-17 ov-215 ov-225 C 20M
334 884 1545 1813 2308
180 180 170 170 160

17 o-Allofuranose 1857 1829 1849 1772 1768

18 f-Allofuranose 1896 1886 1849 1831 1843

1 a-Allopyranose 1862 1814 1849 1789 1754

2 B-Allopyranose 1879 1829 1849 1789 1778
19 a-Altrofuranose 1837 1972 1774 1699 1739
20 B-Altrofuranose 1912 1871 1739 1699 1838

3 o-Altropyranose 1830 1765 1872 1826 1703

4 B-Altropyranose 1830 1758 1777 1710 1695
21 a-Glucofuranose - - 1824 1783 -
22 B-Glucofuranose - - 1824 1800 -

5 a-Glucopyranose 1924 1908 1905 1853 1793

6 B-Glucopyranose 2022 2002 2175 1984 1972
23 a-Mannofuranose 1944 - 1915 1870 -

24 p-Mannofuranose - - 2032 - -

7 a-Mannopyranose 1835 1798 1794 1729 1716

8 f-Mannopyranose 1937 1886 1963 1882 1862
25 a-Gulofuranose 1908 1867 1824 1830 1832
26 f-Gulofuranose 1982 1883 1938 1858 -

9 a-Gulopyranose 1858 1803 1826 1762 1757
10 B-Gulopyranose 1825 1789 1765 1734 1729
27 a-Idofuranose 1896 1832 1853 1796 1815
28 f-Idofuranose 1858 1816 1793 1766 1771
11 a-Idopyranose 1858 1812 1837 1784 1764
12 p-lIdopyranose 1909 1865 1893 1846 1841
29 a-Galactofuranose 1941 1909 1922 1878 1869
30 f-Galactofuranose 1852 1827 1779 1759 1763
13 a-Galactopyranose 1894 1859 1874 1817 1786
14 B-Galactopyranose 1941 1902 1946 1904 1869
31 a-Talofuranose 1882 1867 1918 1816 1823
32 p-Talofuranose 1863 1836 1833 1800 1794
15 a-Talopyranose 1882 1848 1840 1813 1890
16 - f-Talopyranose 1943 1900 2021 1960 1896

Effect of temperature

The retention indices of aldohexose TMS ethers decreased with increasing tem-
perature in both packed and capillary columns. Fig. 2 shows some examples for
capillary (a) and packed (b) columns. Values of 41/10°C for capillary columns are
shown in Table III. A similar chromatographic behaviour was found® for aldopen-
toses.
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Fig. 1. (a) Values of the coefficients of the first principal component of the data matrix for aldohexose TMS
ethers versus the polarity of the stationary phase. (b) Values obtained with thirteen ethers from McRey-
nolds®, given for comparison.
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Fig. 2. Variation of I, with temperature for several aldohexose TMS ethers. (a) Capillary column of SE-54:
A, a-mannofuranose; <, o-mannopyranose; O, f-mannopyranose; W, o-talopyranose; @, p-talofura-
nose. (b) Packed columns: (I, a-talose (DEGS); ©, B-talose (DEGS); O, a-mannose (DEGS); A, p-man-
nose (DEGS); B, a-talose (SE-30); @, B-talose (SE-30): @, a-mannose (SE-30).
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TABLE 11

TEMPERATURE DEPENDENCE OF THE RETENTION INDICES, 41/ 10°C, OF TMS ETHERS OF
ALDOHEXOSES

Component SE-54 ov-17
180-200°C 160-190°C
a-Allofuranose —-4.0 ~123
B-Allofuranose -5.0 -123
a-Allopyranose -15 -13
B-Allopyranose —4.5 -8.0
a-Altrofuranose -6.5 -9.7
B-Altrofuranose -5.0 -8.7
a-Altropyranose —3.0 —-6.3
B-Altropyranose -30 -93
a-Glucopyranose -3.5 -10.0
B-Glucopyranose -7.0 -9.3
oa-Mannopyranose —4.0 -9.7
B-Mannopyranose -0.5 —8.0
o-Gulofuranose -1.0 -7.0
B-Gulofuranose -3.5 —-57
a-Gulopyranose —4.0 —6.3
f-Guiopyranose -6.0 -2.0
o-Idofuranose —-20 -6.3
B-I1dofuranose —-2.5 -13
a-1dopyranose -2.5 =73
B-1dopyranose —4.5 -9.0
a-Galactofuranose -1.0 —11.7
B-Galactofuranose =50 -10.7
a-Galactopyranose —1.5 -85
B-Galactopyranose -1.0 -1.7
a-Talofuranose —4.5 -9.3
p-Talofuranose -0.5 -93
a-Talopyranose -2.0 =17
B-Talopyranose -25 =57

Effect of carbohydrate structure

Table 11 shows the retention indices of aldohexoses on five stationary phases.

For pyranose forms, except altrose and gulose, the a-anomer was eluted before
the f-anomer. Sweeley et al.> explained the gulose behaviour by supposing that while
p-gulose is almost certainly in the conformation “C;, a-gulose may well be in the
conformation !C, with three axial OTMS groups including the anomeric one
(Scheme 1). A similar explanation would be valid for altrose, although these authors
did not assign the a- and p-forms.

The planar structures are usually more strongly retained®, as in the case of
pentoses’. f-Glucopyranose, whose OTMS groups are all equatorial, always showed
the highest retention. On the contrary, the different altrose tautomers, with many
axial substituents, were the least strongly retained on most phases.
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Fig. 3. Chromatographic patterns for some hexose TMS ethers eluted before f-xylopyranose on (a) OV-17
and (b) Carbowax 20M (both at 160°C). Numbers of peaks correspond to structures in Schemes 2 and 3.

The highest separation between anomeric pairs was found in glucopyranoses
(179 L.U. on Carbowax 20M). The least separated were those corresponding to allose
and altrose, which overlapped on some phases.
The behaviour of furanoses was opposite to that of pyranoses: the f-anomers
were eluted before the o-anomers, with the exception of gulose and allose. In general,
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TABLE IV
STRUCTURAL DESCRIPTORS OF HEXOSE TMS ETHERS

Code Range Structural significance

Eql 0-1 OTMS group equatorial on C-1 (anomeric)

Eq2 0-1 OTMS group equatorial on C-2

Eq3 0-1 OTMS group equatorial on C-3

Eq4 01 OTMS group equatorial on C-4

2Eq 04 Total number of equatorial OTMS groups

2c 0-4 Two OTMS groups in a cis disposition

2t 0-4 Two OTMS groups in a trans disposition

3c 0-3 Three OTMS groups in a cis disposition

Al3 0-2 Two OTMS groups in alternate diaxial disposition

AA 0-3 Two OTMS groups in adjacent diaxial disposition

AE 04 Two OTMS groups in adjacent axial-equatorial disposition
EE 04 Two OTMS groups in adjacent diequatorial disposition

the separation range was smaller than for pyranoses. The most strongly retained
compound (on three phases) was a-galactofuranose, whereas a- and S-altrose were
the least strongly retained. The most easily resolved anomeric pair was o- and S-galac-
tose (except on Carbowas 20M).

The increment in molecular weight with respect to aldopentoses produces an
increase in the overall retention which averaged 200 I.U. (231 £ 31 on SE-54, 194 +
350n OV-17). All the aldohexoses were eluted after the aldopentose (f-xylopyranose)
on SE-54, but there were several exceptions on OV-17 and Carbowax 20M (Fig. 3).

TABLE V

MULTIPLE LINEAR REGRESSION LEAST-SQUARES FIT FOR HEXOPYRANOSES ON FIVE
STATIONARY PHASES

Contribution of hexopyranose descriptors (/, units) and correlation coefficient.

Descriptor Phase
(see Table IV)

ov-17 Carbowax 20M ov-215 ov-225 SE-54

2Eq 78.6 75.7 249.7 221.4 98.4
Eql 354 823 10.7 8.9 24.5
Eq2 30.9 379 18.1 30.3 13.1
Eq3 111.1 127.9 149.8 145.7 87.6
2c 35.6 22.8 —-8.6 —14.5 352
3c -61.9 —45.5 -739 -62.3 —-62.4
Al3 142.9 160.6 241.9 194.0 137.7
EE -34 -13.2 —114.8 —1314 -17.8
Ring 1507.9 1443.9 1388.9 14249 1558.7
Correlation
coefficient 0.972 0.962 0.952 0.986 0.970
a-Allopyranose Exptl. 1814 1754 1849 1789 1862
Calc. 1818.7 1757.9 1860.3 1791.7 1869.1
B-Allopyranose Exptl. 1829 1778 1849 1789 1879

Cale. 1812.7 1765.0 1846.3 1774.3 1863.8
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Correlation between structure and retention

The correlation between the retention indices and the chemical structure of
aldohexose TMS ethers has been examined using the approach described® for pen-
toses. Two different models have been used.

Prediction of retention data from structural descriptors. In this model, we sup-
pose that the retention index, I,, of a compound x on the stationary phase p can be
expressed as a sum of the contributions, c¢;,, of their descriptors, d,;:

Iy, = Z dxiCip

The ¢, values can be calculated from experimental Iy, retention indices and descrip-
tor values by multiple linear regression.

We have selected as molecular descriptors several structural features related to
the absolute and relative positions of the OTMS groups on the furanose and pyranose
rings. Unfortunately, the conformations of many hexose TMS ethers have not been
reported. Scheme 2 presents the *C; (D) conformation of hexopyranoses, that has
been shown to be the preferred one for the TMS ethers of f-allo- and f-altropyra-
nose, and of gluco-, manno-, galacto- and talopyranose a- and f-anomers at
25°C!%+12 There are no data for the other aldohexoses (idose, gulose and a-anomers
from allose and altrose), although it may be supposed that a-gulose, x-altrose and
a-idose are in a 'C,4 (D) conformation.

The actual conformations of hexofuranose TMS ethers have not been reported.
They are presented in Scheme 3 in a twist T conformation, where some extracyclic
carbon atoms are neither truly axial nor equatorial.

Descriptor values were calculated from the conformations shown in Schemes 2
and 3. The furanose OTMS substituents were considered as pseudoaxial or pseudo-
equatorial according to the conformation in Scheme 3. The significance and range of
values of the hexose descriptors is shown in Table IV.

In a first step, both furanose and pyranose forms were included in the calcula-
tions. Although up to twelve descriptors were used, the quality of fit, measured from
the correlation coefficient, r, was not good (r values between 0.76 and 0.78 for the five
stationary phases). For this reason, we decided to consider as different the descriptor
sets for furanose and pyranose forms.

For pyranoses, sixteen experimental I values were available for each phase
(Table IT). Eight descriptors provide a reasonably good fit, the r values being between
0.95 and 0.99 (Table V). The quality of fit decreased when the descriptors of a-gulose
and a-altrose were calculated from their !C, conformation; in the case of a-idose it
increased slightly. The descriptor contributions were positive, with two exceptions:
three OTMS groups in a cis-arrangement (3c) and two equatorial OTMS groups on
connected carbon atoms (EE), which take negative values for the five stationary
phases used. The highest contributions corresponded, in the five phases, to the num-
ber of pairs of OTMS groups on alternate carbon atoms (A13), and to the descriptors
related to the number of equatorial OTMS groups (Eq1-4). Table V shows also, as an
example, the experimental and calculated retention indices of «-allopyranose and
B-allopyranose on the five stationary phases. Although the quality of fit was good, the
method does not allow the identification of compounds having similar retentions;
nevertheless, when the problem is an equilibrated mixture (as in biological samples)
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this can be accomplished by considering the chromatographic pattern of the different
tautomers. ) .

In the case of furanoses, the low number of experimental I, values limits the
number of descriptors which can be used. Even when using eight descriptors the
quality of fit is not good (r values between 0.71 and 0.97). The descriptors showing
higher positive contributions to the retention indices are those related to the existence
of equatorial OTMS groups and also the number of pairs of axial OTMS groups on
alternate carbon atoms, while the f-substitution and the existence of three OTMS
groups in a cis-position have a negative contribution.

Although it was necessary to fit the pyranose and furanose data in separate
ways, there are some relationships among the descriptor values calculated for these
hexose forms. In both sets, equatorial OTMS groups (Eql-Eq4) and pairs of axial
OTMS groups on alternate carbon atoms (A13) had high positive contributions to
the retention indices, and the presence of three cis-OTMS groups (3c) had a negative
value.

The descriptor values for hexose (Table V) and pentose (Table VI from ref. 5)
were also similar. Equatorial OTMS groups and pairs of axial OTMS groups had also
the highest positive values in pentoses, and the only pentose descriptor showing a
negative contribution was that for a pair of cis-OTMS groups at C-2 and C-35.

Although the descriptor values from different sets of compounds cannot be
related in a quantitative way, these similiarities confirm their physical significance,
which seems to be related® to the overall structure of the molecule.

Prediction of structural descriptor values from retention data. In the second mod-
el we suppose that the descriptor values for a compound can be approximated by the
expression

dix = z prcpi (2)

where d,, is the value of the descriptor i in the compound x, I, is the retention index
of the compound x on phase p and ¢,; the contribution of phase p to the descriptor i.
From both d;, values and experimental I,,,, ¢,; can be calculated by a least squares fit.

As in the first model, we grouped both furanose and pyranose forms in a first
least squares fit. However, the quality of fit was poor for most of the fourteen descrip-
tors considered; r values were lower than 0.6 except for the ring size (pyranose/
furanose descriptor) which had a r value of 0.71.

For this reason, we applied eqn. 2 in a separate way to furanose and pyranose
forms, as in the first model. Although the quality of fit was better (r values up to 0.92
for furanoses and 0.88 for pyranoses), it was not enough to allow the accurate pre-
diction of descriptor values in most cases. In order to achieve a useful prediction, it
was necessary to carry out different calculations for a- and f-compounds. The quality
of fit improved and most descriptors provided r values higher than 0.9 for pyranoses.
Calculated descriptor values were correct in 95.5% of cases. The r values were even
higher for furanoses, but the number of experimental data available was lower and
the results were less reliable.

Table VI shows the experimental and calculated values for the descriptors of a-
and B-anomers from allo- and glucopyranose.
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TABLE VI
TRUE AND CALCULATED VALUES OF ALLOSE AND GLUCOSE DESCRIPTORS

Descriptor a-Allopyranose f-Allopyranose o-Glucopyranose p-Glucopyranose
True Calc. True Calc. True Calc. True Calc.
2c 3 3(2.93) 2 2 (1.68) 1 1 (1.18) 0 0(0.02)
2t 1 1 (1.06) 2 2(2.31) 3 3(2.81) 4 4 (3.97)
3c 2 1(1.41) 1 0(0.22) 0 0(0.03) 0 0(0.09)
ZEq 2 2(1.83) 3 3(2.57) 3 3(3.02) 4 4 (4.13)
Eq2 1 1 (0.85) 1 1 (0.67) 1 1 (1.01) 1 1 (1.02)
Eq3 0 0 (0.40) 0 0 (0.26) 1 1(1.13) 1 1 (1.03)
Eq4 1 1 (0.58) 1 1 (0.64) 1 1 (0.87) 1 1 (1.07)
Al3 1 1 (0.51) 0 0(-0.03) 0 0(—0.16) 0 0 (-0.06)
AA 0 0(0.19) 0 1 (0.58) 0 0(=0.11) 0 0(—0.149)
AE 3 3(2.93) 2 2 (1.68) 1 1(1.18) 0 0(0.03)
EE 1 1 (0.74) 2 2(1.73) 3 3(2.92) 4 4 (4.12)
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SUMMARY

Interaction of macroporous methyl methacrylate copolymers carrying strongly
acidic sulphopropyl groups exchanged with metal ions of the IIb, VIb, VIIIb and rare
earth groups of the Periodic Table with solutes —homologous alkanes, aromatic
hydrocarbons, ketones, alcohols and organic acids— were studied by gas chro-
matography. The results show that the sorbents belong to class 3 according to Kiselev
since, in addition to interactions due to dispersion forces, they also exhibit strong
specific interactions. In comparison with the original copolymers, the ion exchangers
carrying sulphopropyl groups exhibit stronger specific interactions, in particular with
alcohols, due to hydrogen bonding. The methacrylate-based ion exchangers in salt
form exhibit weaker specific interactions than the same sorbents in H* form.
Non-specific interactions involving dispersion forces generally predominate.

INTRODUCTION

Interactions of methacrylate copolymers carrying sulphopropyl groups in the
form of salts with group Ia ions were studied previously'~3, and the magnitudes of
non-specific and specific interactions were estimated by mathematical processing of
experimental data.

With the aim of generalizing the conclusions obtained, we have broadened the
scope of the interactions of methacrylate ion exchangers by including also salts of
elements from groups IIb, VIb and VIIIb of the Periodic Table. We have tried to
determine the selectivity of these sorbents, in particular applications, and the ability to
vary their polarities by exchanging with different metal ions.

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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EXPERIMENTAL

Materials

Methacrylate ion exchangers were prepared from macroporous glycidyl
methacrylate—ethylene dimethacrylate copolymers* by treating the hydrolyzed co-
polymer with propane-sultone in an alkaline medium?®. The basic copolymer for the
synthesis of type A ion exchanger was prepared from 85% (w/w) of the cross-linking
agent and 15% (w/w) of glycidyl methacrylate in the inert solvent cyclohexanol-
dodecanol (91:9). The type B ion exchanger was based on a copolymer prepared from
30% (w/w) of the cross-linking agent and 70% (w/w) of glycidyl methacrylate; the
ratio of the inert solvents was 85:15. Ion exchanger A is identical with type A in ref.
3 and the present type B is identical with type C of ref. 3.

Chromatography

The ion exchangers were washed successively with 1 M hydrochloric acid,
distilled water, a solution of the chloride or nitrate of the corresponding metal (from
the group Cd?*, La®*, Cr3*, Fe**, Co?*, Ni**), distilled water and finally dried.
Sorbents (particle sizes 180-250 um) were packed into stainless-steel columns (50
cm x 0.3 cm LD.) and activated by heating to 170°C for 24 h in a stream of helium.
Retention times of homologous paraffins, aromatic hydrocarbons, ketones, organic
acids and alcohols were measured at 100 or 150°C in helium at a flow-rate of 50
ml/min. The retention relative to pentane, the Kovats indices and the excess molar
Gibbs energy of a methylene group®, 4GF(CH}), were determined from these data. The
Kovats indices were calculated by interpolating the retention times, 7z, between the
retention ties of adjacent paraffins, #,, ,+;. The contribution of solute-solvent
interactions to the Kovats retention index was evaluated by multiple linear regression®

I=1Lo+ Lp+ Lc, + IrR 1)

where o (A?) and u (D, absolute electrostatic unit) are the solute electron polarizability
and dipole moment respectively, ¢, (umol/m?) is the surface concentration of active
groups and R(A) is the ionic radius of the cation; the coefficients I,, I, I, and I
characterize the magnitudes of the individual contributions.

The polarizability was evaluated from the molar refraction, Ry,

o = 3R,/4nN 2

where N is the Avogadro number (= 6.023 - 102%). The molar refraction was evaluated
from the molar mass, M, density, p, and refractive index, n, of the solutes:
n -1 M '

R, =
n+1 p 3

Values of the dipole moments have been published elsewhere$.
The partial molar excess free energy of the methylene group was determined
from the relative retentions of homologous paraffins, using the formula’

Vet nPian+ 1)
AGE(CH,;) = —RT In V- p0 )
s P
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where R is the universal gas constant (= 8.31423 J/K - mol), T is the column
temperature (K), Vym and V. are the specific retention volumes (ml/g) of
neighbouring paraffinic hydrocarbons and P{, and P, , , are the vapour pressures of
pure solutes under the given conditions.

RESULTS AND DISCUSSION

Retention times of paraffins, aromatic hydrocarbons, alkenes, ethers,
alcohols and carboxylic acids were determined for fourteen columns packed with
methacrylate ion exchangers of two basic types, carrying sulphopropyl groups and in
the forms H*, Cd**, La**, Cr**, Fe®*, Co?* and Ni?* (see Table I). The polymers
under investigation are sufficiently stable for gas chromatography (GC), in particular
in the salt form® where the decomposition temperature exceeded 300°C according to
differential thermogravimetry (DTG).

The retentions of individual groups of compounds of the same carbon number
increase in the series: paraffins < olefins < aromatic hydrocarbons < ethers <
ketones < carboxylic acids. In comparison with similar ion exchangers in the form of
salts with alkali metals'~3, retention on the above ionic forms was always larger.
Sorbent B, characterized by a smaller specific surface area and higher polarity,
exhibited a stronger retention for water than for methanol; in the form of salts with
Cd**, Co®* and Ni*" the retention of water was even greater than that of ethanol.
Individual organic acids can be separated on sorbent A, but some tailing was observed
in this case. The retention of formic acid on sorbent B was higher than that of the next
homologues and the same was true for methanol, apparently owing to the formation of
hydrogen bonds with the polar sorbent. .

Kovats retention indices calculated from the retention times (¢f., Table IT) enable
one to compare sorbent polarity on a more general basis. First, it is apparent that the
original glycidyl methacrylate copolymers are much more polar than sulphopropyl
derivatives in the salt form, as evidenced by the increased Kovats indices (by 350 units
for benzene and by 200 units for methanol). In the case of ion exchangers in H* form
the interaction with alcohols increases by 230 units, but interactions with benzene and
methyl ethyl ketone decrease somewhat (by 200 and 500 units, respectively).

With the exception of interactions of ion exchangers in the form of Ag™* salts (cf',
ref. 3) and of those between the original methacrylate copolymers and aromatic
hydrocarbons or ketones, the interactions of ion exchangers in salt form with alcohols
represent the only selective interaction in this broad spectrum of sorbents (32 types).
Specific interactions were so large that the retention order was reversed as discussed
below. In the series of aromatic hydrocarbons and ketones the interactions increased in
the series: styrene—divinylbenzene copolymers < methacrylate ion exchangers in the
form of salts with alkali metals® < methacrylate ion exchangers in the form of salts
with heavy metals < glycidyl methacrylate—ethylene dimethacrylate copolymers
< methacrylate ion exchangers in Ag* form. On the other hand, interactions with
alcohols increase in the series styrene-divinylbenzene copolymers < glycidyl metha-
crylate—ethylene dimethacrylate copolymers < methacrylate ion exchangers in the
form of salts with alkali metals® ~ methacrylate ion exchangers in the form of salts
with heavy metals.

The statistical significance of correlation between the Kovats indices and either
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TABLE I

RETENTION TIMES RELATIVE TO PENTANE OF SOLUTES ON METHACRYLATE ION EXCHANGERS
AT 150°C

Solute Form H* Form Cd** Form La®*
A B* A B* A B*
Hexane 2.30 1.36 2.36 1.54 2.56 1.66
Heptane 295 2.27 5.70 2.54 6.83 2.33
Octane 16.38 4.27 17.5 4.72 18.16 4.00
Nonane 47.18 8.00 ol 9.36 39.32 7.33
Decane 109.73 15.90 folole 17.72 ool 15.00
Undecane fadaled 32.54 falelel 35.38 balalel 29.33
Benzene 3.72 3.45 4.16 2.00 4.06 2.33
Toluene 10.26 6.81 13.08 3.90 11.32 3.66
Ethylbenzene 24.18 9.81 34.25 7.45 24.89 6.00
Isopropylbenzene falalel 11.54 63.25 10.45 50.00 9.33
1,2,4-Trimethylbenzene 37.43 27.27 falalel 14.27 79.96 13.33
o-Xylene 26.80 10.27 27.91 7.90 39.64 6.66
m-Xylene 23.72 10.18 22.07 6.81 34.19 6.66
p-Xylene 18.07 10.27 22.25 6.63 28.74 6.00
Cyclohexane 2.89 1.36 342 1.54 4.01 1.00
1-Hexene 2.35 1.54 2.63 1.54 3.10 1.66
1-Octene 14.87 5.00 24.44 5.18 51.28 4.33
Diethyl ether 1.53 2.72 1.47 1.54 1.73 1.00
Di-n-butyl ether 58.46 15.18 ** 12.00 okl 10.66
Acetone 2.30 32.27 2.31 11.54 3.42 4.33
Methy] ethyl ketone 4.20 15.63 5.55 6.09 6.41 3.66
Diethy! ketone 11.03 14.36 14.36 5.72 16.66 4.00
Methyl butyl ketone 4.35 41.18 ool 11.63 bl 8.33
Water 0.80 34.54 1.52 45.18 1.25 29.00
Methanol 1.00 22.00 3.80 20.45 1.32 16.00
Ethanol 2.12 47.00 2.41 38.18 2.85 21.00
Propanol 5.89 40.90 7.31 61.36 3.74 15.66
Isopropanol 3.84 20.00 3.97 7.54 5.03 433
n-Butanol 18.27 41.09 33.61 21.54 14.10 11.66
Isobutanol 11.66 11.18 16.07 9.36 18.05 6.66
sec.-Buanol 9.35 18.18 12.58 9.27 11.85 5.66
tert.-Butanol 0.64 2.09 7.50 5.72 6.85 4.00
n-Pentanol falalel 26.09 55.02 29.54 46.83 22.33
2-Pentanol falald 25.00 2741 20.72 ol 11.00
n-Hexanol lalalal 51.54 fadaled 53.81 falalel 35.66
n-Heptanol halaled 38.63 rrk 91.63 folalel 68.33
n-Octanol ladaled 58.45 hadalad 109.4 Fok 69.33
Formic acid 0.87 60.63 1.07 42.90 ol 152.3
Acetic acid 11.73 32.70 1.47 52.27 ol 41.00
Propionic acid 22.43 55.27 2.36 52.00 ol 244.3
* At 100°C.

** No elution.
*** Data were not obtained.
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Form Cr3* Form Fe?* Form Co** Form Ni#*

A B* A B* A B* A B*
2.29 1.54 2.39 1.36 2.35 1.46 2.72 1.62
7.20 2.72 5.66 2.27 5.79 2.46 5.02 2.50
17.74 5.00 15.88 4.09 14.56 4.80 13.19 445

*x 8.45 43.54 8.36 35.15 9.13 37.84 9.12

halaled 18.00 113.2 16.36 87.26 20.2 85.02 17.25

ok 41.36 *k 29.54 ool 38.00 ok 32.25
510 2.09 4.94 2.00 392 2.20 2.31 2.25
11.82 4.27 12.96 345 10.13 3.80 7.38 4.12

35.75 8.45 31.13 6.18 27.50 4.00 18.86 6.50

*k 12.72 59.90 9.27 43.86 10.86 okl 9.37

el 17.45 60.37 12.90 59.90 16.46 okl 13.12

30.82 8.45 24.90 6.54 9.75 7.46 falola 7.25

27.33 7.54 21.84 6.18 7.20 6.20 holaled 7.25

28.49 8.18 21.00 6.09 4.86 6.66 26.73 6.87
2.96 1.36 2.67 1.18 2.50 1.46 2.31 1.62
2.68 1.54 2.35 [.36 2.35 2.09 2.36 1.62

20.69 5.18 12.98 4.27 11.54 5.00 18.75 5.25
1.34 1.54 1.47 1.54 1.47 1.13 1.34 1.50

** 14.72 47.79 10.63 1.11 11.13 42.36 11.25
2.11 9.54 2.35 13.90 2.03 14.66 2.25 10.37
5.19 5.18 4.49 5.45 4.47 7.40 5.20 4.12
16.45 5.27 12.49 4.81 12.41 7.20 12.84 4.75

ool 12.09 33.96 9.27 32.20 13.33 42.81 10.25
1.62 43.18 1.28 31.54 1.37 56.86 — 61.62
1.66 22.45 2.35 17.72 2.73 21.80 1.62 22.50
5.16 47.72 2.13 35.63 2.26 48.80 2.95 36.00
13.89 38.63 5.66 31.36 5.86 44 .46 9.16 38.87
5.59 4.81 3.45 5.63 3.52 9.46 347 5.25

28.84 12.09 16.83 13.63 14.47 22.80 13.38 14.62
15.23 6.09 12.69 6.09 11.69 10.13 12.80 7.75
10.56 590 8.52 6.63 9.05 10.00 8.68 6.50
3.09 3.81 5.66 3.81 5.79 5.80 5.38 4.62

okk 23.00 22.49 24.27 39.05 35.33 * ok 30.00

ookl 10.27 21.28 [1.54 31.13 22.80 falakel 21.25

falalel 29.09 77.35 37.72 96.54 58.33 okl 53.12

ool 64.63 okl 61.36 ool 125.5 wrx 107.2

dekk 8 l .09 ik 64'36 Jokokr *hk Jokdr 1 12'5
3.60 47.72 11.09 45.72 9.96 48.86 6.56 59.37

*x 37.90 23.58 40.90 15.33 68.86 9.48 112.5

ol 109.1 47.16 101.4 37.41 94.46 *x 1104
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TABLE II
KOVATS RETENTION INDICES ON METHACRYLATE 10N EXCHANGERS AT 150°C

Solute Copolymers Form H* Form Cd** Form La**
A B A B* A B* A B*
Benzene 709 956 715 767 656 655 649 700
Toluene 795 1051 773 875 775 770 753 785
Ethylbenzene fadaled 1136 838 931 ** 867 743 869
Isopropylbenzene falalel balaled 908 954 okl 918 * 935
1,2,4-Trimethylbenzene halaked ool 879 1076 okl 968 ol 985
Methanol 514 809 500 1046 655 1023 529 1010
Ethanol 588 846 590 bl 603 o 613 1052
Propanol 625 951 741 bl 723 bl 640 1009
n-Butanol falaled 1083 811 o *x 1031 776 967
Isobutanol fadaled halaled 781 950 793 900 800 886
sec.-Butanol falale falalal 768 1019 771 899 758 859
tert.-Butanol falaled ool o 686 726 829 701 800
n-Pentanol ool 1169 falalel 1070 ol 1076 ookl 1062
2-Pentanol falalel falaled kel 1037 * 1025 ok 901
n_Hexanol Jekk ok Hokk *k *Ak dok b.2.8 4 *k
Diethyl ether 553 607 551 729 545 600 558 500
Di-n-butyl ether halalal 970 926 994 *k 937 okx 954
Acetone 621 863 600 1099 597 934 631 814
Methyl ethyl ketone 713 950 785 ol 698 838 841 695
Diethyl ketone falalol ok 800 *x 783 829 823 793
Methyl buty! ketone ekl 1116 724 724 balalel 935 folalel 818
* At 100°C.

** Data were not calculated.
*** Data were not obtained.

the ionic radius or the molar mass of the cation was tested on the whole set of data.
Significant dependences were found for methanol and methyl ethyl ketone. In the case
of benzene, although the values varied over a broad interval, the correlation was not
significant, because these interactions were of a different nature, involving mostly the
polymer matrix. The Kovats indices in general decrease with increasing ionic radius
and increasing molar mass of the cation.

To conclude, three specific interactions are typical for the investigated metha-
crylate ion exchangers:

(1) between the methacrylate ion exchanger in salt form and alcohols and
carboxylic acids, interpreted as due to the formation of hydrogen bonds;

(2) between glycidyl methacrylate-ethylene dimethacrylate copolymers and
aromatic hydrocarbons and ketones, attributed to the formation of coordinate bonds;

(3) between the methacrylate ion exchangers in Ag* form® and aromatic
hydrocarbons and ketones, ascribed to the formation of coordinate compounds which
involve a double bond.
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Form Cr** Form Fe’* Form Co** Form Ni**

A B* A " B* A B* A B*
670 656 685 678 657 618 584 680
757 777 781 772 761 765 740 789
bl 900 868 858 874 773 810 856
falalal 955 935 916 926 922 okl 908
xhk 997 936 966 959 975 folakad 960
561 1029 598 1015 617 1014 548 1044
672 *x 587 *k 595 *k 634 *x
774 1096 600 ** 702 ** 762 *
o 949 806 974 800 1021 801 971
785 841 779 856 777 913 797 880
704 835 740 868 749 913 757 856
627 758 700 789 700 830 707 808
jalall 1031 835 1067 913 1092 alalad 1089
falaled 928 830 949 888 1021 falalel 1036
*hk 1061 962 *k sk ok Jodek ook
535 600 544 626 545 532 529 584
ol 975 912 937 rx 925 916 936
590 918 598 937 583 961 581 923
673 811 674 841 672 863 704 790
793 814 777 823 783 863 797 812
ol 949 877 815 892 900 918 922
TABLE II1

COEFFICIENTS CALCULATED USING EQN. | AND AVERAGE CONTRIBUTIONS. TO THE KOVATS
INDICES

Mean square deviations: * 35.6; ** 22.1; *** 94.8.

Solution interaction  Sorbent interaction Average contribution (%)

I I L, Iy La L 1% IzR
Aromatic hydrocarbons* —482 306 1.43 —149.5 752 0.1 2.4 22.3
Ethers** —426 —56.2 2.33 —161 63.9 7.9 3.9 24.3

Alcohols*™* -314 —427 14.6 —133 17.6 474 19.3 2.25
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TABLE 1V

VALUES OF PARTIAL MOLAR EXCESS GIBBS FREE ENERGY OF A METHYLENE GROUP,
AGE(CH,) (kJ/mol), OF METHACRYLATE ION EXCHANGERS

Sorbent A; standard deviation + 0.66 kJ/mol.

Form H* Form Cd*  Form La®**  Form Cr3*  Form Fe**  Form Co**  Form Ni**

—1.04 —1.42 —1.40 —1.19 —0.92 —0.80 —-0.37

Multiple linear regression of Kovats indices (eqn. 1), which includes contribu-
tions of (i) the solute (characterized by electron polarizability and dipole moment) and
(ii) the sorbent (characterized by the surface concentration of groups and by ionic
radius), indicated that this equation is valid also for the ion exchangers containing
heavy metal ions. The contribution of non-specific interactions in this case was
somewhat smaller (75% as compared to 98% for aromatic hydrocarbons, Table IIT).
Non-specific interactions involving dispersion forces further decrease to 17% for
alcohols, where the contribution of dipole-dipole interactions rises to 46%. Contribu-
tion (ii) due to the sorbent remains approximately constant at 22-28%. These values
and the general trends are similar to those established for the series which included
salts with alkali metals®. Hence, the sorbents investigated belong to class 3 of the
Kiselev classification®.

Thermodynamic quantities can be used for correlating sorbent polarity. Values
of the partial molar excess free energy of a methylene group, 4G*(CH,), range between
—0.37 and —1.04kJ/mol for the ion exchanger based on polymer A with sulphopropyl
groups in H* form (Table IV), and parallel the increase in polarity measured by the
Kovats indices. However, AGF(CH,) is inferior to the Kovats indices in that it is not
sensitive enough in reflecting the transition from the original polymer to the ion
exchanger with sulphopropy! groups in different ionic forms: whilst the Kovats indices
order the individual sorbents into well defined series, the overall difference in
AGE(CH,) within the investigated series of sorbents (0.82 kJ/mol for series A) is
comparable with the standard deviation (+ 0.66 kJ/mol). Moreover, the values are
complicated by inaccuracies in the heats of evaporation. The molar excess enthalpy
would be more exact but less sensitive still to the variation in solvent polarity.

The values of AGE(CH,) found in this study are smaller than those determined
for Porapak P and T7 but also negative, indicating that the heats of adsorption of all
solutes are larger than their heats of evaporization.

CONCLUSIONS
Because of their macroporous structure the copolymers studied can be used also

in the analysis of organic compounds in aqueous solutions. They can be used for
separation of hydrocarbon isomers, ketones, ethers and alcohols.
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SUMMARY

The retention behavior of simple inorganic salts on silica and ODS columns was
investigated by high-performance liquid chromatography with methanol-water
(80:20, v/v) as the mobile phase. Both a major (dissolved salt) and a minor (ion pair)
peak were observed on the ODS columns; only the major peak was present on silica
columns. The retention time of the major peak was a function of the number of moles
of salt placed on the column and was sigmoidal with respect to the logarithm of the
number of moles analyzed. The retention time of the minor peak was dependent upon
the composition of the mobile phase. It disappeared in a mobile phase of water and was
absent on a silica column. The general behavior was independent of the anion or cation
being analyzed. The sigmoidal behavior of sait retention was attributed to both
cationic and anionic exchange at the silica surface; the ion pair retention was attributed
to solubility in the C, g phase of the ODS columns. The areas under the major peak and
the minor peak were used to calculate ion pair formation constants. For sodium
nitrate, K = 15 - 1072 M~ %; for sodium nitrite, K = 2.0 - 1073 M~ '. The ion pair
formation constants were used to calculate the theoretical distance of closest approach
between the ions based on Bjerrum theory. For sodium nitrate, the distance calculated
between center of Na* and NOj3 in the ion pair was 6.5 A.

INTRODUCTION

Recently we used high-performance liquid chromatographic (HPLC) techniques
to identify the reaction products formed in photoelectrochemical cells®. The retention
times of all known components of the reaction were determined on a Partisil ODS-2
column using methanol-water (80:20, v/v) as mobile phase at a flow-rate of 0.7
ml/min. During the identification procedure, a 25% difference in retention time
between the reference sodium EDTA solution (g = 3.45 min) and the sample sodium
EDTA solution from the reaction cell (fp = 4.35 min) was observed. According to
existing practice, sodium EDTA should have exhibited a constant i rather than the
observed variation. This result was unexpected and suggested that perhaps sodium
EDTA was retained on ODS columns and perhaps the common practice of measuring
tn by injection of a “non-retained” ionic species? should be reexamined.

0021-9673/89/%03.50 © 1989 Elsevier Science Publishers B.V.
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In this study we have investigated the retention behavior of mono-charged salts
on various ODS and silica columns. Systems peaks as well as anion peaks were
observed in the absence of ion-pairing agents. The anion retention behavior is
explained on the basis of competition between the cation and anion for active sites on
the column. Finally, we suggest that the separation of two components, the dissolved
solid and the ion pair, can be used to estimate ion pairing constants in the mobile
phase.

EXPERIMENTAL

Materials
Reagent grade sodium salts were used. Methanol was HPLC grade and water
was purified with a Milli-Q reagent grade water system.

HPLC systems

One HPLC apparatus consisted of a Perkin-Elmer Series 2/2 solvent delivery
system equipped with a Rheodyne Model 7125 injection valve (20-ul loop), a Model
LC-75 variable-wavelength detector and an autocontroller. Recordings of chromato-
grams were made on a Hewlett-Packard Model 3390A computing integrator. The
analytical columns used were 250 x 4.6 mm 1.D. Partisil 1025 ODS, ODS-2 and
ODS-3. The columns were protected by a 70 x 2.1 mm I.D. guard column containing
Whatman CO: PELL ODS. The inorganic anions were detected at 205 nm. The
flow-rate was 0.7 ml/min,

The second HPLC system consisted of a Perkin-Elmer Series 100 pump system
equipped with a Rheodyne Model 7010 injector valve (10 ul loop) and a Tri Det
detector. Recordings of the chromatograms were made on a Series 5000 Fisher
Recordall. The column used was a 3 x 3 Perkin-Elmer HC-3 C; 5 column.

The third system consisted of a Dionex Series 4000i system equipped with a 50-ul
loop, conductivity detector and Dionex anion and cation micro-membrane suppres-
sors. Recordings of the chromatograms and data handling were made using both
a Spectra-Physics SP 4290 integrator and an Epson Equity + 1 computer equipped
with a Spectra-Physics Labnet software program. The columns used were HPIC-
AS4A analytical with a HPIC-AG4A guard for the anions and a HPIC-CS3 with
a HPIC-CG3 guard for the cations (all the columns from Dionex).

Solution conductivities were obtained in methanol-water (80:20, v/v) at 25° +
0.1°C with a Model RC-18A Beckman conductivity bridge. The temperature was
controlled with a Haake FK-2 constant-temperature bath.

The concentrations of the sodium and nitrate ions were obtained in the following
manner. First, the appropriate sample, mobile phase or sample peak, was collected in
an inert plastic syringe from the effluent of the Perkin-Elmer Series 2 HPLC system.
The size of the peak samples ranged in size from 0.5 to 0.7 ml. The concentration of
sodium and nitrate in the various samples was then measured by injecting the samples
into the Dionex ion chromatography system.
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RESULTS

Retention behavior of simple salts

The retention behavior studies were carried out using Partisil 1025 ODS, ODS-2
and ODS-3 reversed-phase columns and a silica A normal phase column. The specifics
of these columns are shown in Table I. The general behavior on the three ODS columns
is illustrated in Fig. 1. The sodium salts used in this study contained iodate, iodide,
nitrite and bromide anions and the mobile phase was methanol-water (80:20, v/v). As
shown in Fig. 1, the retention times of the salts on various reversed-phase ODS
columns were a function of the number of moles injected onto the column.
Furthermore, there was up to a 60% increase in retention time over the range
2 107°-9 - 107% mol. This behavior was independent of carbon loading, available
silanol sites and whether the column was capped or uncapped. Some additional
features shown in Fig. 1 are: (1) retention times of the simple salts follow a pattern
grouping themselves about a line characteristic of each column; (2) in the 107°-1078
mol region, the retention times on various ODS columns were fairly constant, but
different for each one; (3)inthe 5 - 10~8-1 - 10~ ® mol region, a more linear increase in
retention time occurred; (4) for quantities greater than 10™° mol, retention times
became fairly constant which could be attributed to saturation of the column since, at
this point, tailing of peaks started to occur; (5) the scatter of points for each column,
especially at higher number of moles, is probably due to variations in the atomic
configurations of the monovalent anions injected onto the column; and (6) the
retention behavior on each column appears to be relatively independent of the salt
used. '

TABLE [
WHATMAN PARTISIL 1025* AND PERKIN ELMER SILICA A** COLUMN SPECIFICATIONS

Whatman columns Carbon loading  Available silanols***

(%) (%)
ODS 5 50
0ODS-2 15 25
ODS-3 10 ~0.5

* Physical properties: irregular shaped; particle size, 10 um; surface area, 350 m?/g; pore volume,
0.85 ml/g; pore diameter, 85 A.
** Physical properties: irregular shaped, particle size 10 ym; pore diameter, 60 A.
*** Available silanols refers to SIOH groups on the end of the C; ¢ chain attached to the surface of the
silica beads.

$ “Capped” column: available silanols on end of C,g chain were converted to ~SiOCH, groups.

Retention behavior of sodium nitrate

Sodium nitrate is recognized as a strong electrolyte and devoid of acid-base
properties. Hence, it was chosen as a standard for documenting the general salt
behavior observed above. Careful studies on ODS columns revealed that in addition to
a major component, a minor peak for sample salts was present at longer retention
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Fig. 1. Retention times (min) for sodium iodate (V), sodium iodide (O), sodium nitrite ([J), sodium
bromide (), as a function of the logarithm of the number of moles of sait on ODS (a), ODS-2 (b) and
ODS-3 (c). The mobile phase was methanol-water (80:20, v/v) (pH 7). The flow-rate was 0.7 ml/min, T =
20 + 2°C.
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Fig. 2. Chromatogram of sodium nitrate showing the major peak (3.48 min) and the minor peak (6.96 min)
on an ODS-2 column. The mobile phase of methanol-water (80:20, v/v) at a pH 6.3 and a flow-rate of 0.7
mi/min. The peak below baseline is a systems peak. These have recently been described in ref. 7.

Fig. 3. Retention time (min) for sodium nitrate as a function of the logarithm of the number of moles of
sodium nitrate injected, onto an ODS-2 column. The mobile phase was methanol-water (80:20, v/v) (pH 6.8)
and the flow-rate was 0.7 ml/min.

times. This is shown in Fig. 2 for sodium nitrate. The retention behavior on an ODS-2

column of the major peak as a function of column loading is shown graphically in Fig.
3.

Effect of sample concentration

Variations in retention time were studied as a function of sample concentration.
Samples of 20 ul containing various concentrations of sodium nitrate were injected
onto an ODS-2 column. According to the data in Table II, the retention time of the
major peak decreased as the concentration decreased while the retention time of the
minor peak remained constant. This data could be interpreted to mean that the
retention time depended on concentration. However, the final column in Table I
indicates that 2-ul injections of solutions of differing molarity gave the same retention
time as those in column one. Thus, the resulting retention times correspond to those
based on the total number of moles of sodium nitrate injected onto the column.

TABLE II
RETENTION TIMES OF SODIUM NITRATE AT VARIOUS CONCENTRATIONS

Sodium nitrate Retention time Retention time

concentration (min)* (min)**

(M) Major peak
Major peak  Minor peak

1-1074 3.27 6.8 3410

1-1073 3.62 6.9 3.65

1-1072 4.34 6.9 4.45%

* Column: Partisil ODS-2; mobile phase, methanol-water (80:20, v/v) at a flow-rate of 0.7 ml/min,
pH 6.8; sample size 20 pl; detection 205 nm.
** Retention time from Fig. 3 based on the number of moles of sodium nitrate in the sample.
*** 2 ul injection of 0.0010 M sodium nitrate.
% 2 ul injection of 0.010 M sodium nitrate.
L) ul injection of 0.10 M sodium nitrate.
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TABLE II1
RETENTION TIME OF SODIUM NITRATE (0.0100 M): DEPENDENCE ON AMOUNT
Column: Partisil ODS-2; mobile phase, methanol~water (80:20, v/v) at a flow-rate of 0.7 mi/min, pH 6.8.

Sample size  Retention time Approximate
(ul) (min) area ratio

Major peak  Minor peak

10.0 4.15 6.81 300:1
5.0 3.95 6.85 100:1
0.5 3.58 6.88 32:1
0.1 3.38 6.91 6:1

Sample size

The injection volume was varied and the other parameters were held constant.
The data in Table II indicate that the retention time of the minor peak remained
constant while the retention time of the major peak decreased as the sample size
decreased.

Mobile phase polarity :

The polarity of the mobile phase was changed by altering the mole fraction of
methanol-water from zero to one. According to the data in Table IV, the retention
time of the minor peak tripled as the mole fraction of water in the mobile phase
increased. In addition, the area ratio of the major to the minor peak increased as the
mole fraction of water in the mobile phase increased and eventually at high levels of
water the minor peak disappeared.

TABLE IV

RETENTION TIME OF SODIUM NITRATE IN VARIOUS METHANOL-WATER MOBILE
PHASES

Column: Partisit ODS-2; flow-rate 0.7 ml/min, pH 6.8; sample size 4 - 10~7 M.

Methanol Retention time Approximate
(%) (min) area ratios

Major peak  Minor peak

100 4.00 497 40:1
90 4.07 5.23 30:1
80 4.13 5.55 45:1
60 4.14 7.48 50:1
40 4.12 10.58 50:1
20 4.17 14.14 100:1

0 4.14 - -
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Quantitative assessment of the sodium and nitrate-minor peak

The results of nineteen measurements on the concentration of the nitrate ion in
the minor peak gave an average value of 1.858 - 10™° M, ¢ = 2.831 - 107 1°, An
average of six measurements on the sodium concentration resulted in an average value
of 2475 - 107° M, 0 = 5.77 - 10~ '°. These results indicate a sodium-to-nitrate ratio
of approximately one to one was found in the minor peak region.

The content of sodium and nitrate in the mobile phase assessed between the
major and minor peaks was 1.843 - 107° M, ¢ = 1.64 - 107 '°, for sodium and below
the detection limit for nitrate. Clearly, the minor peaks components are significant
compared to the background.

TABLE V
RETENTION TIMES OF TBAN AND SODIUM NITRATE ON AN ODS-2 COLUMN
Mobile phase, methanol-water (80:20, v/v), flow-rate was 0.7 ml/min, pH = 6.9.

Moles tr (TBAN)  tg (sodium nitrate)
(min) (min)
1-10°° 3.38 342
5-107° 3.38 3.44
5-1078 3.64 3.88
11077 3.98 4.23
5-1077 437 4.69
I-10°¢ 4.63 4.89

Comparison of cations

The retention times of the major peaks of sodium nitrate on an ODS-2 column
are compared to those of tert.-butylammonium nitrate (TBAN) on the same column in
Table V. The retention times of sodium nitrate were slightly longer than those of
TBAN, but both followed the same trend of a slight increase in retention time as the
column sample loading increased.

The retention times for both salts were also determined on a silica column as
a function of pH after adjusting the mobile phase with-a small amount of 11.6 M
perchloric acid. At low pH (2.7), the retention times for TBAN and sodium nitrate
were nearly constant as given in Table VL. At a pH 4.9 and 6.3, TBAN followed the
same trend observed for sodium nitrate. However, the retention time change was about
a factor of 2 greater for TBAN than for sodium nitrate. In addition, the retention times
of TBAN and sodium nitrate are reversed; now TBAN is retained by the column longer
than sodium nitrate.

Systems peaks

Systems peaks were observed for samples containing methanol-water ratios
other than 80:20 (v/v). These peaks were observed between the injection peak and the
minor peak. The peaks were in the positive direction for greater methanol content
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TABLE VI

RETENTION TIME OF TBAN AND SODIUM NITRATE ON A SILICA COLUMN AT VARIOUS
MOBILE PHASE pH VALUES

Mobile phase, methanol-water (80:20, v/v), flow-rate was 0.7 ml/min.

Moles TBAN Sodium nitrate
pH 6.3 pH49  pH27 pH63 pH49 pH27

1-107° 391 372 5.81 347 3.37 6.23
5-107° 4.10 3.83 6.06 3.44 3.56 6.23
5-1078 491 4.51 6.06 3.88 3.85 6.23
1-1077 5.01 4.96 6.03 4.23 4.06 6.14
5-1077 5.75 5.75 6.27 4.67 4.57 6.23
1-1076 5.85 6.07 6.11 4.89 4.56 -

(higher absorbance) and in the negative direction for greater water content (lower
absorbance).

Conductivity detection

In all the previous studies, the mobile phase was monitored with a UV--VIS
detector. The generality of the results was verified with a different instrument and
a different detector. Both TBAN and sodium nitrate samples were injected onto
a Perkin-Elmer HS-3, Cg, 3 x 3, ODS column and eluted with a methanol-water
(80:20, v/v) mobile phase. A major peak eluted after 0.60 min for both salts; a minor
peak eluted after 2.40 min for a sodium nitrate sample and after 2.54 min for a TBAN
sample. The ratio of the major component to the minor component was 29:1 for the
TBAN sample and 86:1 for the sodium nitrate experiment.

Dilution conductivity

Dilution conductivity studies were effected according to the procedures of
Boggess and Zatko?®. In water, sodium nitrate was completely dissociated in the
1074-10"1 M range. However, as shown in Figs. 4 and 5, both sodium nitrate and
TBAN give non-linear equivalent conductance plots indicative of ion pairs in
methanol-water (80:20, v/v). This is expected in solvents of low dielectric constants.

T T T T
JTBAN
Fig. 4. Dilution conductivity profile for TBAN in methanol-water (80:20, v/v). T = 25.0 £ 0.1°C.
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Fig. 5. Dilution conductivity profile for sodium nitrate in methanol-water (80:20, v/v). T = 25.0 + 0.1°C.

Solomon and Uchiyama* recently reported formation constants for ion doublets and
triplets in solvents of low dielectric constants ranging from 3 to 10. The ion pairing
constants reported by Solomon and Uchiyama were large, ranging from 10* to 10!
M1,

DISCUSSION

The experimental observations can be summarized as follows: (1) both a major
and a minor peak were observed; (2) the major peak has the shorter retention time, the
minor peak the longer one; (3) the retention time of the major peak changed as the
number of moles of simple salt injected onto the column increased; (4) the retention
time of the major peak remained constant as the composition of the mobile phase was
varied; (5) simple salts behave similiarly on the same column; (6) a comparison of the
columns, silica, ODS, ODS-2 and ODS-3 indicates that the retention behavior of
simple salts follows the same trend, but retention times differ somewhat for different
columns; (7) the retention time of the minor peak increased as the water composition of
the mobile phase increased and disappeared after the water fraction increased to one;
(8) dilution conductivity indicates that simple salts are ion paired in methanol-water
(80:20, v/v); (9) systems peaks derived from the solvent were observed when the sample
injected onto the column was in a solvent other than methanol-water (80:20, v/v); (10)
both sodium and nitrate were observed in the minor peak in a 1:1 molar ratio.

Systems peaks in this study were expected. They are reported to appear in liquid
chromatograms when the mobile phase contains more than one component® and the
sample is dissolved in a solution different from the mobile phase®”. The systems peaks
observed here meet this requirement. A positive peak at zz, = 5.1 min is observed for
samples in more concentrated methanol and a negative peak is observed at 1 = 4.7
min for samples containing greater water content than the methanol-water (80:20, v/v)
ratio. Both of these peaks also meet another criterion for systems peaks, the areas are
non-linear with respect to sample size.

The major and minor peaks, on the other hand, are linear with respect to sample
 size and their presence can be explained on the basis of eqn. 1,

KS Y -
M* + AT (MY, A7), g— M*, A7), )
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where M™ and A~ are the dissociated ions, (M*, A7), is the ion pair in the mobile
phase, (M*, A7), is the ion pair on the column and K; and K, are the respective
equilibrium constants. The major peak is associated with the dissociated salt, M* +
A~ and (M*, A7), the minor peak is associated with the ion pair, (M*, A”).. The
rationale for the assignment is as follows: dilution conductivity results in methanol-
water (80:20, v/v) clearly indicate that the major species in solution is the dissociated
salt, but ion pairs are also present. Thus, variation in the retention time of the major
fraction as a function of column loading is related to either interaction of the
dissociated cation or anion with the column. Neither the identity of the monocation,
- the identity of the monoanion, nor the type of column appear to play a significant role
in altering the retention behavior of the major peak. The pH of the mobile phase,
however, does alter the retention characteristics. At a pH of approximately 4, retention
times of the major peak appear to approach an upper limit. In a separate experiment, it
was found that 0.5 g silanol column material in 10 ml water lowered the pH from 6 to
4.8. This suggests that the column bears excess negative charge and perhaps behaves as
a cation-exchange column. The increase in retention times as the pH is lowered,
however, implies the opposite, namely, the column operates by an anion-exchange
mechanism. The signoidal character of Figs. 1 and 3 suggests that at low salt
concentrations the cation-exchange mechanism may predominate whereas at high salt
concentrations, the anion-exchange process takes precedence.

The minor peak is associated with the ion pair. It appeared when samples were
prepared with Milli-Q-Water, methanol or methanol-water and the mobile phase was
methanol-water (80:20, v/v) but disappeared when the mobile phase was water. The
source of the peak is believed to be the ion pair since the ion pair is present in
methanol-water (80:20, v/v) but not in water as determined by dilution conductivity
measurements. fon pairs apparently are retained on the column via the equilibrium
process given in eqgn. 1.

The mechanism most likely responsible for retention of the ion pair on the
column is solubility of the ion pair in the C;4 component of the ODS column. This is
supported by the finding that the minor peak is absent on silica columns devoid of C; g
linkages. The assignment of the minor peak to the ion pair is reasonable given that the
retention time remains constant with column loading, but changes with mobile phase
content variations. Clearly as the water fraction increases, the concentration of ion
pairs decreases. Hence, the magnitude of the minor peak decreases. The reason for the
increase in retention time as the water content of the mobile phase increases is related
to the miscibility of water in the C,g phase of the column. There is an increase in the
hydrophilic interaction of the mobile phase with the hydrophobic character of the C 4
phase resulting in an increase in ion pair retention times as the water content of the
mobile phase increases.

The mechanism

Silicon oxide surfaces have been studied in detail by others. The surface is acidic
with a pK, value of 7.1%. The acidity is derived from the silanol group on the surface as
illustrated in eqn. 2.

ﬁ“‘siOH:SiO— + H* 2
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At high pH, the surface contains negatively charged groups which can behave as
a cation-exchange column as illustrated in Scheme 1. According to Scheme 1, cations

are retained on the column by SiO~ groups until they are eventually released from the
column.

~si—o0T, Na':)
~8i—0" )
VSi——0" ]

Scheme 1. A cation-exchange process observed on silica columns at low substrate concentration in
methanol-water (80:20, v/v) (pH ~ 7).

At lower pH (pH < 4), the acid sites are fully protonated. The surface would .
become neutral were it not for the fact that silica sorbs water®. The water is polarized
and the partial positive end of the water molecule most likely interacts with substrates
resulting in an anion-exchange column as illustrated in Scheme 2. According to this
scheme, the anion is retained on the column by the water dipole until it eventually is
released from the column.

Scheme 2. An anion-exchange process observed at pH < 4 on silica columns in methanol-water (80:20,

v/v).

In addition, silica columns are known to adsorb cations in the order Cs* >
K* > Na* (ref. 10). The surface can then accommodate additional positive charge
which is reflected in the retention time. For example, sodium nitrate has a longer
retention time than TBAN as given in Table V. In this case, Na* is preferentially
sorbed onto the silica column and the retention time of sodium nitrate is slightly longer
than for TBAN.

The mechanistic situation at pH > 4 and at higher substrate concentrations is
a hybrid of both Schemes 1 and 2. At higher pH and greater column loading, two
effects are important. The negative sites on the column become occupied by cations
and adsorbed water polarizes the column as illustrated in Scheme 3. The predominant
process under these conditions appears to be anion exchange as illustrated in Scheme 3,
although cation exchange cannot be ruled out. Schemes 1 and 3 account for the
sigmoidal character observed in Figs. 1 and 3. At low sample loading, the primary
mechanism of retention is interaction of the cations with the negative column sites; at
high loading, the primary mechanism for retention involves anion exchange via
interaction of the anion with the positive dipole of the adsorbed water molecule.
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Scheme 3. The anion-exchange process observed at pH > 4 with greater substrate loading on silica columns
in methanol-water (80:20, v/v).

The mechanism of retention on silica and C, g derivatized silica columns without
an ion pairing agent present in the mobile phase is more complex than the situation
where an ion pairing agent is present. In the latter case, the cation is generally a large
organic molecule which is soluble in the C; g phase of the column and acts as a site for
anion exchange'’. Without the ion pairing agent present in the mobile phase, our
results suggest that ion pairs of the original salt absorb into the C;5 phase and are
retained on the column longer than the cationic or anionic component.

Ion pairing constant determination

The area under the minor peak was taken to be indicative of the ion paired
concentration; the area under the major peak was equated with the concentration of
the dissociated salt. This was derived mathematically as follows:

(area)y ~ (M", A7), (M, A7)
(area), A + (M"Y, A7), A,

©)

The area of the minor peak is given by the ion pair eluted from the column (area),; the
area of the major peak is given by the sum of the anion and ion pair in the mobile phase
(area),, since the anionic component in its various forms is the species detected in the
experiment. Ion pairing constants in polar solvents generally are on the order of 1073
M1 (see below) whichmeans A~ » (M™, A7), allowing eqn. 3 to be approximated as
indicated.

Ton pairing constants can then be determined by eqn. 4 in the limit with K, = 1.

o MUATL KMTATL MU AL (area MY A)
TUMYATL MTATL T IMTUATL T (area, AT

Q)

The ion pair association constant determined for an average of four samples for
sodium nitrate was 15 - 1073 M~ ! and for sodium nitrite was 2.0 - 10~* M~ ! under
similar conditions.
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Fuoss and Krauss'? reported an ion pairing constant of 2.9 1072 M~ ! for
sodium nitrate in liquid ammonia at —40°C. The ion pair formation constant they
found for tetraisoamylammonium nitrate in a dioxane—water (47:53, v/v) system was
0.15 M~ 1. The dielectric constant of this solvent mixture was 38, close to 41 for the
methanol-water (80:20, v/v) mixture used in our studies.

The distance of ion separation in the ion pair was estimated using Bjerrum
theory'? of ionic association. The theory relates the ion pair formation constant to
electrostatic, solvent, and distance of charge separation parameters!4. Substitution of
the appropriate parameters for sodium nitrate in methanol-water (80:20, v/v) at 20°C
resulted in a distance of charge separation between the centers of sodium and nitrate of
6.7 A. This value certainly is reasonable given that the ionic radius of sodium is 1.16 A,
nitrate is 1.65 A (ref. 15) and the fact that the ions are solvated in solution.

The closeness of both experimental and theoretical ion pairing constants lend
credibility to the assumption that K, ~ 1. :

CONCLUSIONS

This paper points out two important items. The first indicates that Cis
derivatized silica columns exhibit dual functionality. The silica backbone functions as
an ion exchange resin; the C,3 component dissolves the ion pair. This allows the
determination of ion pairing formation constants by a new method. The second item is
related to equating t,, to # for simple anions on ODS columns. Clearly this is incorrect
and a standard will need to be defined in order to report data for reproducibility.
Sodium nitrate at low concentration (< 10~8 M) seems to be an excellent choice.
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SUMMARY

This report describes a new recycle concept for use in preparative liquid
chromatography (PLC). External recycle is a technique that involves the reinjection of
unevaporated impure eluent fractions, as a single injection, back onto the original
column to enhance the total recovery and purity of components from a separation.
Results of this study indicate that resolution is more dependent upon sample load and
on the weight distribution of components in the mixture than upon injection volume.
The application of this technique to PLC was demonstrated using crude reaction
mixtures of synthetically prepared compounds of pharmaceutical interest.

INTRODUCTION

Preparative chromatography is the application of chromatographic methods for
the purpose of isolating significant amounts of pure compounds from a mixture.
Generally, these methods are based on analytical high-performance liquid chro-
matography (HPLC) or thin-layer chromatography (TLC) systems.

The objectives for PLC separations are different from HPLC or TLC
separations in that productivity should be emphasized rather than resolution!. To
maximize productivity, (the weight of pure product resolved per gram of adsorbant),
PLC columns are typically operated at sample overloaded conditions which often
results in the incomplete resolution of the components.

The effect of sample overload on band broadening and resolution has been the
subject of a number of investigations?=. Knox and Pyper® discussed the effects of both
injection “volume overloading” and “concentration overloading” on band broad-
ening in preparative chromatography. “Volume overloading” for a single component
is insignificant as long as the injection volume remains less than half the volume of
a compound’s eluting band. “Concentration overloading” is a result of applying
sample concentrations that are higher than the linear portion of the adsorption
isotherm.

In addition to understanding the effects of overloading on the resolution of
components for single-pass separations, there are a variety of methods, such as
conventional recycle chromatography'®~'4, to enhance the recovery and purity of

0021-9673/89/%803.50 © 1989 Elsevier Science Publishers B.V.
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single-pass separations where the resolutions are not complete. In conventional recycle
chromatography, the eluent is routed from the column outlet through the pump and
directly back to the head of the column. The effect of recycle chromatography is that
the components of a mixture are further resolved with each additional pass through the
column. There are also variations on the conventional recycle method!>'1¢ to improve
the performance of separations, however, conventional recycle systems are typically
limited to the isolation of two component mixtures, and to separations where the total
band width is less than the recycle volume.

This report describes an external recycle technique for preparative purifications
that fills an operational gap between single-pass purifications and conventional recycle
methods. This technique is useful after an initial single-pass purification, where a crude
mixture has been applied to a column and eluted from the column using the
appropriate solvent system. Some of the eluted fractions may still contain an impure
mixture of adjacent eluting compounds. These impure mixture fractions can then be
sequentially reinjected back onto the column, in a “volume overload” condition, to
further resolve the desired components. Sequential reinjection of fractions refers to
a process by which any number of unevaporated fractions are recycled back onto the
same column, in the same order in which they had eluted from the column during the
previous single-pass. This process is, in effect, a recycle rechromatography of only the
unresolved portion of the initial sample. This reinjection process by itself or in
conjunction with conventional recycle techniques provides another approach for
improving the quality and speed of purifications.

EXPERIMENTAL

Apparatus

Preparative chromatography was performed using either a Beckman 421
controller and 100A pumping system or a Waters PrepL.C/500A system. The elution
profiles were monitored by either a Hitachi Model 100-10 UV-VIS detector, or
a Waters 500A refractive index detector.

Chemicals

Androst-4-ene-3,17-dione (AD) and 4!*-androstene-3,17-dione (ADD) were
obtained from Searle Chemical. Diastereomers of a tert.-butyloxy-carbonyl (Boc)
protected peptide and an isoquinoline derivative were obtained as synthetic inter-
mediates from reaction mixtures (G. D. Searle).

Methods

All resolution studies were performed using mixtures of AD and ADD on
a LiChrosorb Si-60, 10 um, 500 mm x 10 mm silica column and a mobile phase of 10%
ethyl acetate in methylene chloride. The eluent was monitored by TLC, and by UV
adsorption using a Hitachi Model 100-10 spectrophotometer at a wavelength of 286
nm so as to obtain equal responses for AD and ADD.

The resolution values were calculated using the standard equation

Ry = 2(Vpz — VR, )/(W1 + Wy)
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where R, is the resolution, Vy ; is the retention volume (ml) of the AD peak, Vy , is the
retention volume (ml) of the ADD peak, Wy and W), are the eluting band widths (ml)
for AD and ADD. In all cases, the skewed peak retention volumes could be measured
from the chromatogram that was obtained during each run. The band widths were
often completely obscured due to mass overloading. For this reason the band widths
for AD and ADD were determined by the number of fractions that contained each of
the compounds and multiplied by 10 ml per fraction. Therefore, the base width
measurements have a precision that is related to the fraction size.

Method development for the separation of the crude sample mixtures was
performed using precoated Merck Kieselgel 60, F;s4, 0.25-mm TLC plates, and the
resulting separations were scaled directly to column purifications using the same
mobile phases. All preparative column purifications were performed using Merck
Kieselgel 60, 230-400 mesh silica dry packed into stainless-steel columns. The selection
of an appropriate column size was determined by the sample weight, typically being on
the order of 0.02 g sample/g silica. Columns were then preconditioned with 1-2 void
volumes of mobile phase prior to sample injection. For practical considerations,
a column void was determined as the volume of solvent residing in the preparative
column. These provide an estimate of the amount of solvent necessary to saturate a dry
packed column, or to displace a solvent previously occupying the column.

Weights of reinjected samples were not determined directly but were estimated
by integrating the areas under the peaks and by the final weight of products. This is
because the compounds purified during the reinjections had been combined with the
same pure compound produced from the first single-pass run through each column.

Samples were typically dissolved in the appropriate mobile phases at concentra-
tions of 0.2-0.3 g/ml, and injected onto the column. Eluent fractions ranged from 0.05
to 0.20 void volumes, with the fraction purity being determined by TLC. The
wet unevaporated fractions containing the unresolved components were sequentially
reinjected onto the head of the column using the solvent inlet lines to the pump. The
reinjections were made from test tubes or other vessels containing the impure fractions.
Generally, each vessel was washed with a small amount of mobile phase to ensure
a quantitative transfer onto the column. A three-way valve was used to momentarily
cavitate the pump while the solvent line was being moved between fractions to
eliminate the introduction of air into the system.

RESULTS AND DISCUSSION

Fig. 1 shows the effect of sample injection volume on resolution. An amount of
16 mg of a mixture containing equal proportions of AD and ADD was applied per
injection onto a column having a 28.5-ml void volume. The resolutions measured
ranged from 1.33 to 0.87 when the injection volume applied to the column was varied
from 0.160 to 40.0 ml. These results are difficult to compare to the Knox model for
“volume overloading” since, in the present study, the sample weight was kept constant
and the effect of injection volume on the resolution of a two component mixture was
evaluated. It was observed that even though the 40.0-ml injection volume was equal to
the elution band width for AD during the 0.16-ml injections, the resulting peak shapes
were not flat, but showed only a slight increase in peak broadening. It seems that even
at the sample weight used in this study, a “concentration overloading” effect was still
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RESOLUTION
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Fig. 1. Influence of injection volume on the resolution of a 50% mixture of AD and ADD. Column 50 x 1.0
cm L.D., LiChrosorb SI-60, [0 um; column void, 28.5 ml; solvent, 10% ethyl acetate in methylene chloride;
flow-rate, 8 ml/min; sample weight, 16 mg; detector, 286 nm for equal AD and ADD response. Resolutions
are calculated based on detector response and TLC profile analysis.

observed. These results indicate that the injection volume may not be the most
significant factor in determining the resolution of a multi-component separation as
long as the total weight of sample mixture being injected remains constant.

Fig. 2 illustrates the effect of increased sample weight on resolution when a 50%
mixture of AD and ADD was applied in a “concentration overloaded” condition. In
this example, sample weights greater than 0.4 g reduced the yield and purity of AD and
ADD to make preparative purifications of larger samples impractical on this column.
Although the effect of sample weight on resolution is dependent on a number of
chromatographic parameters, this example illustrates that sample load is typically the
dominant factor influencing resolution. The Knox model for “concentration over-
loading”, where the peak mass distributions are skewed toward earlier elution volumes
as band spreading increases, fits the elution profiles obtained for AD and ADD during
these trials.

Fig. 3 illustrates a third major factor in determining the overall resolution of
a sample mixture. In this case, the sample weight ratio of AD and ADD is shown to
have a major influence on the resulting resolutions. Fig. 3a shows a separation using
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Fig. 2. Effect of sample loading weight on resolution of a 50% mixture of AD and ADD. Conditions are the
same as in Fig. 1.
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Fig. 3. Effect of weight composition of a mixture of AD and ADD on resolution. Sample: 640 mg.
Conditions are the same as in Fig. 1, except the flow-rate was 2.0 ml/min. (a) 75% AD and 25% ADD; (b)
50% AD and 50% ADD; (c) 25% AD and 75% ADD; (d) percent AD (M) and ADD (@) composition of
overlapping fractions 10-13 from a.
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TABLE 1
THE EFFECT OF AD AND ADD WEIGHT DISTRIBUTION ON RECOVERY AND RESOLUTION

AD:ADD Totals at 99% purity Resolution
composition™

AD (mg) ADD (mg)  Percent**

75:25 408 76 76 0.29
50:50 262 103 57 0.15
25:75 82 177 4] 0.05

* 640 mg total weight per injection.
** Percent total recovery at 99% purity.

0.64 g of a mixture containing 75% AD and 25% ADD. Fig. 3b shows a similar profile
for 0.64 g of 50% AD and 50% ADD, while Fig. 3¢ shows a profile for 0.64 g of 25%
AD and 75% ADD. The effect of sample weight distribution on the resolution and
recovery of AD and ADD is shown in Table I. This data indicates that for weight
overloaded conditions the total resolution of a mixture of components can be
enhanced if the component distributions are altered.

The separation of the fastest eluting component of any mixture is significantly
improved as its relative weight in the sample mixture is increased. This is because the
tail of each peak remains at a relatively constant tail capacity (k,) value that is
equivalent to the same component’s peak capacity (k,) for small analytical injections®.
As the weight of a component in a mixture is increased, the peak capacity (k,) gets
smaller and comes at an earlier elution volume due to greater ‘“concentration
overloading” effects*. This band broadening effect improves the resolution of
a separation if the first eluting component of a mixture has the highest weight ratio.
This is because as this band broadening occurs, it cannot spread forward to
contaminate any other eluting compounds. Later eluting components can overlap the
faster eluting components as their relative weight in the mixture increase, and the
overall resolution of a separation decreases dramatically.

These studies indicate that injection volume, sample weight, and sample
distribution all have an effect on resolution. However, the change in sample weight
distribution can outweigh the disadvantages of larger injection volumes required to
apply wet fractions directly back onto the column. This significantly enhances the
advantages of injecting the unevaporated impure fractions directly back onto the
column, as a single injection, rather than combining, drying, and rechromatographing
them as a new mixture to obtain the desired purity and recovery. Fig. 3d illustrates the
region of AD and ADD overlap from Fig. 3a. Although the AD and ADD contained
in these fractions has not been purified to the desired level, the distribution of AD and
ADD in these fractions has been changed dramatically. These fractions are ideal for
reinjection because the weight distribution of AD and ADD has been altered.

Fig. 4a shows a single-pass normal phase purification of a mixture of
diastereomers of a Boc protected dipeptide using a mobile phase of 3% ethanol in
methylene chloride. TLC analysis of the eluted fractions indicated that fractions 28-33
still contained the first diasterecomer and some of the faster eluting impurities, while
fractions 45-51 contained a mixture of both diastereomers. The column was then
eluted with 100% ethanol to remove any residual impurities remaining on the column,
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Fig. 4. (a) Single-pass separation of a crude mixture of Boc-protected dipeptide. Column: 100 x 2.5cm L.D.;
dry packed with Merck Kieselgel 60 silica; column void: 400 ml; solvent: 3% ethanol in chloroform. Sample:
5.29 g of a mixture of Boc-protected dipeptide diastereomers; flow-rate: 25.0 mi/min; fraction volume: 25.0
ml; detector: 254 nm. (b) Re-injection of fractions 28-33 and 45-51 from a onto the same column using the
same conditions. Sample: 1.07 g. The purified diastereomers were found to constitute 94% of the crude
sample mixture weight.

and reconditioned with the initial mobile phase. The unevaporated factions 28-33 and
45-51 were then sequentially reinjected back onto the original column as a single
volume overloaded injection. Each of these 13 fractions was 25.0 ml for a total single
injection volume of 325 ml or 0.81 column void volumes. It is critical that these
fractions be reinjected back onto the column in the same order in which they had
initially eluted, so that the faster eluting components are the first to be reinjected back
onto the column. The results of this external recycle are shown in Fig. 4b, where the
reinjected impure fractions were completely resolved. The final result is that instead of
approximately 75% total recovery of both diastereomers after one single-pass through
the column, there is now almost complete recovery at 100% purity. This technique of
externally recycling fractions need not be limited to the overlap of only two adjacent
components, but can be applied to any number of adjacent overlapping peaks from the
same separation.

The major criteria used to decide when a reinjection of eluent fractions should be
performed can best be determined by examining the tail retentions of the eluting peaks
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Fig. 5. (a) Single-pass separation of a crude mixture of tetrahydral isoquinoline diastereomers. Column:
150 x 5.0 cm LD.; dry packed with Merck Kieselgel 60 silica; column void: 2400 ml; solvent: 3.0%
isopropanol in hexane. Sample weight: 20.7 g; flow-rate: 500 ml/min; fraction volume: 500 ml; detector:
refractive index with a range of 2. (b) Re-injection of fractions 7-11 from a onto the same column using the
same conditions, except for the fraction volume being 250 ml. Sample: 11.5 g. (c) Re-injection of fractions
40-46 from b onto the same column, then recycled for two passes using the same conditions, except for-the
refractive index range being 5. Shaded areas were recycled or collected as a mixture. Sample: 6.5 g. The
purified diastereomers were found to constitute 73.4% of the crude sample weight.
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of interest. Large differences in the tail retentions of eluting compounds could indicate
that a reinjection will be useful. When an initial separation has been partially
successful, improvements in recovery and purity can generally be expected for all
components. Reinjections are usually performed with only a portion of the initial
sample weight. This reduced total sample weight does not seem to be a significant
factor in determining the resolution of the components for reinjected fractions, but it
appears to be more dependent on the altered weight distribution of the mixture
components in the fractions.

Another example of the advantages of external recycle is shown in Fig. 5a. The
initial single-pass separation isolated a mixture of tetrahydral isoquinoline dia-
stereomers from a crude reaction mixture using a mobile phase of 3% isopropanol in
hexane. The column was then eluted with 50% isopropanol in hexane to remove the
more polar impurities, and reconditioned with the initial mobile phase. TLC analysis
of all eluting fractions indicated that fractions 7-11 contained a mixture of both
diastereomers. Fractions 7-11 were then sequentially injected back onto the same
column as a single injection. The results of the reinjection in Fig. 5b indicate that.
a complete separation was still not obtained.

The initial injected sample weight could have been decreased, or a larger column
size could have been used to give a complete separation of the mixture with one
single-pass separation. The major drawback with this approach to preparative
chromatography is that the amount of work and materials required to achieve the
purification of the total sample increases with the number of runs and the size of the
column used for the purification. Hence, in most instances, sample weight overloading
is a more prudent way to maximize the throughput efficiency of preparative
purifications®.

TLC analysis of the fractions in Fig. 5b suggested that the weight distribution of
the components had been altered significantly. This indicated that the reinjection
process was working and only needed to be continued in order to further resolve the
diastereomers. A second reinjection was made using fractions 40-47. This process of
reinjecting fractions could have continued until the sample was completely resolved,
however, because the band width of the two diastereomers was less than the recycle
eluent volume, the system was run in a conventional recycle mode for two passes
through the column. The resulting separation profiles are shown in Fig. 5c, where the
pure portion of each eluting diastereomer was removed with each recycle pass through
the column. The final outcome of using this technique is that a 96.4% recovery of the
diastereomers at better than 95% purity was obtained in one column run using two
reinjections and two conventional recycle passes.

This example illustrates how a purification can evolve from a clean-up mode into
a highly efficient conventional recycle mode of operation by incorporating an external
recycle operation into the process. Conventional recycle is the easiest method of
performing recycle chromatography, but although it has many practical applications
its use is often limited. When a mixture containing more than two components is being
separated, or a two-component eluent band volume is larger than its conventional
recycle eluent volume, external recycle chromatography can be more practical than
conventional recycle methods.
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CONCLUSION

External recycle is a technique where significant improvements can be achieved
in the recovery and purity of valuable samples when an initial single-pass separation
through a column does not give adequate resolution of the components of interest.
This operation can be performed using multiple fractions in an eluting stream,
provided they are sequentially reinjected back onto the column in the same order in
which they had initially eluted. Further, reinjections can be performed in a series of
cycles with most separations, to stepwise isolate the components of interest. This
method is less laborious and more efficient than combining and drying the unresolved
fractions to reduce the injection volume, and then rechromatographing them as a new
mixture. This technique has been applied to reversed-phase systems, and should be
applicable to other modes of liquid chromatography when using isocratic conditions
and where the lack of resolution is due to sample weight overload on the column.
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EXAMPLE OF THE CONCENTRATION DEPENDENCE OF ELUTION
ORDER IN THE RESOLUTION OF ENANTIOMERS ON MICROCRYSTAL-
LINE TRIACETYLCELLULOSE CHIRAL STATIONARY PHASE

CHRISTIAN ROUSSEL*, JEAN-LOUIS STEIN, FRANCOISE BEAUVAIS and AHMED CHEMLAL
ESIPSOI, UA CNRS 126, Rue Escadrille Normandie-Niemen, 13397 Marseille Cedex 13 (France)
(First received July 27th, 1988; revised manuscript received September 9th, 1988)

SUMMARY

The resolution of 3-(2-propylphenyl)-4-methyl-4-thiazolin-2-one atropisomers
by liquid chromatography on microcrystalline triacetylcellulose shows an unprece-
dented inversion of the capacity factors with increasing amount of sample injected.
The two enantiomers behave independently on the chiral stationary phase. The
occurrence of such different isotherms for the two enantiomers is related to the
presence of a propyl group and provides experimental proof of the intervention of
differentsites for chiral recognition in the supramolecular structure of microcrystalline
triacetylcellulose.

INTRODUCTION

In recent years, the separation of enantiomers by liquid chromatography on
chiral stationary phases (CSPs) and the design of new CSPs have aroused wide
interest'~'%. Among the various commercially available phases of this type, micro-
crystalline triacetylcellulose (MTAC)'%~2% is attractive as it has been used with success
in separating various racemates on a preparative scale (Pirkle and Hamper?!
“preparative” separations as those involving the collection of the resolved materials
for subsequent utilization, whether this isolation affords sub-milligram or multi-gram

-amounts of material).

During a systematic study of the factors that affect chiral discrimination on
MTAC for a series of atropisomers of N-arylthiazolin(thi)ones, we found that
3-(2-propylphenyl)-4-methyl-4-thiazolin-2-one (3a) shows an unprecedented behav-
iour on MTAC; chromatography of racemic 3a with polarimetric detection indicates
that the first eluted enantiomer is dextrorotatory for an analytical-scale sample (3 mg),
whereas the first eluted enantiomer is laevorotatory for semi-preparative-scale
injections (50 mg). We believe that this observation may open the way to a better
understanding of the type of molecular recognition involved in these chiral sepa-
rations.

0021-9673/89/$03.50 @© 1989 Elsevier Science Publishers B.V.
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(=) form (+) form
1a Rp=CyHy, Ry=H, Re=CHy, X=S
38 Re=CiHy, Rg=H, Re=CHy, X=0
1b Re=CHy, Re=CHy, Re=CHy, X=5
3b Re=CHy, Re=CHg, Ry=CH,, X=0

Scheme 1.

EXPERIMENTAL AND RESULTS

N-Arylthiazoline-2-thiones and their oxygen analogues bearing alkyl sub-
stituents in positions 4 and 2’ have a steric barrier to rotation around the N-aryl bond
larger than 29 kcal mol™!, giving rise to stable atropisomers which can be eventually
separated at room temperature on MTAC (Scheme 1) [the lower limit was determined
for thiazoline with methyl groups in the 4 and 2’ positions in diglyme; in ethanol the
barriers are larger owing to the specific solvation of the (thio)carbonyl group?2:23, For
a general discussion of steric barriers in atropisomers in heterocycles, see ref. 24]. These
compounds are interesting models for a study of molecular recognition on MTAC and
on other CSPs because (i) a wide variety of steric requirements through alkyl
substituents can be regioselectively introduced in various positions on the aryl ring and
in the 4 and 5 positions on the heterocycle by unequivocal syntheses, (ii) X-ray data
indicate that the two rings are almost perpendicular in the crystalline state?*~# and the
absolute configurations of the 3-(2'-alkylphenyl)-4-alkyl-4-thiazoline-2-thiones are
known [the absolute configuration has been determined on optically pure (+)-3-
(2'-methylphenyl)-4-terz.-butyl-4-thiazoline-2-thione by X-ray analysis of the salt
obtained by reaction with an optically active menthyl derivative of known configu-
ration??], (iii) optically pure thiazoline-2-thiones can be converted into optically pure
thiazolin-2-ones without racemization at room temperature and (iv) the two parts of
these compounds have very different dipolar requirements, basicities and hydrogen
bonding abilities. In order to investigate the effect of the lipophilicity of the alkyl chain
in the 2’ position on the aryl ring on the separation on MTAC, we prepared
3-(2-propylphenyl)-4-methyl-4-thiazoline-2-thione (1a) and its oxygen analogue (3a).

The determinations of the chromatographic parameters (capacity factors and
separation coefficients) were performed on a thermostated (20°C) 200 mm x 25 mm
1.D. MTAC (15-25 nm) (Merck) column eluted with 95% ethanol at a flow-rate of 138
ml/h with UV and polarimetric detection. The dead volume of the column was
determined from the elution volume of 1,3,5-tri-tert.-butylbenzene, which was injected
together with the sample in ethanol using a 5-ml injection loop?®.

In the general experimental procedure, the compounds studied were injected in
an analytical run (ca. 2 mg) in racemic form. If baseline separation was observed, the
chromatographic parameters were extracted directly from the chromatogram using
either UV or polarimetric data. If partial resolution was obtained, UV detection gave
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a useless single envelope whereas the polarimeter indicated the order of elution and the
shape of the resulting signal. In the latter instance, a larger amount of the compound
was injected in order to collect the very beginning and the very end of the peak, and this
procedure was repeated until enantiomerically pure samples were obtained in
milligram amounts, which could be injected separately so as to determine the
chromatographic parameters.

The thiazolinethione la -showed a baseline separation, the dextrorotatory
enantiomer appearing first, whereas the thiazolinone 3a was partially resolved with
again the dextrorotatory enantiomer appearing first. On applying the general
procedure described above to a larger amount of 3a, we found that the first eluted
enantiomer is the laevorotatory form. In order to study this unexpected behaviour,we
prepared optically pure (+)-3a and (—)-3a from the corresponding thiones (+)-1a
and (~)-1a after preparative separation of the latter on MTAC (Scheme 2). Known
amounts of optically pure samples of (+)-3a were injected into the column and the
peak shapes recorded using polarimetric detection. Digitization of the experimental
curves and treatment by computer afforded the series of positive curves depicted in
Fig. 1 together with the experimental area and the position of the barycentre [the
barycentre (moment of mass) was determined instead of the peak maximum to account
for the asymmetry of the curves] (Table I).

It appears that the capacity factor '+ increased from 1.37 to 1.64 when the
amount of compound injected was increased from 1.82 to 16.36 mg. The same
experiments performed on the laevorotatory enantiomer (—)-3afor the same amounts
gave the series of negative curves depicted in Fig. 1, and it appears that the capacity
factor k'~ decreased when the amount of compound injected was increased.

Simultaneous treatments of the two independent curves obtained for the pure
enantiomers in order to simulate the response of the corresponding racemic injections
are shown in Fig. 1. They account perfectly for the observed experimental inversion of
the elution order on increasing the amount of compounds injected. Fig. lc is
particularly instructive as the calculated resulting curve obtained by combination of
the two separate injections of 4.55 mg of each enantiomer has a very unusual and
sensitive shape owing to the contrasting shapes of the two constituent curves. Such an
unusual shape with more than two maximal was obtained experimentally by injection
of 9.10 mg of racemic sample. It is worth noting that the different shapes of the two
curves indicate that under conditions of identical capacity factors on would still
observe a signal with polarimetric detection. We were able to reproduce experimentally
the calculated curves for racemic injections over the whole range of concentration, and
it follows that the two enantiomers show completely independent behaviour on the
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Fig. 1. Concentration dependence of elution order for 3a on MTAC (polarimetric detection). Experimental
positive or negative curves were obtained by independent injections of pure (+)-3a and (—)-3a, respectively:
(a) 1.82 mg; (b) 2.73 mg; (c) 4.55 mg; (d) 7.30 mg; (¢) 10.45 mg; (f) 16.36 mg. The resulting curves are
computer simulations of the corresponding racemic form.

column and that a displacement process is not involved in the observed phenomena.

Fig. 2 reports the variation of capacity factors with the amount of sample
injected. An explanation of the behaviour of (+4)-3a, which shows an increase in
capacity factor with increase in the amount of sample injected, based on self-
association (which is generally involved in such behaviour mainly on zeolites) seems
improbable, as it should be enantioselective in order to account for the fitting of the
experimental chromatogram of a racemic injection with the calculated result obtained
by combination of the experimental chromatograms for each enantiomer.

It was therefore interesting to study the influence of concentration on the
capacity factors of the thiazolinethione la. For this purpose, increasing amounts of
optically pure sample were injected separately. The resulting curves do not overlap and
the separation is excellent (Fig. 3 and Table I). In the same rang of concentration as for
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TABLE 1

CAPACITY FACTORS AND SEPARATION COEFFICIENTS FOR COMPOUNDS la, 3a, b AND
3b AS A FUNCTION OF THE AMOUNT OF SAMPLE INJECTED ON MTAC

Compound  Fig.  Amount in Krr ks Kk o**
5 ml of
ethanol (mg)

(+)-3a la 182 137

(~)3a la 182 Les 08 LI
(+)-3a b 273 1.41

(—)-3a Ib 2.73 1.53 0.92 109
(+)-3a e 455 143

(=)-3a e 455 149 096 104
(+)-3a 1d 7.30 1.52

(=)3a d 730 (44 106 106
(+)-3 e 1045 1.605

(—)3a le 10.45 1.35 L1 L1
(+)-3a it 1636 1.645

(=)-3a if 1636 o7 130130
(+)-1a 182 1.04

(—)-la 3 182 309 0366 298
(+)-la b 454 1.02

(=)-la b 454 288 034 282
(+)la 3 9.10 1.00

(=)la 3c 9.10 2.64 0379 2.64
(+)-la 3d 13.64 0.98

(=)-la d 1364 a5t 0¥ 2SS
(+/—)-1b 4a 3.27 0.97 3.29 0.296  3.38
(+/—)1b 4b 24.55 0.93 3.35 0.277 3.60
(+/-)-3b 4c 3.57 0.83 2.00 0415 241
(+/-)-3b 4d 25.57 0.835 1.97 0.425 235

* Defined by V'* — 1™/ )" using barycentric calculation to account for tailing.
** Defined as the ratio of the capacity factor of the more bound to that of the less bound enantiomer.
*** Injected in racemic form.

Q
0 ~
/< Pr K
L=
N
12 \ﬁ/
CHy
1
o 1 5 10 15 mg

Fig. 2. Variation of the capacity factors &'* and &'~ for 3a as a function of amount injected.
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Fig. 3. Concentration dependence of the chromatographic behaviour of 1a on MTAC. Positive and negative
curves were obtained by independent injections of pure (+)-1a and (—)-1a, respectively: (a) 1.82 mg; (b) 4.54
mg; (c) 9.10 mg; (d) 13.64 mg.

Fig. 4. Chromatographic behaviour of 1b [(a) and (b)] and 3b [(c) and (d)] as a function of the amount of
sample injected (Table I). These curves were obtained by direct analysis of the racemic form; (a) 3.27 mg; (b)
24.55 mg; (c) 3.57 mg; (d) 25.57 mg.

3a, the capacity factor of the positive enantiomer decreases slightly whereas that of the
negative enantiomer is much more dependent on concentration. In order to verify the
independence of enantiomer behaviour on the CSP as already discussed for 3a, we
prepared samples in wich 1.82 mg of the negative enantiomer was mixed with 13.6 mg
of the positive enantiomer. The resulting capacity factors for bot enantiomers agree
perfectly with those obtained in the respective separate injections.

The chromatographic behaviours of 1a and 3a are in sharp contrast with those
reported in- Table I for 3-(2,3-dimethylphenyl)-4-methyl-4-thiazoline-2-thione (1b)
and its oxygen analogue (3b) (the syntheses of these compounds have been described
elsewhere??). The capacity factors for these two compounds display very little
dependence on the amount of sample injected in the concentration range studied (Fig.
4 and Table I). The results indicate that in the concentration range considered the
number of suitable sites is large enough to prevent saturation phenomema for
compounds very similar to la and 3b. Hence it appears that the presence of a lipophilic
propyl group in la and 3a might account for the concentration dependence of the
capacity factors.

To the best of our knowledge, very little attention has been paid to the effect of
the amount of racemates injected on resolution on MTAC?7 and on other CSPs. Some
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examples were provided by Soah and Cram?®:2° for the resolution of enantiomers of
amino acid and ester salts in host-guest complexation studies?8-2°, No inversion of the
elution order was observed but the chiral recognition was dependent on the host:guest
ratio and it was suggested that “the sterically more confined sites which exhibit higher
chiral recognition were engaged in binding as the amounts of guest were increased”.
We believe such an explanation might hold for compounds 3a. An example of the
inversion of elution order with increasing sample size for achiral compounds as been
reported recently and was accounted for by isotherm crossing, but in that instance
both compounds exhibited a differential decrease in capacity factors with increasing
sample size.3°

We are currently extending this type of study to tailored racemates with suitable
substitution to improve our knowledge of the mechanism of chiral recognition on
MTAC and similar CSPs. So far our experimental results confirm the concurrence of
various sites for chiral recognition in the supramolecular structure of MTAC31+32
which are dramatically discriminatory towards the lipophilic effect.

Synthesis of compounds

3-(2-Propylphenyl)-4-methyl-4-thiazoline-2-thione (racemic ) (la). This was
prepared by reaction of the corresponding ammonium dithiocarbamate with chloro-
propanone>?. Yield 64%; m.p. = 75-76°C; Ry (silica gel, chloroform as eluent) = 0.53.
"HNMR (C*HCls): § (ppm) 0.95 (3H,1), 1.3-1.8 (2H,m), 1.82(3H,s), 2.39 (2H,t), 6.35
(1H,5), 7-7.6 (4H,m). **C NMR (C2HCl,): é (ppm) 14.20, 15.83, 22.32, 32.78, 106.73
(C-5), 127.40, 128.23, 129.87, 130.18, 136.30, 140,03, 140.03, 189.23 (C=S). Mass
spectrum, (70 eV): m/z (%) 249(27), 217(15), 216(100), 214(15), 206(10), 200(9),
188(10), 187(25), 91(11), 77(12), 45(8), 41(7), 39(8). UV (95% ethanol); A(¢) = 320 nm
(15400). Analysis: calculated for C,3H,sNS,, C 62.7, H 6.0, N 5.6, S 25.7; found,
C 62.65, H 6.09, N 5.62, S 25.55%.

Racemic thiazoline-2-thione (525 mg in ten injections) was separated into 235
mg of the (+)-form and 255 mg of the (—)-form. (+)-form (20.8 mg in 2 ml of 95%
ethanol, 25°C): 4 (nm), a, [o], P 436, +4.31, +414.5, +1032; 546, +1.970, + 183.4,
+471.6; 578, +1.667, +160.3, +399.1; 589, +1.58, +151.9, +378.2. (—)-form (23.1
mg in 2 ml of 95% ethanol, 25°C): 1 (nm), «, [«], @ 436, —4.573, — 395.9, —985.8; 546,
—2.088, —180.8, —450.2; 578, —1.768, —153.1, —381.2; 589, —1.677, —145.2,
—361.5.

2-Methylthio-4-methyl-3-( 2-propylphenyl) thiazolium  iodide (racemic)(2a).
Compound 1a (500 mg) in 12.5 ml of dry acetone was allowed to react for 2 h at room
temperature with 0.75 ml of methyliodide. After partial evaporation, the solid was
collected and washed with anhydrous diethyl ether (415 mg; yield 53%; m.p.
= 131-132°C). "H NMR (C*HCls): é (ppm) 0.8-1 (3H,m), 1.4-1.8 (2H,m), 2-2.3
(2H,m), 2.15 (3H,s), 2.33 (3H,s), 7.5-7.6 (4H,m), 8.35 (1H,s). UV (95% ethanol): A (g)
= 296 nm. (10900).

3-(2-Propylphenyl )-4-methyl-4-thiazolin-2-one (racemic) (3a). This was syn-
thesized by an adaptation of the procedure for conversion of pyrimidine-2-thione into
pyrimidine-2-one®*. Compound 2a (350 mg) was treated at room temperature for
I h with a mixture of sodium methoxide (810 mg) in 7.8 ml of methanol. After
extraction, washing with water and drying, 211 mg of 3a were obtained as a colourless
oil (quantitative yield), which after further purification by liquid chromatography on
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MTAC crystallized (m.p. = 58°C). Total yield from la = 40%. Ry (silica gel 60,
chloroform as eluent) = 0.36. 'HNMR (C2HCl5): § (ppm) 0.9 (3H,t), 1.5 (2H,m), 1.75
(3H,s), 2.40 (2H,m), 5.9 (1H,s), 7-7.5 (4H,m), ">’C NMR (C*HCl3): 6 (ppm) 14.16,
15.63, 22.87, 33.17, 96.31, 127.19, 129.00, 129.59, 130.25, 132.72, 134.37, 141.01,
172.29 (C=0). Mass spectrum (70 €V): m/z (%) 233(22), 216(9), 201(16), 160(11),
144(10), 130(9), 91(3), 77(11), 41(8), 39(8). Analysis: calculated for C;3H;sNOS, C67,
H 6.4, N 6, S 13.7; found, C 66.45, H 6.44, N 595, S 13.65%.

( + )-3-(2-Propylphenyl)-4-methyl-4-thiazolin-2-one [ (+ )-3a]. Optically pure
(+)-3a was obtained as an oil from (+)-la by the same procedure as for the
preparation of racemic 3a [total isolated yield from (+)-1a 57%]. Optical properties
(19.1 mg in 2 ml of 95% ethanol, 25°C): A (nm), a, [a], @ 365, +3.0, +315, +734; 436,
+1.646, +172.4, +401.7; 546, +0.882, +92.4, +215.2; 578, 40.764, +80., +186.4;
589, +0.727, +76.1, +177.4.

( — )-3-(2-Propylphenyl )-4-methyl-4-thiazolin-2-one [(—)-3a]. Optically pure
(—)-3a was obtained as an oil from (—)-1a by the same procedure as for the
preparation of racemic 3a [total isolated yield from (—)-1a 64%]. Optical properties
(21.1 mgin 2 ml of 95% ethanol, 25°C): A (nm), o, [«), @ 365, —3.142, —297.8, —694;
436, —1.718, —162.8, —379.3; 546, —0.920, —87.2, —203.2; 578, —0.796, —75.5,
—175.8; 589, —0.759, —71.9, —167.6.
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BESTIMMUNG VON TAURIN: EINFLUSS DER COILTEMPERATUR AUF
DIE PEAKREINHEIT DES TAURINS

D. BALSCHUKAT* und H. KUNESCH

Degussa AG, GB Industrie- und Feinchemikalien Anwendungstechnik AV, Postfach 1345, D-6450 Hanau [
(B.R.D.)

(Eingegangen am 20. Juli 1988; gednderte Fassung eingegangen am 24. August 1988)

SUMMARY

Determination of taurine: influence of the coil temperature on the taurine peak purity

A method is described for the determination of taurine, as well as other supple-
mentary amino acids, using an amino acid analyzer with a coil temperature well
above 100°C. The method is reproducible and the recovery is good even though the
sample preparation is simple. As higher coil temperatures increase the yield of the
ninhydrin reaction product, temperatures above 100°C are nowadays often used.
However, this affects the taurine determination in hydrolysates as some compounds
that interfere with the taurine determination will also react with ninhydrin at temper-
atures above 100°C.

The retention behaviour of these substances is similar to that of taurine on a
cation-exchange column. The major interfering substance is levulinic acid, which is
formed during the acidic treatment of hexoses. The absorption (at 440 and 570 nm) of
the products of the reaction between the interfering substances and ninhydrin differs
from that of primary and secondary amino acids.

These interfering substances occur mainly in plants, but also (in smaller
amounts) in animal products. Therefore, the determination of taurine in hydrolysates
is not reliable if a high coil temperature is used.

EINLEITUNG

Taurin (2-Aminoethansulfonsdure) ist ein Endprodukt des Katabolismus von
Cystein'-%. Katzen sind, im Gegensatz zum Beispiel zu Ratten, nicht in der Lage,
Taurin aus Cystein aufzubauen, so dass Katzen fiir eine optimale Ernihrung auf
Taurin angewiesen sind®. Weiterhin laufen Katzen bei Taurinmangel Gefahr, zu er-
blinden oder an Herzmuskelschwiiche zu erkranken*. Deshalb kommt insbesondere
dem Taurin-Gehalt von Rohstoffen und Mischfuttern eine nicht unerhebliche Be-
deutung zukommt.

Verschiedene Methoden zur quantitativen Bestimmung des Taurins sind be-
schrieben. Praktisch ausnahmslos handelt es sich um chromatographische Methoden,

0021-9673/89/%03.50 © 1989 Elsevier Science Publishers B.V.
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wie z.B. die Gaschromatographie®, die Ionenaustauschchromatographie®’ und die
Hochleistung-Fliissigkeitschromatographie (HPLC). Bei der HPLC findet durchgén-
gig die Vorsdulenderivatisierung statt. Verwendet werden insbesondere o-Phthaldial-
dehyd (OPA)®!? und 5-Dimethylaminonaphthalinsulfonylchlorid (Dns-Cl)*3, und
die Derivate werden anschliessend an Umkehr-Phasen getrennt.

Bestimmt man die Aminosdurenzusammensetzung eines Rohstoffes bzw. die
eines Mischfutters mit Hilfe eines Aminosiurenanalysators, so lassen sich ebenfalls
Bedingungen einstellen, unter denen man Taurin quantifizieren kann. Eine Methode,
die zur quantitativen Bestimmung des Taurins breite Anwendung findet. Schwierig-
keiten, den Taurin-Gehalt von Hydrolysaten von Mischfuttern mit Aminosiurenana-
lysatoren zu bestimmen, die ein Hochtemperaturcoil besitzen, fithrten zur vorliegen-
den Arbeit. Darin wird aufgezeigt, worin diese Schwierigkeiten begriindet liegen, und
es werden Bedingungen entwickelt, die diese Unzuldnglichkeiten umgehen.

EXPERIMENTELLES

Materialien

Taurin wurde von Serva (Heidelberg, B.R.D.) und Norleucin von Fluka
(Buchs, Schweiz) bezogen. Alle weiteren Substanzen waren von Merck (Darmstadt,
B.R.D.).

Reagenzlosungen .
(i) Extraktionslosung: 200 mg Norleucin werden in 1000 m1 0,1 M Chlorwasser-
stoffsdure gelost. (ii) Elutionslésungen: wie in Tabelle I beschrieben. (iii) Ninhydrin-

TABELLE'1
PUFFERZUSAMMENSETZUNGEN UND CHROMATOGRAPHISCHE BEDINGUNGEN

Puffer-Bezeichnung A B C Verdiin- Regene-
nungs- rierungs-
puffer losung

pH 3,54 3,86 4,31 2,20 -

Na* (M) 0,1 0,1 0,17 0,1 0,3

Natriumcitrat - 2H,0 (g) 9,8 9,8 9,8 9,8 -

Chlorwasserstoffsdure (37% ig) (ml) 1,0 - - - -

Citronenséure - H,0 (g) 14,0 14,0 9,8 14,0 -

Borsaure (g) - 1,0 1,0 - -

Natriumchlorid (g) - - 43 - -

Methylenglycolmonomethylether (ml) 80,0 - -~ - -

Thiodiglycol (ml) - - - 20,0 -

Phenol (g) 0,1 -

Natriumhydroxid (g) - - - - 12,0

Endvolumen (ml) 1000 1000 1000 1000 1000

Pufferdurchflusszeit (min) 19 10 16 - 7

Temperatur 43°C

Harztyp BTC 2710

Trennsdule 400 nm x 3,2 mm 1.D.
Pufferdurchfluss 0,27 ml/min
Reagenzdurchfiuss 0,153 ml/min
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16sung: 20 g Ninhydrin werden in 750 ml Ethylenglycolmonomethylether und 250 ml
Natriumacetatpuffer (4 M; pH 5,51) gelést und mit 5 ml Titan(IIT)chlorid-Ldsung
versetzt.

Chromatographische Bedingungen

Fur die Taurin-Analytik wurde der Aminosdurenanalysator LC5001 von Bio-
tronik (Miinchen, B.R.D.) eingesetzt (variabel einstellbare Coiltemperatur). Die Ab-
sorptionen bei 440 und 570 nm wurden von einem Spectra-Physics-Integrator SP4270
aufgezeichnet und an die Labordaten-Station Labnet® zur weiteren Verarbeitung
weitergesandt.

Probenvorbereitung

Proben von etwa 4 g, genau gewogen, werden in einem 100-ml Becherglas mit
20,0 m} Extraktionslosung und 40 ml 0,1 M Chlorwasserstoffsdure versetzt und etwa
30 min bei Raumtemperatur geriihrt.

Quantitative Analyse .

Zunichst wird der Responsfaktor des Taurins mit einer Eichlésung ermittelt.
Hierzu werden 5 ml] einer Eichldsung in einem 100-ml Messkolben mit Verdiinnungs-
puffer pH 2,20 zur Marke aufgefiillt und der pH-Wert auf 2,20 eingestelit. Anschlies-
send wird chromatographiert.

Zur Bestimmung des Taurins in der Probe werden etwa 8 ml der Probesuspen-
sion mit 22 ml Verdiinnungspuffer versetzt, der pH-Wert gegebenenfalls nachgestellt,
und man filtriert iiber ein Faltenfilter. Nach weiterer Filtration iiber ein 0,22-um
Membranfilter wird chromatographiert. Der Gehalt an Taurin ergibt sich dann aus
dem Responsfaktor, der Einwaage der Probe und der Einwaage an internem Stan-
dard.

Isolierung der Interferenzfraktion

Eine Menge von 50 g Mais wurde 24 h in 6 M Chlorwasserstoffsdure unter
Riickfluss erhitzt. Man saugte Giber eine Glasfritte ab, verdampfte die Chlorwasser-
stoffsiure am Rotationsverdampfer und verdiinnte den Riickstand mit 100 m10,01 M
Chlorwasserstoffsdure. Man gab diese Losung auf einen Kationenaustauscher Lewa-
tit S 100 (Sdulendimensionen 40 cm X 2 cm) und eluierte mit 500 ml 0,01 M Chlor-
wasserstoffsdure. Das briunliche Eluat wurde am Rotationsverdampfer auf 100 ml
_eingeengt und fiir Vergleichsversuche verwendet. Eine Aminosdurenanalyse zeigte,
dass das Eluat frei von Aminosduren war und nur den Interferenzpeak aufwies. Die
HPLC-Analyse ergab, dass das Eluat aus mindestens 50 Komponenten bestand (De-
tektionswellenlinge 210 nm). Auf eine weitere Reinigung wurde verzichtet, da das
Aminosdurenchromatogramm nur die Interferenz als ninhydrinpositive Verbindung
aufwies.

ERGEBNISSE UND DISKUSSION
Das Chromatogramm des Maishydrolysates (Fig. 1), das mit einer Coiltempe-

ratur von 125°C aufgenommen worden ist, zeigt, dass die Absorptionen bei 440 nm
und 570 nm in Taurin-Bereich dhnlich hohe Werte aufweisen. Misst man jedoch



108 D. BALSCHUKAT, H. KUNESCH

Absorption

gy NN

|
i
B [ Bl-

| | | | k | | ! ! !

30 22.6 16 7.6 t (min) 80 22,6 18 7.6 t (min) 7,6 t (min)

Fig. 1. lonenchromatogramme eines Maishydrolysates, gemessen bei Coiltemperaturen von 100 (a) und
125°C (b); Vergleich: Taurin bei 125°C (c). Reagens: Ninhydrin; Detektionswellenldngen, A: 570 nm, B:
440 nm. Der interne Standard Norleucin erscheint bei ca. 45 min. 1 = Lévulinsdure. Diese Position
entspricht auch der Retentionszeit des Taurins.

reines Taurin, so ist das Verhdltnis der Absorptionshohen etwa 1:6 (Fig. 1c). Fig. 1b
zeigt das gleiche Maishydrolysat bei einer Coiltemperatur von 100°C.

Fig. 2 zeigt den Einfluss der Coiltemperatur auf die Absorption der Taurin-
Interferenz. Man erkennt sehr deutlich, dass insbesondere die Interferenz erheblich
sensitiver bei beiden Wellenldngen auf die Reaktionstemperatur reagiert als z.B. das
Taurin. Das Absorptionsverhalten des Taurins ist aber charakteristisch fiir primire
Aminosduren. :

Bereits Krysciak und Nitecka'* haben darauf hingewiesen, dass im Aminosiu-
renchromatogramm vor der Asparaginsdure Substanzen eluieren, die eine untypische
Farbe bei der Reaktion mit Ninhydrin ergeben. Eine Substanz, die identifiziert
wurde, ist die Lavulinsdure, die bei der sauren Behandlung von Hexosen entsteht.

Altere Modelle von Aminosiurenanalysatoren arbeiten mit einer Coiltempe-
ratur von 100°C. Da hier nie Probleme bei der Bestimmung des Taurins aufgetaucht
waren, wurde der Einfluss der Coiltemperatur auf das Absorptionsverhalten der Tau-
rin-Interferenz untersucht.

Lévulinsdure eluiert unter den oben angegebenen Chromatographiebedingun-
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Fig. 2. Abhingigkeit der Absorption bei 440 und 570 nm von der Coiltemperatur fiir Taurin, Livulinsiure
und Taurin-Interferenz. 1 = Taurin (440 nm); 2 = Taurin (570 nm); 3 = Taurin-Interferenz (440 nm); 4 =
Taurin-Interferenz (570 nm); 5 = Livulinsdure (440 nm); 6 = Lédvulinsiure (570 nm). Reagens: Nin-
hydrin. Nur das relative Absorptionsverhalten ist dargestelit.

gen zur gleichen Zeit wie die Interferenz. Der Fig. 2 kann man entnehmen, dass auch
die Kinetik der Anfarbung dhnlich ist. Besonders auffallend ist, dass die Reaktion so
sehr stark abhéngig ist von der Temperatur des Coils. Dass sich die Interferenz be-
sonders bei pflanzlichen Produkten bemerkbar macht, liegt daran, dass diese bekann-
termassen auch iiber den hochsten Anteil an Hexosen verfiigen. Im HPLC lasst sich
zeigen, dass die Interferenz auch unter verschiedenen Bedingungen ein identisches
Elutionsverhalten aufweist wie Lavulinsdure. Somit ist sicher, dass es die aus Hexosen
gebildete Lavulinsdure ist, die die Taurinbestimmung stort.

Fig. 3 zeigt das Absorptions- und Chromatographieverhalten der Taurin-In-
terferenz und Lévulinsdure in Abhéngigkeit von der Coiltemperatur.

Auch Erbersdobler et al.” haben darauf hingewiesen, dass bei Arbeiten mit
Hochtemperaturcoils Schwierigkeiten auftreten. Geht es bei ihnen jedoch insbeson-
dere um Probleme der Abtrennung von Harnstoff und Phosphoethanolamin, so sind -
die Probleme bei Hydrolysaten génzlich anders gelagert.

Phosphoethanolamin und Harnstoff verhalten sich bei der Reaktion mit Nin-
hydrin wie Aminosiuren. Die Interferenz jedoch zeigt das Anfarbeverhalten, wie es in
Fig. 2 dargestellt ist. Dies bedeutet, dass man Taurin mit den gingigen Pufferpro-
grammen nicht aus den Hydrolysaten bestimmen darf, wenn man Aminosidurenanaly-
satoren verwendet, deren Coiltemperatur tiber 100°C betrigt. Unter diesen Beding-
ungen stort die bei der Hydrolyse entstehende Livulinsiure so stark, dass keine
exakten Taurin-Werte mehr ermittelt werden konnen.

Um jedoch weiterhin Taurin mit dem Aminosdurenanalysator quantifizieren zu
konnen, wurde die Probenvorbereitung modifiziert. Diese unterscheidet sich nur un-
wesentlich von der frither” beschriebenen Probenvorbereitung. Grundlage der Ande-
rung ist die Tatsache, dass Taurin als Stoffwechselprodukt nicht gebunden in der
Matrix vorliegt, wie dies z.B. auch fiir supplementierte Aminosauren gilt. Dies gilt
jedoch nicht fiir Taurin in Darminhalten. Hier kann das Taurin so stark gebunden
sein, dass sich diese Verbindungen nicht mit 0,1 M Chlorwasserstoffsiure spalten
lassen. Demzufolge ist es logisch, die Probenvorbereitung fiir die Taurin-Bestimmung
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Fig. 3. lonenchromatogramme des Absorptions- und Chromatographie-Verhaltens der Taurin-Interferenz
und Lévulinsdure in Abhéngigkeit von der Coiltemperatur. | = 100°C; 2 = 110°C; 3 = 120°C; 4 = 125°C.
Reagens: Ninhydrin; Detektionswellenldngen, A: 570 nm, B: 440 nm.

dervonsupplementierten Aminosdurenanzugleichen. Willmanjedoch gebundenes Tau-
rin quantifizieren, so muss man drastisch hydrolysieren (6 M Chlorwasserstoffsiure,
24 h am Riickfluss). Die Coiltemperatur darf dann aber 100°C nicht tiberschreiten.

Fir die Quantifizierung freien Taurins wird die feingemahlene Probe (0,25 mm)

TABELLE II

VERGLEICH DER TAURIN-WERTE ERMITTELT AUS DER OXIDATION BZW. DER EX-
TRAKTION AM BEISPIEL VON FISCHMEHL

Probe-Nr. Gehalt aus Oxidation Gehalt aus Extraktion Differenz
(%) mit 0,1 M Oxidation| Extraktion
Chlorwasserstoffsiure (%)
(%)
1 0,721 0,632 +14,3
2 0,689 0,565 +22,0
3 0,266 0,250 +6,4
4 0,700 0,633 +10,6
5 0,167 0,159 +5,0
6 0,318 0,254 +25,2
7 0,886 0,738 +20,1
8 0,916 0,789 +16,1
9 0,591 0,474 +24,7
10 0,411 0,323 +27,2
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TABELLE III
WIEDERFINDUNG AN SUPPLEMENTIERTEM TAURIN IM MISCHFUTTER

Supplementierungsrate Gehalt aus Extraktion mit Wiederfindung
(%) 0,1 M Chlorwasserstoffsiure (%)
(%)

0,005 0,0044 88

0,01 0,009 90

0,02 0,019 95

0,05 0,049 98

0,1 0,099 99

0,2 0,201 100,5

mit 0,1 M Chlorwasserstoffsdure 30 Minuten bei Raumtemperatur geriihrt und nach
Filtration analysiert (Extraktion). Als interner Standard wird Norleucin (bereits in
der Chlorwasserstoffsdure geldst) verwendet. Versuche, Cysteinsdure als internen
Standard zu verwenden, um die Analysenzeit drastisch zu senken, scheiterten daran,
dass die Region der Cysteinsdure im Chromatogramm nicht interferenzfrei ist.

Der Erfahrung nach sind die grossten Interferenzen bei pflanzlichen Rohstof-
fen zu erwarten (siche auch Fig. la). Aber auch tierische Produkte sind nicht in-
terferenzfrei, wie Tabelle IT zeigt.

Bei der Oxidation wird die zu untersuchende Probe zunichst mit Perameisen-
sdure oxidiert und nach Zersetzung der iiberschiissigen Perameisensdure mit Brom-
wasserstoffsdure 24 h in 6 M Chlorwasserstoffsdure unter Riickfluss erhitzt. Die
Oxidation dient dazu, die hydrolyselabilen Aminosduren Methionin und Cystin in die
stabilen Derivate Methioninsulfon und Cysteinsdure zu iiberfiihren.

Wie man jedoch unschwer der Spalte Differenz in Tabelle II entnehmen kann,
muss man unter den gewdhlten Pufferbedingungen auch auf den Taurin-Wert aus den
Hydrolysaten tierischer Produkte verzichten. Fischmehl wurde hier als Reprisentant

TABELLE IV
TAURINGEHALTE VERSCHIEDENER ROHSTOFFE

Probe Gehalt (%) an Taurin aus Exiraktion
mit 0,1 M Chlorwasserstoffsdiure

Weizen n.n*
Mais n.n.
Gerste n.n.
Sojaextraktionsschrot n.n.
Seidenraupen n.n.
Blutmehl n.n.
Fleischknochenmehl 0,061
Federmehl 0,048
Fischmehl 0,555
Geflugelabfallmehl 0,154
Lachsfutter 0,121

* n.n., < 0.001.
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Fig. 4. Ionenchromatogramme der Extraktionen von Rohstoffen: Mais (3,8 g), Blutmehl (3,5 g), Fischmehl
(1,56 g), Gefliigelabfallmehl (1,86 g) (Einwaage an Rohstofl). | = Norleucin; 2 = Taurin. Reagens:
Ninhydrin; Detektionswellenldngen, A: 570 nm, B: 440 nm.

tierischer Produkte gewihlt, da dieses liber recht hohe Gehalte an Taurin verfiigt. Die
Konsequenz kann an sich nur lauten: Auch tierische Produkte sind bei der Taurin-
Bestimmung der Extraktion zu unterwerfen. Die Reproduzierbarkeit der Taurin-Be-
stimmung nach der Extraktionsmethode wurde an Sojaextraktionsschrot ermittelt,
der mit 0,05% Taurin supplementiert war. Die relative Standardabweichung betrug
+/~1,65% bei einer Wiederfindung von 98-100% Taurin.



EINFLUSS DER COILTEMPERATUR AUF DIE BESTIMMUNG VON TAURIN 113

Die nach der vorliegenden Methode ermittelten Wiederfindungsraten verschie-
dener Supplementierungen sind in Tabelle III zusammengefasst. Weiterhin wurden
nach dieser Methode verschiedene Rohstoffe auf ihren Tauringehalt untersucht. Die
Ergebnisse sind der Tabelle IV zu entnehmen, und die Chromatogramme sind in Fig.
4 dargestellt. '

ZUSAMMENFASSUNG

Es wird eine Methode beschrieben, die es erlaubt, Taurin neben anderen supple-
mentierten Aminosduren auf cinem Aminosdurenanalysator zu analysieren, dessen
Coiltemperatur wesentlich iiber 100°C betrigt. Die Methode zeichnet sich durch eine
einfache Probenvorbereitung, sehr gute Reproduzierbarkeit und sehr gute Wiederfin-
dungsraten aus. Die Methode ist insbesondere geeignet fiir Laboratorien, die die
Aminosdurenanalytik mit Aminosdurenanalysatoren betreiben, deren Coiltempera-
tur iber 100°C betragt. Hohere Coiltemperaturen erhdhen die Farbausbeute, so dass
sich dieses Prinzip immer mehr durchsetzt. Die Taurin-Bestimmung aus Hydrolysa-
ten wird jedoch damit fragwiirdig.

Es wird weiterhin gezeigt, dass es sich bei den die Taurin-Bestimmung stdren-
den Substanzen um Stoffe handelt, die erst bei Temperaturen ab 100°C mit Ninhydrin
reagieren und ein dhnliches Retentionsverhalten am Kationenaustauscher aufweisen
wie Taurin. Hauptstorsubstanz ist die Lavulinséure, die bei der sauren Behandlung
von Hexosen entsteht. Das Absorptionsverhalten der Reaktionsprodukte der Stor-
substanzen mit Ninhydrin bei 440 und 570 nm ist jedoch génzlich verschieden von
dem Verhalten, wie man es von primdren und sekundédren Aminosduren her kennt.
Diese Storsubstanzen treten insbesondere bei pflanzlichen, in untergeordnetem Mass
jedoch auch bei tierischen Produkten auf, weshalb generell die Taurin-Bestimmung
nicht aus den Hydrolysaten erfolgen sollte, wenn mit einem Hochtemperaturcoil
gearbeitet wird.
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SUMMARY

The applicability of size-exclusion chromatography (SEC) with on-line induc-
tively coupled plasma-atomic emission spectrometric (ICP-AES) detection for the
determination of nickel and vanadium compounds in oil samples was examined. Four
mobile phases, tetrahydrofuran, chloroform, xylene and xylene-methanol, in combi-
nation with two stationary phases, a polystyrene-divinylbenzene and a silica-based
diol column packing, were characterized with regard to the shapes of the nickel and
vanadium elution profiles and overall recoveries. Tetrahydrofuran and chloroform
could successfully be introduced into the ICP at conventional flow-rates by the appli-
cation of an aerosol cooling setup in the SEC-ICP interface. The recoveries on the
diol-modified silica gel packing were significantly smaller than those found with the
polystyrene-divinylbenzene packing. With tetrahydrofuran and xylene-methanol
nearly complete recoveries and similar elution profiles were obtained with the poly-
styrene—divinylbenzene packing, whereas for chloroform and xylene adsorption of
high-molecular-weight components hampered the interpretation.

INTRODUCTION

Heavy oils contain considerable amounts of vanadium and nickel, complexed
with porphyrins or porphyrin-like structures!~®. The presence of these metals serious-
ly hampers the processing of oils, because they deactivate the catalysts used in hydro-
treating and fluid catalytic cracking®2. For this reason, vanadium and nickel are
removed from the oil prior to further processing. This is usually done via thermal or
catalytic treatment!-2:6,

In order to optimize the demetallation process, an analytical method is required
that not only monitors the vanadium and nickel levels in the original and treated oils,

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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but also discriminates the metal complexes on the basis of their molecular size®®.
Size-exclusion chromatography (SEC) combined with element-specific detection has
been shown to be a promising technique for this purpose®=®, in particular when
on-line inductively coupled plasma-atomic emission spectrometric (ICP-AES) detec-
tion is used®*1.

So far, little attention has been paid to the choice of mobile and stationary
phases especially with regard to metal speciation, partly because of the difficulties
encountered with element-specific detection techniques. The laboYiousness of off-line
atomic absorption spectrometric (AAS) techniques makes them impractical for rou-
tine applications, whereas the use of volatile solvents in ICP-AES often leads to
unstable plasmas. In this paper the results are presented of an investigation aimed at
the selection of suitable chromatographic and experimental conditions for the deter-
mination of vanadium and nickel in oil fractions by SEC-ICP-AES. The role of the
type of column packing and the mobile phase on the elution profiles and recovery of
nickel and vanadium from the SEC column is discussed, including the effect of these
parameters on the calibration graphs as measured with linear polystyrene standards.

The application of aerosol cooling, previously developed in our laborato-
ry'213, to the SEC-ICP interface, eliminates the limitations that were previously
experienced in the choice of mobile phases for on-line coupling of SEC and ICP-AES.

EXPERIMENTAL

Equipment

The liquid chromatograph consisted of a high-pressure pump (Model 300C;
Gynkotek, Germering, F.R.G.), an injection valve (Model 7120; Rheodyne, Berkeley,
CA, U.S.A.) equipped with a 20- or 100-ul sample loop, a variable-wavelength UV-
VIS spectrophotometer (Spectroflow 757; Kratos, Ramsey, NJ, U.S.A.) and a re-
corder (Model BD-7; Kipp & Zonen, Delft, The Netherlands). A refractive index (RI)
detector (Model R401, Waters Assoc., Framingham, MA, U.S.A.) was occasionally
used.

The spectrometer was an AtomComp Model 975 ICAP multi-channel system,
including an additional monochromator (Jarrell-Ash, Waltham, MA, U.S.A.). The
specifications of the main characteristics of this system have been given elsewhere!#,

Nebulization was performed with a cross-flow nebulizer (Jarrell-Ash Model
90-790). When chloroform or tetrahydrofuran (THF) was used as the mobile phase, a
laboratory-made aerosol cooling coil'? was inserted between the nebulizer and the
torch assembly. The coil was immersed in a thermostated ethanol bath (Haake, Ber-
lin, G.D.R.), which was cooled by an immersion cooler (Model EK 11; Haake).

As the tubing materials for peristaltic pumps are not resistent to THF, a high-
performance liquid chromatographic HPLC pump (Eldex, San Carlos, CA, U.S.A.)
equipped with PTFE tubing was used to carry the condenser drain to waste. For the
same reason the spray chamber was modified with a U-shaped glass syphon (see Fig.
1, component 9).

The multi-channel spectrometer was adapted in-house for continuous readout
of the photomultiplier signals. For this purpose the data acquisition system of the
spectrometer was replaced with a laboratory interface (Model 1401; Cambridge Elec-
tronic Design, Cambridge, U.K.) including 12-bit A/D converters, which was oper-



SEC-ICP-AES OF VANADIUM AND NICKEL COMPLEXES IN OIL 117

Fig. 1. Experimental setup for the SEC-ICP-AES interface. | = SEC column; 2 = PTFE capillary tubing;
3 = nebulizer; 4 = spray chamber; 5 = argon inner-gas inlet; 6 = condenser; 7 = cryostat bath; 8 = drain
pump; 9 = drain; 10 = inner tube of ICP torch.

ated under the control of a BBC Master microcomputer (Acorn Computers, Cam-
bridge, U.K.). The 1401 instrument was interfaced to the photomultiplier tubes by
means of custom-made current-voltage converters and an eight-channel amplifier—
filter system. The data obtained were initially stored on disk on the BBC microcom-
puter and subsequently sent to a minicomputer (Model HP 1000; Hewlett-Packard,
Palo Alto, CA, U.S.A.) for the actual data processing.

Electrothermal atomization AAS (ETA-AAS) measurements were performed
with a graphite furnace system (Model HGA 500; Perkin-Elmer, Norwalk, CT,
U.S.A.) in combination with an atomic absorption spectrometer (Model 560, Perkin-
Elmer).

Materials and chemicals

The solvents were of analytical-reagent grade and were filtered through 0.5-um
Fluoropore filters (Millipore, Bedford, MA, U.S.A).

Vanadyl mesotetraphenylporphine (VOTPP) was obtained from Strem Chem-
icals (Newburyport, MA, U.S.A.) and nickel mesotetraphenylporphine (NiTPP),
2,7,12,17-tetraethyl-3,8,13,18—tetramethyl-21H, 23H-porphine  dihydrobromide
(Etio), 2,3,7,8,12,13,17,18-octaethylporphine (OEP) and ifs nickel(Il) complex
(NiOEP) from Aldrich (Brussels, Belgium). Polystyrene standards were obtained
from Merck (Darmstadt, F.R.G.).

The SEC columns used were commercially available prepacked columns: a 300
X 7.5mm I.D. PL-GEL column (Hewlett-Packard, Waldbronn, F.R.G.), containin
a polystyrene-divinylbenzene (PS-DVB) packing with a mean pore diameter of 500 ﬁ
and a 250 x 9.5 mm L.D. GF-250 column (DuPont, Wilmington, DE, U.S.A) con-
taining 2 5-um zirconia-stabilized, diol-modified silica gel with a mean pore diameter
of 150 A.

Chromatography

The SEC experiments were carried out on the two types of column packings
described above. Four mobile phases, THF, chloroform, p-xylene and a mixture of
p-xylene and methanol, which are frequently used for the SEC of oils, were applied
throughout the study. In all experiments the columns were equilibrated by pumping
through at least 100 ml of the mobile phase (about six column volumes) at a flow-rate
of I mi/min. The injection volume was usually 100 u! and the chromatograms were
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TABLE I
ETA-AAS OPERATING CONDITIONS

Parameter Nickel Vanadium*
Sample volume 20 pl ' 20 pl
Drying** 200°C/5s/5s 200°C/5s/5s
Ashing** 800°C/5s/10s -
Atomization***** 2700°C/1s/5s 2660°C/1s/5s
Cleaning** 2700°C/1s/2s 2700°C/1s/2s

* For vanadium the entire programme was repeated once between consecutive analyses.
** Values given are temperature ("C)/ramp time (s)/hold time (s).
*** The argon purge flow-rate, 300 ml/min during the complete cycle, was reduced to 30 ml/min
during atomization.

recorded by UV measurement at 254 nm, visible-range measurement at 405 nm (Soret
absorbance) or by refractive index (RI) or ICP-AES detection.

The molecular weight calibration graphs on the SEC columns were obtained by
injecting polystyrene standards of known molecular weights. These standards were
dissolved in the mobile phase and their retention volumes were measured using UV or
RI detection. '

Chromatographic recovery studies

The recovery of V and Ni from the SEC column was determined by analysing
both the original sample and a defined collected fraction of the effluent. After in-
jection of 100 ul of sample, the effluent fractions between 1.0 and 2.5 times the
exclusion volume of the column were collected and adjusted to a volume of 10 ml.
Next, the solvent was evaporated to dryness by means of a stream of nitrogen. The
residue was dissolved in 0.4 ml of p-xylene and this solution was analysed by ETA-
AAS.

In order to analyse the original sample under conditions identically to the SEC
fractions, the column was disconnected from the injection valve and the same volume
of original sample as used in the SEC procedure was directly injected, via the injection
valve, into a measuring bottle and then adjusted to a volume of 10 ml. This solution
was similarly treated as described for the SEC fractions. All measurements were
carried out in duplicate. After each experiment the columns were eluted with about
100 m! of THF before injecting the next sample.

The experimental conditions for the ETA-AAS measurements are given in Ta-
ble 1.

SEC-ICP coupling

SEC-ICP coupling was accomplished by connecting the outlet of the column to
the inlet of the nebulizer by means of PTFE tubing with dimensions of 300 x 0.3 mm
I.D. For reasons discussed under Results and Discussion, a setup for aerosol cooling
was installed between the nebulizer and the torch assembly, as shown schematically in
Fig. 1. By means of a cryostat, cooling temperatures could be adjusted down to
-20°C.
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TABLE 11

ICP-AES OPERATING CONDITIONS
Nebulizer feeding rate corresponds to mobile phase flow-rate.

Parameter Solvent

THF Chloroform Xylene Xylene-

methanol

Forward power (kW) 1.75 1.75 1.75 1.75
Reflected power (W) <10 <25 <15 <10
Observation height 20/16 20 20 20
(mm above load coil)
Outer gas flow-rate (I/min) 25 25 22 22
Inner gas flow-rate (1/min) 0.7 0.7 0.7 0.7
Intermediate gas flow-rate 1.2 1.2 1.4 1.4
(1/min)
Condenser temperature (°C) -20 -20 20 20

The ICP-AES operating conditions are summarized in Table II. Emission in-
tensities were monitored at 309.311 nm (vanadium/ionic emission) and 341.476 nm
(nickel/atomic emission). When both UV and ICP-AES detection were used, the UV
detector was placed in series between the column and the nebulizer.

Sample preparation

The oil samples were prepared by dissolving 3% (w/v) of the oil in the applied
mobile phase, followed by filtration of this solution through 0.5-um PTFE filters
(Alltech, Deerfield, IL, U.S.A.). Filtered samples were considered to be identical with
the original samples as no loss of nickel and vanadium could be detected by ETA-
AAS.

RESULTS AND DISCUSSION

Conditions of coupling of SEC with ICP-AES

When using non-aqueous solvents in ICP-AES, special care has to be taken to
obtain plasmas that are stable over prolonged periods of time. Compared with water,
organic solvents cause a decrease in the plasma excitation temperature and an in-
crease in the background emission intensity'®. Depending on the type of organic
solvent, the deterioration of the excitation conditions may even lead to complete
breakdown of the plasma.

It has been found that the plasma becomes unstable when a certain mass flow of
organic solvent is exceeded, the so-called maximum tolerable solvent load'?. This
quantity varies with the type of organic solvent and has to be determined experi-
mentally.

The mass flow of organic solvent entering the plasma can either be controlled
by application of aerosol introduction rates that have been adapted to the nature of
the solvent!'® or by thermal regulation of the plasma loading!?-!. The latter method
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Fig. 2. Peak height of the transient emission intensity signal for a 100-! injection of nickel and vanadium
tetraphenylporphyrin standards in SEC-ICP-AES as a function of condenser temperature for various
measuring heights in the plasma: (@) 16 mm, () 20 mm and (%) 24 mm above the load coil.

is best suited for liquid chromatography with ICP-AES detection because it does not
impose limitations on mobile phase flow-rates. Therefore, a condenser was installed
between the nebulizer and the torch assembly (see Fig. 1). The purpose of the cooling
unit is to condense a fraction of the organic vapour, via adjustment of the cooling
temperature, such that the residual mass flow of organic solvent is kept below the
maximum tolerable solvent load of the plasma, while the analyte mass flow is essen-
tially unaffected. The condenser temperature required to accomplish this depends
mainly on the volatility of the solvent.

Fig. 2 shows the effect of the condenser temperature on the peak height of the
transient emission intensity signals from some standard porphyrins for different ob-
servation heights in the plasma and for THF as the solvent. For peak area as a
function of the condenser temperature similar results were obtained. It must be noted
that the plasma becomes unstable when for THF cooling temperatures above — 5°C
are applied. As shown in Fig. 2, a decrease in the condenser temperature, and hence of
the mass flow of organic vapour, has a favourable effect on the detector response only
for vanadium. The reason for the different behaviour of the spectral lines considered
on reduction of the solvent loading of the plasma is that the intensity of ionic lines
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(V II) is more susceptible to a decrease in the excitation temperature than the intensity
of the atomic lines (Ni D)!7.

As the noise levels of the analytical signals do not differ significantly for the
various condenser temperatures, the analytical performance of the condenser setup is
determined primarily by the net signal intensity. Accordingly, from Fig. 2 it can be
concluded that a condenser temperature of —20°C combined with an observation
height in the plasma of 16 mm above the load coil makes a good experimental com-
promise. Optimum ICP-AES experimental conditions for some other solvents, such
as chloroform, can be found in refs. 12 and 13.

The use of a condenser introduces additional peak broadening and consequent-
ly affects the chromatographic resolution. The magnitude of this peak broadening
was determined by measuring the peak widths resulting from 20-ul injections of a
standard porphyrin solution directly (column removed) into the ICP with and with-
out the condenser, at a nebulizer feeding rate of 1 ml/min. From these measurements
the peak broadening caused by the condenser, expressed as the volume standard
deviation, gv, was calculated to be 34 ul. The total external peak broadening in-
troduced by the ICP-AES system amounts to 45 ul. This causes about a 35% decrease
in column efficiency (i.e., the plate number N) and about a 20% loss in resolution for
the two columns under investigation. '

Selection of SEC conditions

SEC has been used frequently for the determination of the molecular weight
distributions of oils and oil fractions'®2® and coal-derived liquids®**~2". The tech-
nique has also been shown to be suitable for the molecular speciation of nickel and
vanadium complexes in oil, using off-line ETA-AAS or on-line ICP-AES element-
specific detection®~!!. In most instances polystyrene-based SEC packings with pore
sizes in the range 50-1000 A are used. THF, mixtures of benzene and methanol,
xylenes, mixtures of xylenes, cresols and pyridine and, to a lesser extent, chloroform
usually serve as the mobile phase.

When employing liquid chromatography with ICP-AES detection, xylenes are
generally used as the mobile phase, because they can be introduced into the ICP
without the need for precautions regarding plasma overloading!®. However, in addi-
tion to the required matching of the organic mobile phase to the ICP, two other
requirements have to be fulfilled: (i) the recovery of the metal complexes from the
column must be complete and (ii) the chromatographic system has to discriminate the
metal complexes solely on the basis of their molecular size. Both requirements may
not be met when the metal complexes 1nteract with the column packmg material in the
presence of the selected mobile phase!®

Recoveries of V and Ni in the SEC fractionation

For a meaningful interpretation of SEC results in terms of a molecular weight
distribution of the oil, forms of retention of the solutes other than sole exclusion, such
as adsorption, must be absent and the metal complexes must be stable during the
chromatography. If exclusion is the only retention mechanism all metal species will
elute from the column within the exclusion limits, i.e., all injected metal compounds
are completely recovered in the eluent volume collected between the total exclusion
and total permeation volume. Measurement of the recovery of the injected amount of
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metal compounds in this collected eluent fraction (defined as the SEC recovery) is
therefore an indication of the occurence of retention phenomena other than size
exclusion. We therefore determined the V and Ni content in a collected volume be-
tween 1 and 2.5 times the total exclusion volume and calculated the SEC recovery
from the total metal content in the injection volume. It must be noted that only for a
100% SEC recovery can a reasonably pure exclusion mechanism be assumed; for
smaller SEC recoveries this certainly does not hold.

Little is known about the nature and stability of the metal complexes in oil. Ni
and V porphyrins appear to be fairly stable under vigorous conditions such as reflux-
ing at increased temperature in trifluorophosphoric or sulphuric acid?® and it is there-
fore reasonable to assume that these compounds are stable in the mobile phases
applied in this study. However, it has been shown that V and Ni porphyrins form
reversible complexes with nucleophiles such as ethanolamine?®:2°. As many nucleo-
philic compounds are present in oil, the appearance of multi-ligand metal complexes
cannot be excluded. However, when dissolving 3% (v/v) of oil in the mobile phase,
the sample is so dilute that the possibly formed multi-ligand metal complexes dis-
sociate into the most stable configuration and most probably will remain stable dur-
ing the chromatography. The same arguments can be assumed to hold for the non-
porphyrin-like metal complexes.

The SEC recoveries of Ni and V on the polystyrene and diol-modified silica gel
packings as found with THF, chloroform, p-xylene and p-xylene-methanol (80:20,

VANADIUM / PLGEL NICKEL / PLGEL

VANADIUM / DIOL NICKEL / DIOL

¥ <ITMIOOMD

THF CHCl 3 | XYLENE | XYLENE THF CHCI 3 | XYLENE | XYLENE |
+ +
MEOH MEOQOH

Fig. 3. Recovery of nickel and vanadium in SEC of different samples on PS-DVB and diol-type columns
with selected mobile phases. Samples: (1) tetraphenylporphyrin standards; (2) Gach Saran Atmospheric
Residue; (3) Arabian Heavy. MeOH = Methanol.
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v/v) as mobile phase are shown in Fig. 3. The last mixture was chosen as the addition
of methanol to the mobile phase has been reported to result in a better suppression of
adsorption effects®!®. A methanol concentration of 20% was chosen to obtain the
maximum increase in polarity without imposing the need for aerosol cooling. From
Fig. 3 it can be seen that, within the experimental error, which is about 5%, in all
instances a nearly complete SEC recovery was obtained for the tetraphenylporphyrin
standards. With regard to the oil samples, two significant conclusions can be drawn.
First, the SEC recoveries of both Ni and V are higher on the polystyrene packing than
on the diol-modified silica gel packing. Second, the SEC recoveries decrease sub-
stantially with decreasing polarity of the mobile phase according to the sequence
THF > chloroform > p-xylene. As expected® '8, the SEC recoveries are significantly
increased by the addition of methanol to p-xylene. The observed effects can be attri-
buted to the interaction of metal complexes with the packing material. The diol-
modified silica gel has a significantly more polar surface than the polystyrene packing
and, as a result, the former packing shows greater adsorptive properties for (polar)
metal complexes. The greater is the adsorption the weaker is the elution strength
(polarity) of the mobile phase. In order to investigate whether the Ni and V com-
pounds irreversibly adsorb on the packings, fractions of the mobile phase eluting
after 2.5 times the total exclusion volume were collected and analysed by AAS. From
the mass balance it appears that on the polystyrene column with THF all metals could
be recovered in a volume fraction between 1 and 3.5 times the total exclusion volume.
For p-xylene-methanol (80:20), 95% of the metals were found to elute in the volume
fraction between 1 and 5 times the total exclusion volume. However, with chloroform
and p-xylene it appears that a part of the metal compounds absorb strongly on the
packing and only about 80% of the metals were recovered in a collected fraction
between 1 and 20 times the total exclusion volume. With the diol column and THF as
mobile phase all metals could be recovered within an elution volume of 6 times the
total exclusion volume. With p-xylene—methanol (80:20) as mobile phase the recov-
eries in the same fraction as with THF were about 85% for V and 70% for Ni. Very
strong adsorption of the metals was found with chloroform and in particular of V
with p-xylene as mobile phase. The recoveries of V and Ni in a fraction of 20 times the
exclusion volume ranged between 55 and 65% for chloroform and between 15 and
45% for p-xylene.

From the results depicted in Fig. 3 and from the adsorption data, it can be
concluded that for the SEC of vanadium and nickel complexes in oil a polystyrene
column packing and a medium-polarity solvent have to be used in order to obtain
unambiguous results. In particular, the application of weakly eluting solvents, such as
chloroform and p-xylene, should be avoided because with these solvents a substantial
part of the metal complexes adsorbs strongly on the column packing material.

In order to investigate whether the metal compounds adsorb irreversibly on the
column packing, in all experiments the mobile phase was changed to THF, after
collection of the SEC fraction, and 6 (PS-DVB column) to 10 (diol column) times the
total exclusion volume were collected and analysed by AAS. The total recovery from
the column was then determined from the mass balance. In all experiments the total
recovery of the metal compounds ranged between 95 and 105%, which can be consid-
ered as complete within the experimental error of the AAS measurements.
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Elution profiles

The effect of the type of mobile phase on the elution profiles as recorded with
visible-range and ICP-AES detection is shown in Figs. 4-7. In order to facilitate the
comparison of the profiles a bar has been drawn at the maximum of the THF elution
curve. The figures show that the profiles differ significantly when different mobile
phases are used.

The elution patterns recorded with visible-light detection for tetrahydrofuran
and chloroform have similar shapes, although the pattern for chloroform seems to be
compressed in comparison with the THF curve. For the xylene-based mobile phases

CHCIg

Xylene

Xylene-MeOH
r T T T )
5 10 15 20 25
——— Retention volume (m!) ——— Retention volume (ml)

Fig. 4. SEC elution profiles for Gach Saran Atmospheric Residue (3%, w/v) on the PS-DVB column for
different mobile phases. Detection, VIS, 405 nm; mobile phase flow-rate, 1 ml/min. The dashed lines refer
to fractionation experiments described in the text. MeOH = Methanol.

Fig. 5. SEC elution profiles for Gach Saran Atmospheric Residue (3%, w/v)-on the diol-type column for
different mobile phases. Detection, VIS, 405 nm; mobile phase flow-rate, 1 ml/min.
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Fig. 6. Elution profiles for vanadium using ICP-AES detection for Gach Saran Atmospheric Residue (3%,
w/v) on the PS-DVB column for different mobile phases. Detection wavelength, V, 309.311 nm; mobile
phase flow-rate, | ml/min. For ICP operating conditions, see Table I1.

Fig. 7. Vanadium elution profiles using ICP-AES detection for Gach Saran Atmospheric Residue (3%,
w/v) on the diol-type column for different mobile phases. Detection wavelength, Ni, 341.476 nm; mobile
phase flow-rate, | ml/min. For ICP operating conditions, see Table 1.

the chromatogram is broadened and severe tailing is observed, especially for combi-
nations of xylene with the diol-type column and xylene-methanol with the PS-DVB
column. The corresponding peak patterns are distinctly different from those obtained
using THF or chloroform as the mobile phase.

With respect to the interpretation of the vanadium ICP profiles shown in Figs. 6
and 7, the following comments can be made. Although xylene and xylene-methanol
do not require aerosol thermostatting, the experimental setup shown in Fig. 1 was
applied so as to make comparison between the profiles more straightforward. Be-
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cause of the lower nickel concentration levels in oil samples, in combination with
poorer ICP-AES detection limits, the elution patterns for nickel are much more
“noisy‘ than those for vanadium. As the changes in peak profiles were found to be
similar for nickel and vanadium, only those for vanadium are shown. As the ICP-
AES detector response is dependent on the plasma excitation conditions and there-
fore on the mobile phase used in the SEC separations, peak heights and areas cannot
be compared directly from the diagrams. However, a comparison of signal-to-noise
ratios, in combination with the recoveries shown in Fig. 3, leads to the conclusion
that the detection capabilities of ICP-AES do not show gross variations with the
mobile phases used.

As can be seen from Figs. 6 and 7, the vanadium profiles differ considerably
from those recorded with visible-range detection. Compared with the profile obtained
with THF on PS-DVB, the chromatogram for chloroform is compressed and that for
xylene is broadened. Both profiles lack the maximum at the high-molecular-weight
end of the chromatogram. In contrast, the profile for xylene-methanol more closely
resembles that for THF, although its visible-range pattern was distinctly different
from the profile for THF. The peak positions for the PS-DVB column depend strong-
ly on the mobile phase used.

Except for xylene, the elution profiles on the diol-type column are nearly identi-
cal, although the peak positions are different for the different solvents. The large
retention and the poor signal-to-noise ratio for xylene suggest strong adsorption on
the diol-type column. This is consistent with the 10% recovery shown in Fig. 3. None
of the elution patterns for the diol-type column shows a maximum in the high-molec-
ular-weight region.

Molecular weight calibration of the SEC columns
The effect of the type of mobile phase on the calibration of the SEC columns
was determined with a standard set of polystyrenes and benzene and is shown in Figs.

Log MW

—— Retention volume {(mi)

Fig. 8. Molecular weight (MW) calibration graphs for polystyrene standards and benzene on the PL-GEL
column using different mobile phases: (®) THF; (W) chloroform; (A) xylene; (#) xylene-methano!.
Dashed line: total permeation limit.
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Fig. 9. Molecular weight (MW) calibration graphs for polystyrene standards and benzene on the GF-250

column using different mobile phases: (@) THF; (M) chloroform; (A) xylene; () xylene-methanol.
Dashed line: total permeation limit. .

8 and 9. The total permeation limits, as determined by weighing of the column with
different solvents, were found to be 9.85 ml for the PL-GEL column and 11.73 ml for
the diol column. The elution behaviour of the PS standards on the PL-GEL column
with THF and chloroform is nearly identical, except for a constant slight shift in
retention volume for the chloroform curve. These small differences in retention can be
attributed to the difference in the pore swelling of the gel in chloroform and THF. The
lower swelling of the gel in chloroform impairs the resolving power of SEC with this
solvent*°. For xylene there is a small shift towards higher elution volumes, and prob-
ably sorption into or on to the packing material will play a part, as is demonstrated by
the elution of benzene at a retention volume larger than the total permeation limit.

TABLE IIl

MOLECULAR WEIGHTS FOR SELECTED MODEL PORPHYRINS DETERMINED EXPERI-
MENTALLY BY SEC USING THE POLYSTYRENE CALIBRATION GRAPHS

Column Solute* Real MW MW determined by SEC
THF Chloroform X; ylene Xylene—
methanol

PS-DVB VOTPP 679.7 372 440 237 395

Etio 640.5 337 409 241 472

OEP 534.8 397 474 397 714
Diol VOTPP 679.7 240 248 N.D.*>* 458

Etio 640.5 330 153 N.D. 355

OEP 534.8 426 262 N.D. 433

* Model porphyrins: VOTPP = vanadyl mesotetraphenylporphine; Etio = 2,7,12,17-tetracth-
y1-3,8,13,18-tetramethyl-21 H, 23 H-porphine dihydrobromide; OEP = 2,3,7,8,12,13,17,18-octaethylpor-
phine.

** N.D. = Not determined (outside calibration range).
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The elution volumes for PS standards in xylene-methanol are larger than those in
THF; this difference can be as large as 1.5 ml. Probably a reversed-phase type of
distribution towards the packing occurs in the presence of methanol. It can further be
noted that the retention of polystyrene standards when using THF as the mobile
phase was the same on injecting the standards dissolved in THF or dissolved in the oil
samples [3% (w/v) in THF]. This indicates that the sample is sufficiently diluted to
avoid the influence of mutual interaction on the retention of the solutes in oil.

For the diol-type column the calibration graphs for THF and chloroform coin-
cide well, but those obtained for the xylene-based mobile phases deviate significantly.
With xylene there is an additional retention of the solutes by adsorption on the
column packing material. In the presence of methanol the calibration graph is shifted
in the opposite direction for unknown reasons.

Molecular weight distributions of oil samples

To examine the suitability of molecular weight calibrations based on PS stan-
dards for metal compounds present in oil samples, two different routes were followed.
First, the calibration of both columns was checked with a number of model porphy-
rins. As most of the commercially available metal porphyrins cover only a small
molecular weight range, this experiment was performed with both metal-containing
and metal-free porphyrins. A selection of results is presented in Table III. For all the
solvents used, the molecular weights determined from the PS calibration graphs are
much smaller than the real molecular weights. Thus calibration with polystyrenes is
insufficient for the determination of the molecular weights of these model porphyrins.
However, porphyrins constitute only a minor part of the metal complexes present in
oil'. Therefore, a second approach involving computerized manipulation of the chro-
matograms in order to convert the volume axis to a log(molecular weight) axis was
adopted. This was done by means of the PS calibration graphs. In the ideal case, this
approach would rule out the effects of the mobile phases on the column packing.

The procedure involves a smoothed spline interpolation®! through the experi-
mental data from the PS calibration graphs. In the present instance the use of the
spline interpolation is convenient as it does not require a physical model to fit the
data. By means of this interpolation, files were generated that correlate each retention
volume data point with a corresponding PS molecular weight value. Subsequent
combination of these files with the chromatogram files resulted in profiles of vanadi-
um content versus polystyrene-based molecular weights (Fig. 10). It should be noted
that the differences in signal height between the converted and the original profiles
arise from scaling with the reciprocal slope of the calibration graph, which is neces-
sary for consistency of the distribution'®.

A comparison of Figs. 10 and 6 shows that when the column calibration data
are included in the diagrams, there is a better agreement for the elution profiles
recorded with THF, chloroform and xylene. The profile for xylene-methanol is
“over-compensated”. This is probably due to a specific effect of methanol on the
polystyrene standards, rather than the result of an overall effect of the mobile phase
on the column packing. Except for xylene-methanol, the conversion procedure ap-
pears to align the profiles. This could indicate a similar behaviour for solutes present
in oil samples and polystyrene standards in three of the mobile phases used.
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Fig. 10. Vanadium SEC-ICP-AES profiles for Gach Saran Atmospheric Residue on PL-GEL after com-
puterized conversion of the volume axis to a log(PS) molecular weight axis.

Adsorptionjassociation effects

Apart from differences arising from changes. in the gel packing, SEC profiles
may be affected by solute-solute and solute—solvent associations and by adsorption
of solutes on to the gel surface?®. Although THF and chloroform are reported to be
the most compatible solvents for polystyrene stationary phases, with size exclusion
being the predominant separation mechanism?%27-32-34_differences in recoveries (cf.,
Fig. 3) and the differences in the vanadium profiles for oil samples reveal the occu-
rence of additional interaction mechanisms. The profile in THF, for instance, could
indicate that for chloroform and xylene adsorption of high-molecular-weight com-
pounds on to the stationary phase has occurred. This is consistent with the lower
recoveries for chloroform and xylene shown in Fig. 3. On the other hand, it is known
that in concentrated solutions of asphaltenes in THF self-association can occur2®,
which brings about an apparent increase in the molecular weights of these com-
pounds. However, it self-association had occurred, it would be expected to appear
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more pronounced in a poorer solvent such as xylene. The lack of a maximum at the
high-molecular-weight end of the chromatogram for xylene is not conclusive in this
instance because of the simultaneous occurence of adsorption effects.

In order to investigate the role of association effects in more detail, the effluents
from the PS-DVB column using THF and chloroform as the mobile phases were
collected in three and two fractions, respectively, according to the dashed lines in Fig.
4. After evaporation to dryness, the fractions collected in THF were dissolved and
analysed by SEC with chloroform as the mobile phase. The fractions collected in
chtoroform were treated similarly using THF as the mobile phase. If association had
occured in THF, and chloroform were capable of breaking up these associates, the
high-molecular-weight fraction collected in THF should reveal the presence of lower
molecular weight compounds when analysed in chloroform. In addition, the first
fraction collected in chloroform should show a shift towards lower elution volumes
(and higher molecular weights) when analysed in THF. However, neither of these
effects has been observed. This supports the suggestion that adsorption rather than
association is involved. Consequently, the appearance of the high-molecular-weight
maximum on the addition of methanol to the xylene mobile phase indicates a signif-
icant decrease in the adsorption of the high-molecular-weight compounds.

Detection limits, sample concentrations and matrix effects

The detection limits of nickel and vanadium, based on signals from tetraphenyl-
porphyrin standards equal to three times the standard deviation of the noise and
using THF as the mobile phase, were found to be 3.5 and 0.5 ng, respectively. This
corresponds to concentration detection limits of 35 and 5 ng/m! for 100-ul injections.

Considering the 30-fold dilution step applied for crudes and derived products,
this leads to detection limits in the original sample of 1.2 ug/g for nickel and 0.17 ug/g
for vanadium. As the nickel and vanadium levels in crudes range from 4 to 150 and
from 8 to 1200 ug/g, respectively’, and the metal compounds are in general distrib-
uted over a large molecular-weight range, the determination of nickel will be limited
to samples with a relatively high concentration. The situation is better with vanadium
because of the lower detection limits and higher concentration levels in crudes.

As will be clear from the above, relatively high sample concentrations have to
be used. This is in agreement with values of 1-10% (w/v) reported by other work-
ers>9:1% As elution anomalies such as association effects tend to increase with in-
creasing sample concentration?%-2°, one has to be careful in the interpretation of the
SEC patterns and molecular-weight distributions obtained.

SEC-ICP-AES experiments with oil samples spiked with tetraphenylporphyrin
standards show that in the presence of an oil matrix the detector response for the
tetraphenylporhyrins decreases. The decrease is more pronounced for vanadium (ion-
ic emission) than for nickel (atomic emission), suggesting an effect of the oil matrix on
the plasma excitation conditions. Although there is no dramatic decrease in signal
intensities (about 10-20% for a 1 ppm NiTPP or VOTPP standard), its occurrence
again stresses the potential pitfalls in the interpretation of SEC-ICP-AES results.
This holds in particular when the matrix composition differs for different sample
types and, moreover, when even in a single chromatogram response factors may vary
as a result of changes in the matrix composition due to the separation process.
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Recommendations for the SEC-ICP-AES of oil samples

As the number of compounds present in oil samples is enormous, and these
compounds have a wide variety of different configurations, it is obvious. that no
specific combination of column, mobile phase and calibration standards can be rec-
ommended for all situations. From this work, it can be concluded that THF and
xylene-methanol in combination with a PS-DVB column show the best behaviour in
terms of overall recoveries for nickel and vanadium and in revealing the high-molec-
ular-weight part of the SEC profiles. Xylene-methanol would be preferable in SEC—
ICP, because no special precautions are required. Nevertheless, preference should be
given to THF, because for the polystyrene-type columns its interactions with various
types of solutes are well documented 20-23:26:27:30.35-3% However, the complexity of
the separation mechanisms, which are complicated by solute-solvent, solute-gel and
solute-solute interactions, requires additional experiments with independent analyt-
ical techniques to test the SEC results. Especially with regard to the molecular-weight
distributions additional calibrations should be performed, preferably with narrow
preparative SEC fractions of materials similar to those under study, with known
molecular weights as determined, for example, by vapour-phase osmometry or ultra-
centrifugation?3-26,

Application of SEC-ICP-AES in catalyst research

An important field of application of the SEC-ICP-AES analy51s of oil samples
involves monitoring of the hydrodemetallation process. Fig. 11 shows the vanadium
and nickel profiles of Gach Saran Resid, a heavy Iranian atmospheric residue, and its
products. The properties of the feed are given in Table V. The resid was treated with
two different hydrodemetallation catalysts under the conditions given in Table V. As
can be seen from Fig. 11, both nickel and vanadium are removed mainly from the
smaller molecules. The se]ect1v1ty of demetallation for different molecular weights is
the same for both catalysts.

<
z

12

o_
w
[«
N

w0

i

—— Retention volume (ml)

Fig. 11. Vanadium and nickel SEC-1CP-AES profiles for (a) Gach Saran Atmospheric Residue and (band
¢) two of its products that followed different hydrotreatment schemes. Sample concentration for nickel
analyses: 10% (w/v).
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TABLE IV
PROPERTIES OF THE FEEDS USED

Component Gach Saran Kuwait
Atmospheric Residue Atmospheric Residuc
(density 0.9751 g/mi} (density 0.9658 gjml)

Sulphur (%, w/w) 3.05 3.98

Nitrogen (ppm) 4400 2230

Conradson 11.46 10.18

carbon residue (%, w/w)

Nickel (ppm) 70 16

Vanadium (ppm) 229 63

TABLE V

PROCESS CONDITIONS OF CATALYTIC HYDROTREATMENT

Parameter Gach Saran Resid Kuwait Atmospheric Resid
Fig. 11b Fig. 1lc  Figs. 12d-14 Figs. 12b-14 Figs. 12¢-14
LHSV* 0.50 0.50 0.95 0.95 0.95
Temperature (°C) 372 372 370 370 370
H, pressure 106 106 136 136 140
Catalyst type HDM** HDM HDM HDS*** HDS
. (cat. 1) (cat. 2)

* LHSV = Liquid hourly space velocity.
** HDM = Hydrodemetallation catalyst.
*** HDS = Hydrodesulphurization catalyst.

o] 5 10

—-—— Retention volume (mi)
Fig. 12. Vanadium SEC-ICP-AES profiles for (a) Kuwait Atmospheric Residue, (b and ¢) products formed
when the resid is hydrotreated using two different hydrodesulphurization catalysts and (d) a hydrodemetal-
ation catalyst.
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Fig. 13. Vanadium content of five molecular-weight fractions of Kuwait Atmospheric Residue before and
after hydrotreatment with different catalysts (cat). The fractions originate from 3 mg of the feed and the
products.

Fig. 12 shows the vanadium profiles of Kuwait Atmosperic Resid and different
products resulting from treatment with two types of catalysts, viz., two different resid
hydrodesulphurization catalysts (Fig. 12b and c) and a hydrodemetallation catalyst
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Fig. 14. Conversion of vanadium (in %) of Kuwait Atmospheric Residue as a function of molecular weight
for three different hydrotreatment catalysts.
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(Fig. 12d). The characteristics of the feed are given in Table 1V and the process
conditions in Table V. The chromatograms were treated as follows. The area percent-
ages of five fractions of the chromatogram were determined and multiplied by the
total amount of vanadium present in the sample (Fig. 13). In doing this, the small
changes in signal response that could arise from differences in matrix composition
with changing molecular weight are ignored. From Fig. 13 the conversion of vanadi-
um was calculated by dividing the amount of vanadium present in the products and
feed in the different fractions.

The difference in performance between the two types of catalysts is clearly
shown in Fig. 14. The desulphurization catalysts remove about 20% of the vanadium
incorporated in the high-molecular-weight molecules, whereas the conversion of the
demetallation catalyst, with larger pores, is about 50%. The difference in perform-
ance of the hydrodesulphurization catalysts in the low-molecular-weight region is not
considered significant. It can be explained from the less favourable signal-to-noise
ratio in this part of the chromatogram. In the other molecular-weight regions the
performances of the experimental hydrodesulphurization catalysts are comparable.

This application shows that the SEC-ICP-AES method can indeed be applied
to products of low metal level feeds such as Kuwait Atmospheric Resid.
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EFFECTS OF pH ON THE FORMATION OF FLAVOUR COMPOUNDS OF
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SUMMARY

The effects of pH adjustment during the blending of garlic cloves on the
formation of flavour compounds of garlic were studied by high-performance liquid
chromatography (HPLC) and gas chromatography (GC). HPLC analysis showed that
maximum allicin formation occurred around pH 6.5. By GC analysis it was also found
that the two isomeric cyclic compounds 3-vinyl-(4H)-1,2-dithiin and 2-vinyl-(4H)-
1,3-dithiin, which were artifacts formed from allicin during GC, reached their highest
levels around pH 6.5, whereas the formation of diallyl trisulphide, diallyl disulphide,
methyl allyl disulphide and diallyl sulphide was favoured around pH 9.0.

INTRODUCTION

Garlic (Allium sativum Linn.) has been prized for its flavor and pungency for
many centuries. Semmler' obtained a steam volatile oil from garlic in low yield
(0.1-0.2%) and established the importance of diallyl disulphide and diallyl trisulphide
in the flavour of garlic distillate. It was also evident at an early stage that the odorous
compounds of interest were not present in the plant as such but were formed
enzymically when the cellular tissue was disrupted. Cavallito and Bailey? described the
isolation of the odoriferous antibacterial substance allicin (dially! thiosulphinate) by
extraction of garlic with ethanol at room temperature. Stoll and Seebeck? reported
that intact garlic cloves contain 0.24% (w/w) of S-allylcysteine S-oxide (alliin),
acolourless, odourless solid, and an enzyme, allinase, which converts alliin into allicin.
Subsequent research* revealed that the cysteine sulphoxide fraction of garlic consists
of 85% of alliin, 2% of S-propylcysteine sulphoxide and 13% of S-methylcysteine
sulphoxide. The action of allinase on a mixture of these sulphoxides affords
thiosulphinates. In addition to S-substituted cysteine sulphoxides, three (possibly
four) y-L-glutamyl derivatives of S-alk(en)ylcysteine sulphoxides were identified in
garlic®. These compounds are not cleaved by allinase, they represent only “potentially
available” flavor. Consequently, peptidases and transpeptidases which “release” these
secondary flavour precursors to primary flavour precursors, that is, thiosulphinates,
are important enhancers of the aroma of garlic and its products®.

The crude cell-free garlic enzyme solution, of unspecified purity, utilized by Stoll

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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and Seebeck?® showed a broad pH optimum of 5-8 and a temperature optimum of
37°C under the conditions used. Using protamine and ammonium sulphate as
precipitation agents and following precipitation by fractionation on Sephadex G-200,
Mazelis and Crews’ obtained a six-fold purification of the enzyme solution and
confirmed the observations of Seebeck and Stoll. The purified enzyme possessed a pH
optimum of 6.5 when S-methyl-L-cysteine sulphoxide was used as a substrate.

Using gas chromatographic-mass spectrometric (GC-MS) analysis of garlic
extracts. Brodinitz et al.® revealed the presence of two isomeric cyclic compounds
claimed to be 3-vinyl-1,2-dithi-5-ene and 3-vinyl-1,2-dithi-4-ene. These two com-
pounds were postulated to be dehydration products of allicin formed during GC by
analogy with the conversion of propyl propanethiosulphinate to 1-propenyl propyl
disulphide at 150°C. Brodnitz et al. further observed that allicin underwent nearly
complete decomposition at 20°C after 20 h. Decomposition of allicin proceeds by
several pathways®, in one of which it decomposes spontaneously to form two isomeric
cyclic compounds, 2-vinyl-(4H)-1,3-dithiin and 3-vinyl-(4H)-1,2-dithiin. We also
reported that allicin decomposed into these two compounds during GC*°.

Several methods have been reported for the quantitation of thiosulphin-
ates''~!4, It might appear that the best method for measuring the flavour and aroma is
GC under carefully controlled conditions'>. The individual components can be
separated by GC and identified by MS. However, this method is sometimes
unsatisfactory, especially when the compound is unstable to heat. For this reason,
high-performance liquid chromatography (HPLC) may be a better method for
separating the heat-labile compounds, although it also has the disadvantage of poor
resolution. In this study, both GC and HPLC were used to determine the effects of pH
adjustment on flavour formation in garlic during the blending of garlic cloves.

EXPERIMENTAL

Materials and chemicals

Garlic cloves, of unknown origin, were purchased locally. 2-Vinyl-[4H]-1,3-
dithiin and 3-vinyl-[4H]-1,2-dithiin were synthesized by the method of Bock et al.'®
Allicin was synthesized by the method of Block et al.'” using diallyl disulphide as the
starting material.

Sample preparation

Peeled garlic cloves (100 g) were blended with 200 ml of distilled water for 5 min
in a Waring blender, the pH during blending being adjusted by adding 0.5 M sodium
hydroxide or 0.5 M hydrochloric acid. The homogenate was filtered through a double
layer of cheese-cloth to obtain the garlic extract. For HPLC analysis, dimethy!
disulphide stock solution (13 ml, 0.5 g in 500 m! of methanol) was added to 7 ml of
garlic extract as an internal standard. After filtration through a filter-paper (Toyo No.
2) and a Minipore (Millipore, FG, 0.22 um), the sample was applied to the HPLC
system. For GC analysis, the garlic extract (20 ml) was extracted three times with one
volume of dicthyl ether. The ether fractions were combined, dried with anhydrous
sodium sulphate and then concentrated to a small volume by blowing nitrogen over the
surface of the solution in a hood. Dimethyl disulphide stock solution (2 ml, 0.08 g in
100 ml of diethyl ether) was added to the concentrate as an internal standard and 1 ul of
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the sample was then analysed by GC. All the GC and HPLC analyses were carried out
immediately after the garlic extract had been prepared.

HPLC analyses

A Shimadzu LC-5A HPLC system was used. An ODS column (200 x 4.6 mm
LD.) (Altex) was used for separation with methanol-water (65:35) (methanol of HPLC
grade, Merck) as the mobile phase at a flow-rate of 2 ml/min. Detection was based on
UV absorption at 254 nm.

Gas chromatography

GC was conducted on a Shimazu GC-9A instrument equipped with flame
ionization detection (FID). A 50 m x 0.22 mm L.D. fused-silica column (Chrompack)
coated with CP-Wax 52 CB was used. The oven temperature was programmed from 50
to 200°C at 2°C/min. The injector and detector temperatures were 250°C. The carrier
gas was nitrogen at a flow-rate of 0.75 ml/min. The data were recorded on a Shimadzu
C-R3A integrator. Values reported are averages of two analyses. The linear retention
indices of the volatile components were calculated with Cg—C, 5 n- alkanes18 (Alltech)
references.

Gas chromatography—mass spectrometry

GC-MS was conducted with a Hewlett-Packard 5985B system. The gas
chromatograph was fitted with a fused-silica capillary column (bonded CP-Wax 52
CB; 50 m*x 0.32 mm I.D.). The oven temperature was programmed from 50 to 200°C
at 2°C/min, the injector temperature was 250°C, the carrier gas was helium at
a flow-rate of 1.8 ml/min, the ionization voltage was 70 eV and the ion source
temperature was 200°C.

RESULTS AND DISCUSSION

Fig. 1 shows the HPLC traces of flavour components of garlic formed at (A) pH
2,(B) pH 6 and (C) pH 10. Seven peaks were detected; however, only peak 5, which had
an odour reminisent of crushed fresh garlic, was collected and was identified as
allicin'®. Freeman and McBreen'® described a spectrophotometric method that
measures the absorption maximum of the thiosulphinates at 254 nm, and therefore the
HPLC detection in this study was based on UV absorption at 254 nm. The significant
differences in HPLC profiles among samples A, Band Cin Fig. 1 were postulated to be
due to the effect of pH on enzyme activities.

Fig. 2 shows the cffect of pH (2.0-10.0 at 1.0-unit intervals) on the formation of
allicin as analysed by HPLC. The data were relative to dimethyl disulphide as internal
standard. Formation of allicin is favoured around pH 6.5; the optimum pH of allinase
is also around 6.5, which is consistent with the results found by Mazelis and Crews’.

Fig. 3 shows the gas chromatograms of the volatile components of garlic formed
at (A) pH 2, (B) pH 6 and (C) pH 10. Table I shows a comparison of the concentration
of volatile constituents in samples of different pH. Identification of the compounds
was reported by us previously?°. Fig. 4 shows the effect of pH on the formation of
2-vinyl-(4H)-1,3-dithiin and 3-vinyl-(4H)-1,2-dithiin, which were confirmed as the
major artifacts formed from allicin during the GC®'°. Formation of these two



140 T.-H. YU, C-M. WU

A
std
4
5
12 5
4
3
B
std 25
6

[ |«

-
(o]
Relative Area
e
>
~
/>

std

2
3
5 5
_i4
7
A
* |
. 0
0 10 20 30 40 50 60 70 0 2 4 6 8 10

MIN pH
Fig. 1. HPLC separations of flavour compounds of garlic formed at (A) pH 2, (B) pH 6 and (C) pH 10. Peak
S = allicin.

Fig. 2. Relative amounts of allicin formed at different pHs as determined by HPLC. Y = —23.4788 +
14.473X — 1.18345X% (r = 0.99).

compounds is also favoured around pH 6.5, which is consistent with the peak of allicin
shown in HPLC analysis. Cavallito and Bailey? found that an aqueous solution of
allicin had a pH of approximately 6.5 and, on standing, the acidity slowly increased
owing to the formation of small amounts of sulphur dioxide. The antibacterial activity
of the solution decreased. Addition of alkalis led to immediate inactivation, with
precipitation of allyl disulphide and formation of an alkali sulphite.

Fig. 5 shows the effect of pH on the formation of four additional major
compounds, diallyl trisulphide, diallyl disulphide, methyl allyl disulphide and diallyl
sulphide. Unlike 2-vinyl-(4H)-1,3-dithiin and 3-vinyl-(4H)-1,2-dithiin, the formation
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Fig. 3. Capillary gas chromatograms of volatile compounds from garlic formed at (A) pH 2, (B) pH 6 and (C)
pH 10.

Fig. 4. Changes in the amount of (A) 2-vinyl-(4)-1,3-dithiin [Y = —327528 + 1984.01X — 165.049X>
(r=0.98)] and (B) 3-vinyl-(4H)-1,2-dithiin [Y = —1249.96 + 769.544X — 64.3509X> (r=0.97)] formed at
different pH values as determined by GC.

of these compounds is favoured around pH 9.0. Schwimmer and Austin?! found that
y-glutamyl transpeptidase (GGT) has its optimum activity at pH 9.0. Therefore, it was
postulated that these four compounds reach their highest levels around pH 9.0 because
allicin readily decomposes into these compounds under alkaline conditions or because
the rate of formation of these compounds at pH around 9.0 is greatest as a result of the
high activity of GGT. It is possible that GGT in garlic also has an optimum pH at 9.0;
at pH around 9.0, GGT readily catalyses the transfer of y-L-glutamyl-S-allyl
sulphoxide to alliin and then alliin is catalysed further by allinase into allicin; under
alkaline conditions allicin then readily decomposes into sulphide compounds.
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Fig. 5. Volatile compounds of garlic formed at different pH values as determined by GC. <, Diallyl
trisulphide; @, diallyl disulphide; O, methyl! allyl disulphide and A, diallyl sulphide.
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CONCLUSION

The results indicate that HPLC is a good method for analysing allicin in garlic
and GC is also a good alternative for analysing allicin with the total amount of
2-vinyl-(4H)-1,3-dithiin and 3-vinyl-(4H)-1,2-dithiin representing the amount of
allicin. Consistent results were obtained when using HPLC and GC to determine the
changes in allicin at different pHs. It is also interesting that the formation of diallyl
trisulphide, diallyl disulphide, methyl allyl disulphide and diallyl sulphide is favored
around pH 9.0.
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SUMMARY

An on-column UV-VIS detector cell with an adjustable aperture width (coaxial
to the capillary) for capillary zone electrophoresis was made and evaluated. The cell
increased signal-to-noise ratio almost 6 fold and expanded the linear range of detection
about one order of magnitude as compared with a 1.0 mm diameter aperture cell.
Capillaries can be readily installed, removed and repositioned with the new design. The
relationship between aperture width and observed column efficiency was established
by computer simulation and varified by experiment. Both theoretical and experimental
results conformed that an aperture width < 1o of the peak width will contribute an
efficiency loss of no more than 10%. The cell was applied to the separation of
monophosphate nucleotides.

INTRODUCTION

Capillary zone electrophoresis (CZE) or high-performance capillary electro-
phoresis (HPCE) is a very attractive separation technique. Because capillaries with
50-75 pm LD. allow efficient dissipation of heat, suppress convection and permit
faster exchange of molecules between the wall and the center of capillary, CZE can
generate 10°-10° theoretical plates within 30 min!2. Although CZE is still in the early
stage of development, it has successfully been applied to analysis of varied samples,
such as proteins, amino acids, nucleosides, inorganic ions and neutral molecules.

The miniaturization of electrophoresis into capillary format brings numerous
advantages, but also creates some difficulties, one of which is detection. For example,
the standard deviation of a peak with a retention time 500 s and 2.5 - 10° theoretical
plates is 1 s. In a capillary with 50 um L.D. and a linear velocity of 1 mmy/s, one second
standard deviation corresponds to only 2 nl in volume. The detector cell volume must
be small enough and the detector sensitivity high enough to meet these detection
requirements without significant zone dispersion.

In order to cope with the nanoliter volume detection of capillary separations,
on-column or in-column® detectors have been almost universally used, employing

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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fluorescence®®, electrochemistry®’ and ultraviolet (UV) absorption®® detection
methods. UV detectors, though less sensitive than fluorescence detectors, are still the
most widely used, because of their relative versatility. Yang!'® constructed an
on-column UV detector by stripping the polymer coating of a capillary and placing the
capillary into the light path of a detector. Terabe et al.® used a UV detector with
0.05 x 0.75 mm slit. Walbroehl and Jorgenson® used a 100 um pinhole as the aperture
of the detector cell. Spino ef al.!! fabricated a detector cell by glueing a capillary and
two razor blades onto a cell block, producing an aperture about 6 mm x the capillary
inner diameter. Kientz and Verweij'? made a cell aperture by drilling a 0.4 mm
diameter hole into the outer holder of the capillary. Foret er al.'® fabricated an
on-column UV detector based on optical fibers. In these designs, the aperture of the
detector cell seems to have been selected arbitrarily, even though some authors*®:!!
have discussed qualitatively the role of aperture width on detector performance.

The design of on-column UV detector cell for CZE should consider three
important aspects: (1) Light should pass only through the inner diameter of capillary.
When a large amount of light passes through the rim of the capillary, one result is that
the signal will be very sensitive to the refractive index changes of solution and the
distance between the capillary and photodetector'®. Another result is that the
signal-to-noise ratio (S/N) and the linear range of detection will be reduced®. (2)
Aperture should have a width (along the axis of capillary) that keeps the efficiency loss
within a predefined limit, or ideally the width should be adjustable to meet different
requirements. (3) Installation and removal of capillaries should be convenient and
accurate.

In this paper, a design of an adjustable aperture-width detector cell for CZE is
presented which can meet these requirements. The performance of the new cell were
evaluated experimentally. The relationship between the aperture width and apparent
column efficiency was established by computer simulation, then verified by experi-
ment.

EXPERIMENTAL

Detector cell construction

Fig. 1is a schematic diagram of an adjustable aperture-width cell. The aperture
body is constructed by sandwiching a shim between two pieces of metal (either stainless
steel or brass), then the body is glued on the base. The washer with slits is rotatable. The
aperture depends on both the thickness of the shim (25-75 um) and the dimension of
the slit (0.2-2 mm) on the washer. The aperture width along the axis of capillary can be
changed by rotation of the washer. On the aperture body, there is a fine groove which
retains the capillary in the correct position in the light path. Installation of a capillary is
readily accomplished by loosening the capillary retainer, placing the capillary into the
groove and tightening the retainer. :

Evaluation of the new cell.

The new cell aperture (60 um x 0.95 mm) was examined on a Kratos SF770 UV
detector (Applied Biosystems, Ramsey, NJ, U.S.A.) by static method (filling the
capillary with test solution with no flow and applied voltage). Fused-silica capillary
was 75 um I.D. x 195 um O.D. (Polymicro Technology, Phoenix, AZ, U.S.A.).



ADJUSTABLE APERTURE-WIDTH DETECTOR CELL OF CZE 149

Aperture
body

Fig. 1. The schematic diagram of the new cell. (1) Base (Plexiglass); (2) spring; (3) washer with slits; (4)
aperture body (stainless steel or brass); (5) capillary; (6) capillary retainer (Plexiglass); (7) screw; (8) shim.

Acetophenone in acetonitrile was used to determine signal-to-noise ratio and linear
range of detection. The wavelength of detection was 240 nm (¢ = 1.3 - 10%). “Gradient
elution” was performed by alternatively filling the capillary with 100% methanol or
methanol-water (60:40), its absorbance being measured at 330 nm.

Since no commercial cells for CZE or capillary HPLC currently are available
with which to compare the new cell’s performance, an SF770 standard flow cell was
used. The capillary was taped on the surface of the SF770 cell and across the aperture
(1.0 mm diameter), after which the signal-to-noise ratio and linear range of detection
were measured.

In order to demonstrate the performance of the new cell, a mixture of nucleotides

(AMP, CMP, GMP and UMP, 1 mg/ml each) was analysed (the instrumentation is
described below).

Aperture width and observed column efficiency

Computer simulation of the effect of aperture width on observed column
efficiency was performed on an IBM compatible personal computer, using EUREK A
software (Borland International, Scotts Valley, CA, US.A)).

A CZE apparatus similar to that described by Jorgenson and Lukacs® was
constructed and used to verify the simulation results. The same detector and cell
mentioned above were used. The power supply (0-30 kV) was a model PS/MJ30P0400-
11 (Glassman High Voltage, Whitehouse Station, NJ, U.S.A.). Buffer solution was
0.05 M sodium dodecyl sulfate (SDS) in borate-phosphate solution (pH = 7.0)°.
Fused-silica capillary was 50 um I.D. x 355 #m O.D. The total capillary length was 84
cm, while the length from the injection end to the detector was 60 cm. The capillary was
rinsed with 0.1 M potassium hydroxide (20 min, about 100 ul), water and the buffer
solution respectively, then was conditioned under high voltage for 24 h. The test
sample was 0.6 mg/ml thymidine in same buffer solution. Injection: 2.0 kV and 10 s.
Analysis: 20 kV and 32 pA. The wavelength of detection was 267 nm, time constant
was 0.05 s. All data were collected with MAXIMA™ chromatography software
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(Dynamic Solutions, Venture, CA, U.S.A.) at a sampling rate of 20 points/s. The data
were then downloaded to Lotus 123™ (rev. 2.01) software (Lotus Development,
Cambridge, MA, U.S.A.) where second moments of the peaks were calculated.

RESULTS AND DISCUSSION

Performance of the new cell

Higher signal-to-noise ratio is especially important to the CZE detector, because
the amount of sample introduced into the capillary is very limited. In addition to low
electronic noise, a well designed cell is critical to enhance the signal-to-noise ratio.
Table I presents the data of signal and noise measured with the new cell and with the
SF770 cell. From this table, it is seen that although the noise measured with the new cell
(60 pm x 0.95 mm aperture) is 2.5 times higher than that with the SF770 cell (1.0 mm
diameter aperture), the signal obtained from the new cell is 14.7 times higher than that
from the 1.0 mm circular aperture cell, resulting in an overall improvement in
signal-to-noise ratio of 5.9-fold.

Measurements of the linear range of detection indicate that the upper limit of
concentration is about 3 - 10™3 M for both cells mentioned in Table I. However, the
lower limit is different, being 3 - 107° M for the new cell (S/N = 2.3, measured),
2. 10~* M for the SF770 cell (S/N = 2.5, extrapolated), because the new cell produces
a higher signal-to-noise ratio. Therefore, the linear range of detection with the new cell
is expanded about one order of magnitude. When using detectors with reduced noise,
the linear range and detection limit could be improved further.

As an on-column detector, the capillary as well as the solution in it acts as a lens
in the light path. When the photodetector is positioned far from the capillary, the
baseline response is sensitive not only to the refractive index of solution, but also to the
position of the capillary. Vindevogel et al.'* recommended that gradient elution was
a quick method for cell quality determination. The new cell has been examined for
refractive index sensitivity by examining baseline shifts using 100% methanol and
methanol-water (60:40) solution. The results are summarized in Table II. The data in
Table 11 show that the baseline shift is about 0.02 a.u. This relatively large shift is due
largely to the long distance (about 4 cm) between the cell and the photodetector on
SF770 detector, which has been shown to cause refractive index sensitivity in the
literature'. Table I shows that the repeatability of absorbance measurement is good,
the maximum difference is 6.2 - 102 a.u. This result indicates that the groove on the
new cell can reliably position the capillary.

TABLE 1
COMPARISON OF SIGNAL AND NOISE MEASURED WITH TWO CELLS*

Cell Aperture dimension  Signal (a.u.) Noise (a.u.) SIN
New cell 60 um x 0.95mm 221072 1-1073 22
SF770 cell 1.0 mm diameter 1.5-1073 04-1073 3.7

* 3.10"% M acctophenone, 75 um I.D. x 195 um O.D. capillary.
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TABLE I
BASELINE SHIFT MEASURED WITH NEW CELL (60 pm x 0.95 mm APERTURE)

Solutions Absorbance (1073 a.u.)

I* 2 3 4 X+ S.D.

Methanol-water (60:40) 244 194 226 256 23.0 + 2.7
Methanol 1.6 3.1 1.3 1.4 19 £ 038
da.u. 228 163 213 242 212 £ 34

* 1, 2, 3 and 4 means the absorbance values are measured after reinstallation of capillary.

Fig. 2 is an electropherogram obtained using the new cell. The separation is quite
good. The column efficiency calculated from the UMP peak is 6.5 - 10* theoretical
plates (10% peak height).

Aperture width and observed column efficiency

Required detector cell volumes are often estimated using the model of a mixing
chamber'3. However, this consideration is not applicable for an on-column detector,
since the separation is still in progress in an on-column detector cell. In this case, the
apparent column efficiency or resolution, as Guthrie and Jorgenson* have pointed out,
depends on the aperture width along the axis of capillary. However, no quantitative
discussion was presented in their paper.

The quantitative relationship can be readily derived as follows. Imagine
a gaussian function, g(x), which represents the concentration profile generated by
a separated compound, an aperture with a width W is the mathematical equivalent of
a rectangle placed over this function, the signal obtained from the aperture at any
instant being given by

x+Wj2
Signal = J g(x)dx/W (1
x~W/2
2
1
3
0.01 au 4

r .
0 4 8 12 min

Fig. 2. Separation of nucleotides. | = GMP;2 = AMP; 3 = CMP; 4 = UMP (about | mg/ml). 50 yum x
355 pm capillary, 60 cm long to detector. Detector cell aperture, 50 ym x 1.4 mm. 0.05 M SDS in
borate-phosphate buffer (pH = 7.0). Injection, 2.0 kV and 15 s. Analysis, 25 kV and 50 yA.
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The observed function, f(x), will be given by the set of signals calculated from eqn. 1.
The loss in efficiency can be expressed as the ratio of second moments:

Distortion = MZObS/MZtru = Ntru/Nobs (2)

where M, is second moment of a peak and N is the theoretical plate number of the
peak. The result of a computer simulation according to this consideration is shown in
Fig. 3.

From Fig. 3, it can be seen that when the aperture width is larger than 1o, the
distortion becomes significant and increases non-linearly with increasing aperture
width. For example, when the aperture width is 3.5 o, the distortion is about 2, that is,
the observed column efficiency is only half of the true efficiency. A regression equation
is obtained from the data of Fig. 3:

Distortion = 0.993 + 0.0152W + 0.0771W? 3)

where W is aperture width in ¢ units. The regression coefficient is 0.99999.

The theoretical and experimental results relating the effect of aperture width on
observed column efficiency are compared in Table II1. In general, good agreement is
found between experiment and theory. Both experimental and theoretical results
indicate that if the aperture width is < lo of the peak width, the loss in column
efficiency resulting from aperture width will be no more than 10%. Narrower the
aperture width will reduce the loss in column efficiency, but conversely, increase noise.
Therefore, it is recommended that when designing an on-column optical detector,
aperture width should be about 1o (in length unit) of the peak interested.

The ¢ of a peak can be calculated from eqn. 4,

o = LJ\/N 4)
where L is the column length from the injection end to the detector. Typically, L is 500

mm and N is 3 - 10°, producing a ¢ value of 0.9 mm.
Another effect of aperture width is decreasing signal intensity. The computer

2,50

2.00¢+ /

1.004 O—

DISTORTION
i
o

0.50 + + : t
0.00 1.00 2.00 3.00 4.00 5.00

APERTURE WIDTH(s UNITS)

Fig. 3. The computer simulation results of the effect of aperture width on observed column efficiency.
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TABLE III
EFFECT OF APERTURE WIDTH ON OBSERVED COLUMN EFFICIENCY

Parameters Aperture width
0.22 mm 0.41 mm 0.95 mm 1.4 mm
(0.266*) (0.49a) (1.130) (1.76)
Mo ™™ 0.33 0.35 0.36 0.39
Distortion (exp)*** 1.00 1.06 1.09 1.18
Distortion (eqn. 2) 1.00 1.02 L.11 1.23

* From the peak of thymidine (retention time 6.81 min) o = M}/* x velocity of band = 0.33"/% x
600/6.81 x 60 = 0.84 mm.
** Second moment (s?), n = 3, S.D. = 0.01 s2.
*** The M, value obtained from 0.22 mm aperture width was assigned to the true M, value.

simulation results indicate that observed peak height will decrease with increasing
aperture width. For example, as the aperture width increases from 0.1 to 1.00, peak
height decreases 4%. At present, the precision of peak height measurement in this
laboratory is not good enough to verify this theoretical expection.

CONCLUSION

The new cell shown in Fig. 1 was made and evaluated. This cell increases
signal-to-noise ratio almost six times and expands the linear range of detection about
one order of magnitude over that observed using a simple 1-mm hole for an aperture.
The capillaries can be easily installed, removed and repositioned into the new cell.

Computer simulation of the effect of aperture width on apparent column
efficiency was performed. The relationship between aperture width and observed
column efficiency has been established (eqn. 3) and verified experimentally. Both
theoretical and experimental results indicate that when the aperture width < 1o of the

peak width, the loss in column efficiency resulted from aperture width will be no more
than 10%.
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SUMMARY

The effect of calcium carbonate treatment on its surface activity was studied by
inverse gas chromatography, concentrating on the effect of water on the filler surface,
the effect of coating the filler surface with stearic acid and the effect of the particle size
of the filler. The surface activity was evaluated by determining the interaction
coefficient, I,.

Water on the filler surface decreases the surface activity, especially with
untreated calcium carbonate. It also causes a levelling of the difference between the
contributions of acid and/or base centres, which can be the cause of incorrect
evaluation of their interaction contributions. Consequently, when establishing the
filler surface properties, water on the calcium carbonate surface cannot be neglected
and thermal conditioning of the filler surface prior to testing is therefore necessary.
The dependence of the quality of calcium carbonate surface treatment on the means of
adding stearic acid (directly during calcite grinding or from the solution after grinding)
was established. The activity of the calcium carbonate surface was found to decrease
with increasing particle diameter.

INTRODUCTION

Calcium carbonate is one of the most widely used fillers of polyolefinic
composites. Prior to its application as a filler, natural calcium carbonate has to be
ground in a ball-mill. The filler obtained has a wide distribution of particle diameters.

The dispersion of fillers in the polymer matrix and the mechanical properties of
the filled polymers are influenced by surface interactions. In a non-polar polymer
matrix, fillers whose surfaces show neither acid nor base characteristics disperse more
quickly (mechanically stronger composites are produced). Calcium carbonate shows
very strong surface activity!=*.

Prior to being added to a non-polar polymer, calcium carbonate is surface
treated (the surface is deactivated) to fulfil the above-mentioned requirement of
compatibility. The most common reagent in industrial manufacture is stearic acid,
which is usually added to calcium carbonate at the grinding stage.

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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Different samples of the same filler and samples of different fillers may contain
various amounts of water, depending on the sample treatment, its prior storage, the
particle size, etc. So far, however, these facts have not been taken into account in the
evaluation of the surface activity of fillers.

This paper is concerned with the effect of water present on the calcium carbonate
surface on the surface activity of the filler. Also, the activity of the calcium carbonate
surface was studied as functions of the method of treatment of the filler with stearic
acid and of the particle diameter.

EXPERIMENTAL

The apparatus used was described in detail in a paper on the study of composite
fillers by inverse gas chromatography*. The measurements were carried out using
a Chrom gas chromatograph (Laboratory Instruments, Prague, Czechoslovakia) with
a flame ionization detector. The chromatographic column is connected to the detector
directly and to the injector witha 30 cm x 0.2 mm L.D. fused-silica capillary. A 0.02-ul
volume of the test solute was injected with a 0.5-ul syringe (Scientific Glass
Engineering, North Melbourne, Australia). An injector for capillary columns with
a stream splitter was used. The splitting ratio of 200:1 permits only ca. 1 - 10”7 g from
the originally injected volume of 0.2 ul of the test solute to enter the chromatographic
column.

The filler sample (see Table I) was packed into a straight glass chromatographic
column (10 cm x 0.3 cm I.D.). During mixing with the polymer (polypropylene), the

TABLE 1
CHARACTERISTICS OF THE CALCIUM CARBONATE SAMPLES

Sample  Type and supplier Stearic  Specific  Particle size distribution
No. acid surface
(%) area  dso (pm)*** dy, (um)t*r
(m*/g)

1 Durcal 2, OMYA, France 0 33 3.0 10.0

2 Precipitated, Heating Plant, Brno, 0 2.6 - -
Czechoslovakia

3 Pomezi near Jesenik, UNS Kutna Hora, 0 4.3 2.3 6.2
Czechoslovakia

4 As3 0.3 43 2.3 6.2

5 As 3 0.5 43 2.3 6.2

6 As 3 0.3* 43 2.3 6.2

7 As 3 0.5** 43 2.3 6.2

8 Pomezi near Jesenik, Chlum¢anské 0.3 1.6 — —

Ceramic Works, PobéZovice,
Chechoslovakia
9 As 8 0.31 4.6 3.0 10.0

* Sample 3 coated with 0.3% (w/w) of stearic acid from solution in n-pentane without thermal
surface treatment. )
** Sample 3 coated with 0.3% (w/w) of stearic acid from solution in n-pentane after thermal surface
treatment (3 h at 150°C). :
*** The values of dsq (ds7) mean that 50% (97%) particles in the size distribution have diameters less
than this value.
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fillers were exposed to temperatures of about 200°C for 2 min. Therefore, the testing of
the surface activity was carried out with the sample thermally conditioned at the
temperature simulating the conditions of the commercial preparation of the com-
posite. For this purpose the thermostat temperature was increased within 3 min from
the laboratory temperature to 200°C, kept at this value for 2 min, then decreased to the
test temperature. The testing of fillers was performed after 20 min.

The test temperature was 90°C, unless stated otherwise. The test solutes
n-pentane, n-hexane, n-heptane, n-octane, dichloromethane, trichloromethane,
benzene and furan were of analytical-reagent grade (Lachema, Brno, Czechoslovakia).

The activity of the calcium carbonate surface was evaluated by determining the
interaction coefficient, Z,, which expresses the ratio of the specific interaction of the test
solute with the filler surface to the non-specific interaction of a hypothetical n-alkane
with the same vapour tension as the test solute’:

_ V(test solute)
~ V,(hypothetical n-alkane)

8

The test solutes were di- and trichloromethane, furan and benzene. The reproducibility
of the retention times for one filler packing (sample 4) expressed in terms of the
standard deviation of ten measurements was 1% for furan. The reproducibility of I,
for four independent measurements (four columns with the fillers each measured three
times) was 5% for furan. Calcium carbonate was used non-sized, except in the study of
the grain size effect. Sizing of calcium carbonate into individual fractions according to
particle size was carried out with an Alpine 10 MZR apparatus (Alpine, Augsburg,
F.R.G.). The surface area of calcium carbonate was measured by the dynamic
desorption method®.

RESULTS AND DISCUSSION

Effect of surface water

Fig. 1 shows the specific retention volumes of the solutes as a function of the
temperature of conditioning of calcium carbonate, either untreated or treated with
0.3% stearic acid. The fillers were heated in the column for 10 min at the given
temperatures and then tested at a column temperature of 120°C. The retention
volumes increases with increasing temperature of conditioning, especially for un-
treated calcium carbonate (Fig. 1a). At higher temperatures water is desorbed from the
surface, the active centres on the sample surface are exposed and, consequently, the
surface activity increases (Table II). For the calcium carbonate sample treated with
stearic acid (Fig. 1b) the increase in retention is not so evident because the active
centres are blocked by stearic acid molecules. The increase in the surface activity with
increasing temperature of conditioning is less for the treated filler and above ca. 180°C
it remains constant (Table II). ,

The dependence of the specific retention volumes of the tested solutes on the time
of sample conditioning is shown in Fig. 2. The retention volumes of the solutes increase
with increasing conditioning time, and to a greater extent with the untreated filler (Fig.
2a) than with treated callcium carbonate (Fig. 2b). For the filler treated with stearic
acid and conditioned at the temperature used, the retention volume of the solutes is
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Vg [m1 /1] (a)

Vg [ml/m2] (b)

w—

oo e

1 ) ) i ! "

120 160 200 °C

Fig. 1. Dependence of the specific retention volumes of the test solutes (V) on the temperature of calcium
carbonate conditioning. (a) Sample 3; (b) sample 4 (see Table1). 1 = Furan; 2 = benzene; 3 = n-octane; 4 =
trichloromethane; 5 = dichloromethane.

constant after ca. 3 h. For untreated calcium carbonate, a stable state was not reached
even after 5 h of conditioning. The surface activity increases again with the time of
conditioning, within 3 h for untreated and within 1 h for treated calcium carbonate
(Table II).

It i1s evident that water has a decisive effect on the surface activity especially of
the untreated fillers and it cannot be neglected when establishing the filler surface
activity. Fig. 3 shows the values of the interaction coefficient (/) for the thermally
unconditioned surface of calcium carbonate of different origins at a column
temperature of 30°C. Differences in I, between individual fillers are not very large. Fig.
4 shows the values of I, after thermal conditioning of the fillers. It is evident that in the
latter instance the differences in I, are substantially higher, the surface activity
increasing several fold. For example, I, of furan for sample 3 is ca. 20 times higher for
the conditioned fillers even if the testing temperature is 90°C, i.e., 60°C higher than the
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TABLE 1T

DEPENDENCE OF INTERACTION COEFFICIENT (/) ON THE TEMPERATURE OF CON-
DITIONING

Column temperature, 120°C.

Calcium Temperature I
carbonate (°C)
Dichloromethane  Trichloromethane  Furan Benzene
Untreated 120 49 5.0 36.2 32
(sample 3) 140 7.5 5.8 40.7 2.7
160 5.8 49 60.6 4.6
180 6.9 5.8 90.2 6.6
200 7.9 6.1 119.2 8.1
220 8.8 6.4 157.5 12.8
Treated with 0.3% 120 0.9 1.0 3.8 0.5
(w/w) of stearic 140 [.1 1.4 53 0.5
acid (sample 4) 160 2.1 1.9 9.9 0.6
180 2.8 2.4 16.0 0.7
200 2.2 2.2 14,7 0.6
220 1.6 1.7 2.2 0.4
TABLE 111

DEPENDENCE OF INTERACTION COEFFICIENT (I;) ON THE TIME OF COLUMN CON-
DITIONING AT 120°C

Calcium carbonate Column Time I,
temperature  (min)
(°C) Dichloro- Trichloro- Furan Benzene
methane methane
Untreated (sample 3) 120 20 2.7 29 13.8 1.3
50 2.8 3.1 18.5 2.1
80 4.4 43 27.2 33
130 43 4.0 30.3 2.5
160 43 4.1 353 2.7
190 4.5 4.5 37.0 29
230 4.6 44 38.8 3.0
270 4.0 4.0 345 2.8
320 34 34 28.5 2.4
Treated with 0.3% (w/w) 90 20 1.8 2.0 10.0 0.8
of stearic acid 50 2.4 2.4 15.6 0.9
(sample 4) 80 2.6 2.6 9.0 1.0
120 2.6 2.6 19.0 1.0
180 2.2 2.3 17.2 0.8
240 24 2.4 18.0 0.8

300 23 23 17.6 0.8




160 M. DRESSLER, M. CIGANEK
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Fig. 2. Dependence of the specific retention volumes of the test solutes (V) on the time of calcium carbonate
conditioning. (a) Sample 3, column temperature 120°C; (b) sample 4, column temperature 90°C. Lines 1-5as
in Fig. 1.

iz [l H.Hﬂﬂn.ngnn.nzn i LI

1 2 3 4 7 8 9
Sample number
Fig. 3. Values of interaction coefficients (/) without prior thermal conditioning of calcium carbonate. A =
Dichloromethane; B = trichloromethane; C = furan; D = benzene. For samples 1-9, see Table 1. Column
temperature, 30°C.
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Fig. 4. Values of interaction coefficients (/,) with calcium carbonate thermally conditioned. A-D as in Fig,
3 and samples 1-9 as in Table 1. Column temperature, 90°C

testing temperature for the same unconditioned fillers. At a testing temperature of
30°C the retention times of the conditioned fillers are very long. Moreover, the
molecules of water on the surface of calcium carbonate cause a levelling of the
difference between the contributions of acid and/or base centres and, consequently, the
I, for all four test solutes are comparable (see, e.g., sample 3). After conditioning,
especially the contribution of acidic centres on the filler surface increases.

The effect of water is also reflected in the fact that the interaction coefficient
depends on the testing temperature (Table IV). These changes are so important that
they cannot be caused by fortuitous different dependences of the retention volumes of
n-alkanes and the tested solutes on the temperature of the chromatographic column.
At a higher chromatographic temperature the filler sample is, in fact, always
conditioned prior to the surface activity measurement.

TABLE IV
EFFECT OF TESTING TEMPERATURE ON INTERACTION COEFFICIENT (/)

Sample 3 (see Table I) without thermal conditioning,

Solute 1,

30°C 90°C 120°C

Dichloromethane 4.0 4.8 6.4
Trichloromethane 4.2 5.0 5.8
Furan 5.2 16.0 35.7

Benzene 1.8 1.8 2.8
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Effect of filler surface treatment with stearic acid

As a consequence of the wide distribution of particle diameters of ground
calcium carbonate and because stearic acid is added to the filler only mechanically by
pouring during grinding, it seems likely that the surface coating of calcium carbonate
with stearic acid is not uniform in this instance.

The values of 1, for the calcium carbonate samples both untreated and treated
during grinding of the original material with 0.3 and 0.5 wt.-% of stearic acid (Fig. 4,
samples 3—5) show that the filler surface activity decreases with increasing amount of
stearic acid, which corresponds with the results obtained previously’.

The original sample of surface-untreated calcium carbonate (sample 3) was
treated, before testing, with 0.3 wt.-% of stearic acid from a solution in #-pentane in
the same manner as used for coating the chromatographic support with a stationary
phase, i.e., by gradual evaporation of the solvent (samples 6 and 7). Sample 6 was
treated with stearic acid without prior thermal conditioning and sample 7 was
conditioned prior to treatment at 150°C for 3 h. This method of filler treatment should
make the filler surface coating with stearic acid much more uniform than the treatment
directly during grinding. The measured surface activity verified this assumption. The I,
of sample 7 for a 0.3% coating from the solution is close to the values for a 0.5%
surface coating during calcium carbonate grinding (sample 5). Again, however, water
present on the surface proves to be an important factor. The activity of sample
6 (unconditioned) is comparable to that of sample 4 (0.3% of stearic acid during
grinding). This agreement is due to the presence of water on the untreated filler surface
prior to its treatment with stearic acid from the solution, which causes imperfect
surface coating. Hence, the filler coating with stearic acid by gradual evaporation of
the solvent without prior thermal treatment (sample 6) has approximately the same
effect on the decrease in surface activity as deactivation with the acid directly during
grinding, i.e., when calcium carbonate is treated while the water content on the surface
is still low.

Effect of the filler particle size

Untreated calcium carbonate (sample 3) was sized into four fractions: 4.3-6.1,
2.3-3.9, 1.4-2.2 and below 1.4 um, while the dust (particles below 1 um) was blown
aw y during sizing. The I, values for all the four fractions (Table V) are evidently lower

TABLE V

VALUES OF INTERACTION COEFFICIENT (J) FOR SIZED UNTREATED CALCIUM
CARBONATE

Individual fractions were prepared from sample 3 (see Table I).

Particle size Specific 1,

distribution surface area

(um) (m*lg) Dichloromethane Trichloromethane Furan Benzene
<14 6.8 6.4 6.4 73.1 4.3
1.4-2.2 3.5 7.3 7.1 80.0 4.6
2.3-39 3.0 5.8 54 60.8 23

4.3-6.1 2.1 5.1 4.7 49.6 2.1
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in comparison with the original non-sized sample (cf., Fig. 4). In spite of the relatively
high dispersion of I, values for different columns with the same filler* (the greatest
relative error was found for dichloromethane and was 20% for the 2.3-3.9 um
fraction), the trend of decreasing I, with increasing particle diameter can be seen
clearly in Table V. The fact that the I, values for the non-sized calcium carbonate are
higher than those for all the sized fractions can be explained by the blowing away of the
dust particles (these particles remain in the filter of the sizing device and so they could
not be measured). The changes in 1, values as a function of the particle diameter cannot
be explained by the available physico-chemical data. The changes are not related to the
content of aluminosilicates.

. Sizing of the filler to a fraction with a narrower particle distribution is also
important for the chromatographic testing of the surface activity. A chromatographic
column packed with the sized material has, at the same flow-rate of the carrier gas,
a much lower inlet pressure. This enables carrier gas flow-rates higher than 5 ml/min
(the maximum obtainable flow-rate for the column with the non-sized calcium
carbonate) to be used, which shortens the time of testing and improves the separation
efficiency of the chromatographic column.

CONCLUSIONS

Water present on the filler surface has a great effect on the filler activity. Tt is
therefore necessary to condition the filler thermally prior to testing the activity. To be
able to compare the activities of different fillers, it is necessary to condition and
measure the fillers at the same temperature.

The method of filler treatment with stearic acid influences the surface activity of
the final filler. A more uniform coating of the surface with the acid results in a lower
surface activity. Filler treatment in which the surface coating with stearic acid (or other
material) is more uniform than is given by simple mixing of the filler and the acid
during grinding is, therefore, more suitable for the final composite.

The filler surface activity depends on the particle diameter. Sizing of the original
material to a fraction with a narrow particle size distribution with simultaneous
removal of the particles having very small diameters (dust) should improve the filler
quality. The use of a sized fraction for testing of the filler surface activity is, moreover,
more suitable when using inverse gas chromatography.

REFERENCES

1 C. Richard, K. Hing and H. P. Schreiber, Polym. Composites, 6 (1985) 201.

2 H. P. Schreiber, M. R. E. Wertheimer and M. Lambla, J. Appl. Polym. Sci., 27 (1982) 2269.
3 E. Papirer, J. Schultz and C. Turchi, Eur. Polym. J., 20 (1984) 1155.

4 M. Ciganek and M. Dressler, Chem. Prim., 38/63 (1988) 315.

5 M. Ciganek and M. Dressler, Polym. Composites, in press.

6 F. M. Nelsen, F. T. Eggertsen, Anal. Chem., 30 (1958) 1387.






Journal of Chromatography, 462 (1989) 165-176
Elsevier Science Publishers B.V., Amsterdam — Printed in The Netherlands

CHROM. 21 046

PREPARATION AND USE OF LATEX-COATED RESINS FOR ANION
CHROMATOGRAPHY*

LINDA M. WARTH and JAMES S. FRITZ*

Ames Laboratory and Department of Chemistry, lowa State University, Ames, IA 50011 (U.S.A.)
and '

JOHN O. NAPLES

The Rohm and Haas Company, 727 Norristown Road, Spring House, PA 19477 (U.S.A.)

(First received July 26th, 1988; revised manuscript received October 12th, [988)

SUMMARY

A procedure is described for the preparation of low-capacity anion-exchange
resins for use in single-column ion chromatography. The resins are prepared by hy-
drophobically coating an anion-exchanging latex onto unfunctionalized resins made
by Rohm & Haas. The resin exchange capacities are varied by changing the concen-
tration of the sodium chloride or latex in the coating solution. Various resin matrices
can be coated and capacities from 5 to over 400 uequiv./g are obtained. The mecha-
nism of latex adsorption is discussed and several highly efficient anion separations are
presented.

INTRODUCTION

Since the introduction of suppressed ion chromatography in 1975' and single-
column ion chromatography (SCIC) in 19792, many improvements have been made
in. stationary phase technology. Agglomerated resins were originally used in sup-
pressed anion chromatography'. Polystyrene beads of low cross-linking are lightly
sulfonated and made into anion-exchange resins by agglomerating anion-exchanging
microparticles onto the surface®. The microparticles are held on the resin surface by
electrostatic attractions between the fixed ions of opposite charge. Later, more effi-
cient resins were obtained by agglomerating quaternized latexes onto surface-sulfo-
nated resins of small, uniform size*. Although further improvements have been made,
anion-exchange resins of this general type are still used and sold commercially.

Resins with chemically bonded quaternary ammonium functional groups have
been used?with considerable success in single-column anion chromatography. Barron
and Fritz> developed reproducible methods for introducing quaternary ammonium
groups to produce resins of almost any desired exchange capacity. However, the

* A US.A. Patent Application was been filed covering the subject of this contribution.

0021-9673/89/303.50 © 1989 Elsevier Science Publishers B.V.
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particle size of their resins was larger and less uniform than desired for highly efficient
chromatography.

Recently, many researchers have favored using statically or dynamically coated
resins for anion separations in SCIC. In most cases, a long-chain quaternary ammo-
nium compound is added to a coating solution or to the eluent. This hydrophobic
compound then coats the resin and allows anion exchange to occur. For example,
Cassidy and Elchuk® used dynamic and permanent coating procedures to coat qua-
ternary ammonium halides on a resin surface and separate inorganic ions. DuVal and
Fritz? demonstrated the succesful use of dynamically and statically-coated polymeric
and reversed-phase columns for anion chromatography using long-chain quaternary
compounds as coating agents. All of these studies showed that coated resins could be
prepared very quickly and easily using a variety of coating agents and resin matrices.
Largely because of the easy preparation of coated anion-exchange resins, several
other works have been published®~!°, where these coated resins have been used.

In the present work it is shown that highly efficient resins for anion chromato-
graphy can be produced by a simple method of coating quaternized latex particles
onto the surface of unsulfonated polymeric resins. A non-porous polystyrene resin of
very uniform particle size is described that serves as an excellent substrate for the
coated resins. These latex-coated resins are used to obtain highly efficient anion sep-
arations.

EXPERIMENTAL

Materials and equipment

All latexes and resins were made by and obtained from Rohm & Haas (Spring
House, PA, U.S.A.). All solvents and salts used were reagent grade and were obtained
from a number of sources.

The latexes used in this study were strong- or weak-base anion exchangers
composed of either polystyrene or acrylic. The latexes vary between 0.08 and 0.60 um
in size and were made by emulsion polymerization followed by chemical functional-
ization to obtain the appropriate anion-exchange functionality!.

Four different anion-exchanging latexes were used in this study: strong-base
exchanger acrylate latex (AL) with quaternary ammonium groups on 60% of the
monomer units and 0.09 um in size; weak-base exchanger acrylate latex which is 0.08
um in size (AL-WB); strong-base exchanger polystyrene latex which is 100% func-
tionalized and 0.2 um in size (PL-100); strong-base exchanger polystyrene latex which
is 76% functionalized and 0.6 um in size (PL-76).

The XAD-1 used chromatographically was 20-26 um or 30-37 um in size.
Preliminary experiments were carried out using 38—44-um XAD-1. The polystyrene
used in this study was prepared by Rohm & Haas, and is 4.2 um in size, essentially
monodisperse and totally nonporous.

Scanning electron microscopy (SEM) of the uncoated polystyrene was perform-
ed by F. Laabs of Ames Laboratory (Ames, IA, U.S.A.) using a JEOL 100CX analyt-
ical microscope. The samples were prepared in water, dropped onto a slide and air-
dried before SEM examination. SEM of the uncoated polystyrene was performed by
Rohm & Haas using an AMRAY 1200C analytical microscope. Samples were pre-
pared by dropping dilute solutions of each onto aluminum SEM support stubs. The
samples were allowed to air-dry and were then gold-coated before SEM examination.
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All size estimations were performed by a Coulter counter (by Rohm & Haas)
except for the sizes of the PL-76 latex and XAD-1 resin, which were determined by
estimations from electron micrographs.

Ion chromatography was carried out on a laboratory-built HPLC system previ-
ously described?.

Procedures

The XAD resin was prepared according to a previously published method*!?.

To prepare a resin sample for coating, a portion of resin is wetted with aceto-
nitrile, filtered and then rinsed with water to displace the acetonitrile. The resin is then
filtered to remove excess water. |

To coat the resin, a 25-ml volume of latex/sodium chloride solution is added to
the wetted resin. The mixture is stirred and sonicated to remove resin clumps. After
allowing time for the latex/resin solution to reach equilibrium conditions (less than 1
h), the samples are filtered and rinsed with deionized, distilled water. The strong-base
jon-exchange capacities were determined by a method previously published!Z.

All solutions were made up in distilled, deionized water and were prepared from
reagent grade salts. Eluents were prepared by dissolving the acid in distilled, deion-
ized water and sodium hydroxide was added, where necessary, to adjust the pH. The
eluents were then filtered through a 0.2-um membrane filter and a vacuum was ap-
plied while stirring to remove dissolved gases.

Columns were packed using an upward packed, stirred slurry technique with
either a water or an ethylene glycol-sodium chloride-water (40:1:59) packing solvent.
The packing pressure was approximately 2000 p.s.i. for the XAD and 3000 to 5000
p.s.i. for the 4.2-um polystyrene resins. The coated XAD and polystyrene resins were
packed in glass-lined stainless steel columns (Scientific Glass Engineering, Austin,
TX, U.S.A)). Typical operating pressures for the packed columns using a 0.5 ml/min
flow-rate were 100 p.s.i. for the XAD columns and 2000 p.s.i. for the 4.2 um polysty-
rene columns.

RESULTS AND DISCUSSION

Resin preparation

A series of experiments were performed in order to determine how well the
quaternized latexes coated onto various resins, how to vary the exchange capacity of -
the coated resins and which coated resins are the most suitable for anion separations
by SCIC.

Initial experiments were performed to determine what type of unfunctionalized
resins could be coated with the highly charged latexes. Table 1 shows the exchange
capacities obtained after coating several different Rohm & Haas resins with the
strong-base anion-exchanging polystyrene and acrylic latexes. All resins were coated
using identical coating conditions. After coating, the polystyrene-divinylbenzene,
acrylic and amide XAD resins shown in Table [ had low capacities which would allow
the resins to be used in SCIC. (A typical working capacity range in our laboratories is
5 to 100 pequiv./g.) It is interesting to note that the latex particles are too large to fit
into the pores of any of the resins listed in Table I. It is also important to recognize
that unlike the electrostatically-coated latex resins®*, this procedure does not require
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TABLE ]
CAPACITY OBTAINED ON VARIOUS LATEX-COATED RESINS

Conditions (except *): 0.25 g of 30-37 um resin, 1 ml acetonitrile, 1 ml latex solution, diluted to 30 m! with
0.1 M sodium chloride; AL = strong-base anion-exchanging acrylic latex (60% functionalized); PL-100 =
strong-base anion-exchanging polystyrene latex (100% functionalized); PL-76 = strong-base anion-ex-
changing polystyrene latex (76% functionalized); DVB = divinylbenzene.

Resin Functionality Surface Av. pore Capacity (pequiv./g)

area diameter

(m*/g) (4) AL PL-100 PL-76
XAD-1 Styrene-DVB 100 205 3142 4646 -
XAD-2 Styrene-DVB 300 90 29+3 85+7 -
XAD-4 Styrene-DVB 784 50 1642 26+4 -
XAD-7 Acrylic ester 450 90 25+2 6249 -
XAD-8 Acrylic ester 140 235 1442 31+6 -
XAD-11 Amide 69 352 15+2 4542 -
XAD-1 Styrene-DVB 100 205 - 36+2* 45742*

* Conditions: 0.15 g of 30~37 um resin, 0.6 ml acetonitrile, 0.31 ml PL-100 or 0.6 ml PL-76 (to add
identical grams of latex), diluted to 10 ml with 0.05 M sodium chloride.

the use of a sulfonated resin. Virtually any resin which is sufficiently hydrophobic to
allow latex adsorption can be coated and used for SCIC.

Latex-coated resins of varying capacities were prepared by altering the concen-
tration of the inert electrolyte (sodium chloride) or the concentration of the latex
slurry used to coat the resin. Fig. 1 shows adsorption isotherms for coating latexes
onto XAD-1. An increase in the salt or latex concentration resulted in an increase in
exchange capacity. Using various resins and latexes, a capacity range of approximate-
ly 5 to 400 pequiv./g was possible. This broad capacity range is ideal for use in SCIC
and makes available a wide range of anion separations and sensitivities.
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Fig. 1. Adsorption isotherms for AL-XAD-1 (strong-base anion-exchanging latex, AL, coated on 38-
44-ym XAD-1).
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A new polystyrene resin has been developed'? that is greatly superior to the
XAD resins for preparing latex-coated anion exchangers for use in anion chromato-
graphy. This resin is prepared in stages. The first is an emulsion polymerization
performed with water-soluble initiators. The resin particles are <1 um in diameter
and are used as seed particles for the subsequent expansion stages. Although condi-
tions can be adjusted to vary the particle size, the materials made available to us had a
very uniform particle size of around 4.2 um (see optical micrograph in Fig. 2a). The
particles are approximately spherical but the method of polymerization gives them a
somewhat billowy appearance, as show in Fig. 2b. These resins, which will be desig-
nated as PS in this paper, have no porosity.

Fig. 2c shows some PS resin beads that have been coated with rather large
0.6-um polystyrene 76% quaternized particles. The exchange capacity of this coated
resin is fairly high (138 pequiv./g) but the sparseness of the coating (Fig. 2c) and the
large size of the quaternized latex particles gave very inefficient separations when a
column packed with this material was used for ion chromatography.

Polyacrylate latexes (AL) with 60% of the theoretical amount of quaternary
ammonium groups were available in smaller particle sizes: 0.09 um for strong-base
acrylate latexes and 0.08 um for the weak-base acrylate latexes. PS resins coated with
these latexes produced columns with very high efficiencies for separating anions (see
section on chromatographic separations). Stevens and Langhorst* reported that for
electrostatically coated latex resins the use of latexes smaller than 0.1 um gave the
most efficient anion separations.

Table II lists the resins which were used chromatographically during the course
of this study. The coated polystyrene (PS) gave more efficient separations than the
coated XAD resins. Therefore, much of the chromatographic work done in this study
was performed using the AL-PS columns. The AL-PS columns had linear pressure
versus flow behavior up to a least 3500 p.s.i. Flow-rates of 0.5 to 1.0 ml/min were
typically used, which gave column pressures of 1000 to 1900 p.s.i.

(Continued on p. 170)
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Fig. 2. Electron micrographs of (a) 4.2-um polystyrene resin particles, (b) a higher magnification showing
one polystyrene resin particle and (c) PL-76-PS (strong-base anion-exchanging latex on polystyrene).

Mechanism of latex adsorption

Cantwell and co-workers'*~'° studied the mechanism of organic ion adsorp-
tion on a reversed-phase resin, unfunctionalized XAD-2 and sulfonated XAD-2. Us-
ing adsorption isotherms, the mechanism was explained by the Stern-Guoy-Chap-
man (SGC) model of the electrical double layer. According to Cantwell, adsorption
of an organic ion onto styrene-divinylbenzene copolymers is due to dispersion forces.
As these ions are adsorbed, a resin surface charge is acquired due to the charged
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TABLE 11
CHARACTERISTICS AND DESIGNATIONS OF COATED RESINS

Designation Latex* " Resin** Capacity Column size
(uequiv.g)

AL-XAD-1 AL XAD-I Variable -

AL-WB-XAD-I1 AL-WB XAD-1 18 250 mm x 2.0 mm LD.
PL-76-PS PL-76 PS 457 250 mm x 4.0 mm 1.D.
AL-PS AL PS 27 250 mm x 4.0 mm L.D.
AL-PS AL PS 48*** 250 mm x 4.0 mm 1.D.

* See text for latex descriptions.
** X AD-1 resin is irregularly-shaped and 20 to 26 um in size. The polystyrene resin (PS) is spherical,
non-porous and 4.2 um in size.
*** The AL-PS column of a higher capacity was prepared by increasing the latex and sodium chloride
concentration in the coating solution.

surface groupings on the adsorbed particle. Following the SGC electrical double layer
model, addition of an electrolyte to the coating solution increases the number of
counterions in the bulk solution. The surface potential remains constant, so more
organic ions must adsorb onto the resin surface in order to maintain this potential,
thus creating a heavier organic ion coating.

The adsorption isotherms shown in Fig. 1 for latex-coated XAD seem to follow
the trends shown in Cantwell’s work. Addition of an electrolyte (sodium chloride) to
the coating solution causes more latex particles to adsorb onto the support, giving a
higher exchange capacity. This leads to the conclusion that a hydrophobic interaction
is responsible for the coating of latex particles onto these resin matrices.

Table I also shows the capacities obtained by coating two latexes which differ in
their degree of functionalization onto XAD-1. The latexes are 76% and 100% func-
tionalized strong-base exchanger polystyrene (PL-76 and PL-100). The 76% func-
tionalized latex coated 13 times heavier than the 100% functionalized latex (457 and
36 pequiv./g, respectively). With a lower degree of ionic character in the 75.6% func-
tionalized latex, the dispersive forces allow a larger amount of latex to be coated onto
the support. This phenomenon also supports the mechanism of hydrophobic interac-
tion between the latexes and the resin supports.

Latex particles held onto the resin surface by a hydrophobic attraction can be
washed off by organic solvents. Passing acetonitrile or 2-propanol through a latex-
coated column removed part of the latex coating and lowered the column capacity.
This observation is similar to results by Iskandarani and Pietrzyk'’ with alkylammo-
nium-coated columns where larger amounts of organic modifiers in the coating solu-
tion resulted in a lower degree of resin coating. The latex-coated resins, however,
could tolerate low amounts of methanol without significantly affecting the exchange
capacity.

The fact that organic solvents alter the column exchange capacity is not a great
concern in SCIC. In most cases, aqueous eluents are used and aqueous samples are
analyzed. In addition, our work has not found significant advantages from using
organic modifiers in the eluents. However, organic solvents can be used to strip the
latex off of a fouled or ruined latex-coated column so that the resin can be recoated
and used again.
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Chromatographic efficiency and selectivity

The best column efficiencies were obtained with the AL-PS (latex-coated
4.2-um polystyrene) columns. Fig. 3 shows the relationship between the eluent linear
velocity (or flow-rate) and the height equivalent to a theoretical plate (HETP) for this
column using a 4 mM molybdate eluent. The column efficiencies observed during the
course of this work varied with different columns, eluents and test analytes. A typical
250 mm x 4.0 mm I.D. column produced plate numbers (N) between 12 000 and
72 000 plates/m between flow rates of 0.23 and 1.05 ml/min. The maximum plate
number of 72 000 plates/m for sulfate was obtained at a flow-rate of 0.23 ml/min.

The selectivity of the AL-PS (48 pequiv./g) column for a series of anions using
three different eluents is shown in Table III. The selectivity of this column for these
anions is very similar to that obtained previously with coated or chemically function-
alized resins”'®, although a few differences were noted. For example, ethyl- and
propylsulfonate eluted much earlier than chloride from the AL-PS column: This is
unusual because all XAD-based and commercial columns used in our laboratories
elute the sulfonates either simultaneously with or later than chloride.

Chromatographic separations

Figs. 4-7 show typical examples of separations that can be achieved with the
AL-PS and AL-WB-XAD-1 columns. Fig. 4 shows a good separation of several
normally late-eluting anions on a coated XAD column of very low capacity (AL-
WB-XAD-1). These latex-coated columns can be prepared very easily with capacities
low enough that low eluent concentrations can be used to obtain Very sensitive anion
determinations. For example, using a AL-XAD-1 column with a capacity of 5
pequiv./g and an eluent concentration of 3.7 - 10~ % M sodium phthalate (pH 6.0), a
0.4-ng detection limit for sulfate was obtained using indirect spectrophotometric de-
tection.

flow—rate (ml/min)

0.0 0.3 0.6 0.9 1.2 1.5
T T T T T

0.6 - Anions

0.14 - —e— chioride
- %- bromide
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0.10 | —%— nitrate

0.08 -

HETP {mm)

0.06 -

0.04

0.00 L I 1 | i | i j
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Fig. 3. Plot of HETP versus linear {/e]ocity (or flow-rate) using the 250 mm x 4.0 mm 1.D. AL/PS
(48 pequiv./g) column. The eluent was 4 mM sodium molybdate.
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TABLE III
SELECTIVITY DATA FOR AL-PS COLUMN

Conditions: AL~PS column is 4.2-um spherical, non-porous polystyrene coated with a strong-base anion-
exchanging acrylic latex (48 pequiv./g capacity); 250 mm x 4.0 mm L.D. column; 1.0 ml/min flow-rate;
conductivity detection. -

Anion Capacity factor

90 mM 2.4 mM sodium 4.0 mM sodium

nicotinic acid phthalate, pH 6.0 molybdate
Methyl acrylate 1.30 - -
Lactate 1.85 - -
Formate 3.45 - -
Fluoride : 3.70 0.36 0.21
Acetate | - - 0.25
Todate 6.40 0.36 0.21
Dihydrogen phosphate 8.25 - -
Monochloroacetate 12.25 - -
Methylsulfonate 13.50 0.73 0.54
Ethylsulfonate 13.60 0.73 0.54
Sulfamate 15.40 - -
Propylsulfonate 16.95 091 0.75
Bromate 27.20 1.27 0.92
Chloride 28.90 1.45 0.96
Nitrite 31.65 2.04 1.42
Malonate - 4.27 221
Bromide 48.90 5.00 3.13
Nitrate - 6.73 4.17
Chlorate - 6.91 4.71
Sulfate - 7.45 3.17
Thiosulfate - 32.27 13.58
Retention time for C1™ (min) 55.00 3.00 2.19

Fig. 5 shows an excellent separation of seven common anions using the AL/PS
(27 pequiv./g) column. Baseline resolution was achieved between every peak and the
total analysis time was ca. 7 min. The molybdate eluent used here serves to elute
sulfate immediately after nitrate, and proved to be an excellent eluent for the sep-
aration of these anions with these latex-coated columns. Since conductivity detection
is not suitable with this eluent, indirect spectrophotometric detection at 250 nm was
used.

Fig. 6 shows an excellent separation of 12 anions using the AL-PS (27 pequiv./
g) column and a nicotinic acid eluent. Again, baseline resolution was achieved with
every peak. The organic acid eluents such as nicotinic acid are very useful for separat-
ing large series of weakly-retained monovalent anions with these latex-coated col-
umns.

Fig. 7 shows a separation using a AL-PS resin of a slightly higher capacity than
the column used in Figs. 5 and 6 (48 compared to 27 pequiv./g). In this separation,
sulfate was eluted before nitrate, an inversion which is rarely seen. Dionex has mar-
keted a proprietary column, HPIC-AS2, which also shows this inversion. This col-
umn is useful for determining early-eluting anions in nitric acid digests. Supposedly,
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Fig. 4. Separation of late-eluting anions on AL-WB-XAD-1 column using 9 - 10~* M sodium phthalate at
pH 5.10 as the eluent. The flow-rate was 1.3 ml/min and 13 to 17 ppm of each anion was injected.
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Fig. 5. Separation of 7 common anions on AL-PS (27 pequiv./g) column using a sodium molybdate eluent
run at 0.75 ml/min. Indirect spectrophotometric detection was used at 250 nm with 0.05 a.u.f.s. Peaks: 1 =
ethylsulfonate; 2 = propylsulfonate; 3 = chloride; 4 = nitrite; 5 = bromide; 6 = nitrate; 7 = sulfate

(10-20 ppm each anion).
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Fig. 6. Separation of 12 monovalent anions on AL-PS (27 pequiv./g) using 70 mM nicotinic acid (pH 3.5)
as the eluent. The column pressure was 115 bar at a flow-rate of 0.75 ml/min. Conductivity detection was
used with 0.1 48 f.s. Peaks: 1 = methyl acrylate; 2 = lactate; 3 = formate; 4 = fluoride; 5 = iodate; 6 =
dihydrogen phosphate; 7 = monochloroacetate; 8 = ethylsulfonate; 9 = sulfamate; 10 = n-propyisulfo-
nate; 11 = bromate; 12 = chloride (25-100 ppm each).
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Fig. 7. Separation on AL-PS (48 pequiv./g) showing inversion of nitrate and sulfate. The eluent is 16 mM
sodium molybdate run at 0.75 mi/min. Indirect spectrophotometric detection is used at 271 nm with 0.01

aufs.
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the nitrate/sulfate inversion on the Dionex resin is brought about because of different
resin functional groups. DuVal and Fritz” demonstrated this same inversion using
tetraoctylammonium chloride coated on XAD-8 as the anion-exchanging resin.

The “nitrate-selective” column utilized in this work is a strong-base anion-
exchanging acrylic latex coated on polystyrene. The exchange site is a typical tri-
methylammonium functional group. The higher capacity of this resin (as compared
to the resin used in Fig. 6) along with the molybdate eluent created the nitrate/sulfate
inversion. The retention times of chloride, sulfate and nitrate were 3.3, 3.8 and 6.4
min, with a 2.6-min separation between sulfate and nitrate.
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SUMMARY

Agarose polyaldehyde microsphere beads were prepared by encapsulating
polyaldehyde microspheres of various diameters, e.g., polyacrolein or polyglutaral-
dehyde microspheres, within agarose beads. Amino ligands such as proteins or drugs
can be bound covalently to the beads in a single step at physiological pH. The binding
capacity of the beads towards various amino ligands is inversely related to the diameter
of the microspheres encapsulated in the agarose matrix. Different reagents, e.g.,
bovine serum albumin, ethanolamine and hydroxylamine, were studied as blocking
reagents of the free aldehyde groups. Blocking the remaining aldehyde groups after
coupling the amino ligands to the beads is essential for increasing or retaining the
reactivity of the ligands conjugated to the beads. Among the reagent studied,
hydroxylamine was found to be the most suitable blocking reagent of the free aldehyde
groups of beads conjugated with proteins. The extent of leakage of amino ligands
bound to the agarose—polyaldehyde microsphere beads was studied as a function of the
pH of aqueous solutions of the beads. At physiological pH the leakage was negligible.
Atacid pH, leakage of ligands containing several primary amine groups, e.g., proteins,
was insignificant. However, significant leakage was detected for ligands containing
a single amino group. The leakage of proteins bound to the agarose—polyaldehyde
microsphere beads was found to be much less than the leakage of the same proteins
bound to agarose beads through the cyanogen bromide activation method.

INTRODUCTION

Affinity chromatograpy is a very useful technique in a variety of analytical and
separation procedures. The development and wide use of this technique depends on the
support materials and the facile methods for attaching ligands and proteins to them. In
order for affinity chromatography to be effective, the ligands coupled to the supports
should retain most of their reactivity and the bonds between the ligands and the
support materials should be stable under absorbing and eluting conditions. A few
recent articles have summarized the support materials and methods of attachment
used for purification of biomolecules through the affinity chromatography tech-
nique’~*.

Agarose is the most commonly used support for the affinity purification of

0021-9673/89/%03.50 © 1989 Elsevier Science Publishers B.V.
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biomolecules. Agarose contains hydroxy groups through which amino ligands, e.g.,
proteins, are covalently bound. Few activity methods for coupling proteins to agarose
(or other supports with hydroxy groups) have been developped'. These activation
methods require the use of pure organic solvents and reagents, such as cyanogen
bromide, tosyl chloride, tresyl chloride, N-hydroxysuccinimide, imidazoles, chloro-
formates or activated pyridines. Coupling of proteins to these activated supports
usually requires basic conditions. In previous papers we described the synthesis and
use of agarose—polyaldehyde microsphere beads (APAMB) for affinity separations®©
These beads were prepared by encapsulating polyacrolein (PA) microspheres or
polyglutaraldehyde microspheres of average diameter 0.15 ym in an agarose matrix.
The beads formed contained on the surface of the embedded microspheres aldehyde
groups through which primary amino ligands, e.g., proteins or drugs, can be bound
covalently in a single step at physiological (or other) pH. In further studies of the
APAMB we found that their binding capacity towards amino ligands is inversely
related to the diameter of the microspheres encapsulated in the agarose matrix.
Different reagents, e.g., bovine serum albumin (BSA), ethanolamine and hydroxyl-
amine, were studied as blocking reagents of the free aldehyde groups. Blocking of the
remaining aldehyde groups after coupling the amino ligands to the beads is essential
for increasing or retaining the reactivity of the ligands conjugated to the APAMB. The
extent of leakage of proteins bound to the agarose—polyaldehyde microsphere beads
was also examined.

EXPERIMENTAL

Reagents

The following materials were purchased from commercial scurces: polyethylene
oxide, average mol. wt. 100000, from Polyscience; human serum albumin (HSA),
bovine serum albumin (BSA, fraction V), digoxin, paraquat, chymotrypsin, protein A,
biotin and alkaline phosphatase (type VII-NT) from Sigma; goat immunoglobulin
(goat Ig), human Ig and concanavalin A from Bioyeda; avidin from Belova; agarose
A and Sepharose 4B cross-linked (CL) from Pharmacia; hydroxylamine hydrochloride,
ethanolamine, divinyl sulphone and acrolein from Aldrich; and [**C]BSA, [**C)-
paraquat and ['3'Ildigoxin from Amersham. Acrolein was distilled at atmospheric
pressure before use.

Synthesis of PA microspheres

PA microspheres were obtained as described in previous publications” 8. Briefly,
microspheres of average diameter 0.15 um were prepared by irradiation with a cobalt
source (0.5 Mrad) of an air-free aqueous solution containing 7.5% (w/v) acrolein and
0.5% (w/v) polyethylene oxide. The microspheres were then washed by repeated
centrifugation at 10000 rpm. The diameter of the microspheres obtained was
controlled by changing the surfactant or monomer concentration, e.g., microspheres
of 0.08 m were obtained in a similar procedure using an aqueous solution containing
1% (w/v) of surfactant and 5% (w/v) of monomer.

Synthesis of the APAMB
The APAMB were synthesized as previously described®. Briefly, an aqueous
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solution at 80°C containing 3% PA microspheres with the desired diameter and 4%
agarose was poured into stirred peanut oil at 70°C, then the solution was cooled with
ice. The APAMB obtained were purified from the oil by several extractions with
diethyl ether, which was then removed by evaporation. APAMB with diameters
ranging from 100 to 200 um were obtained by sieving the APAMB. The APAMB were
cross-linked with divinyl sulphone according to a previously described procedure®.
The APAMB were stored at 4°C with 0.05% (w/w) merthiolate.

Antiserum
Rabbit antiserum was obtained by immunizing rabbits with an emulsion
containing the appropriate antigen in Freund’s complete adjuvant>°-11.

Determination of proteins

The amounts of proteins bound to the APAMB were determined by measuring
the unbound proteins with Folin-Ciocalteau reagent using Lowry et al.’s method!2,
The amounts of proteins bound to the immuno-APAMB were determined by
measuring the unbound proteins by the quantitative precipitin reaction'®. The
amounts of eluted proteins were also determined by the method of Lowry et al.12.
Avidin was determined by a sensitive enzyme assay as described by Bayer et al.'!.
Digoxin, Paraquat, rabbit antidigoxin and rabbit antiparaquat were determined by
radioimmunoassay (RIA)*'°.

Preparation of the immuno-APAMB

APAMB (1 g) in PBS (5 ml) were shaken for 12 h at room temperature with an
appropriate amount of the desired protein and unbound protein was removed by
repeated decantation with PBS. The remaining free aldehyde groups were then blocked
by shaking 1 ml of the immuno-APAMB in 5 ml of PBS for 12 h at room temperature
with one of the following reagents: BSA (10 mg), aqueous ethanolamine solution at pH
7.2(1 ml) or aqueous hydroxylamine solution (100 mg/g) at pH 7.2 (1 ml). The blocked
immuno-APAMB were washed free of unbound hydroxylamine by repeated de-
cantation with PBS. Non-covalently adsorbed proteins or blocking reagents were
removed by washing the beads with buffers at pH 4 (0.1 M acetate buffer containing
1 M sodium chloride) followed by a buffer solution at pH 8 (0.1 M hydrogencarbonate
buffer containing 1 M sodium chloride). Then the beads were resuspended in PBS.

Affinity separations

The separation of proteins by affinity chromatography with the immuno-
APAMB was performed as previously described>. Briefly, the immune serum was
passed at a rate of | ml/min through a column containing the appropriate
immunoabsorbent (5-10 ml of serum for each gram of the immunobeads). The
immunobeads were washed several times with PBS. Absorbed antibodies were then
eluted with 0.2 M glycine-hydrochloric acid buffer solution at pH 2.4, neutralized with
sodium hydroxide, dialysed aganst PBS and then analysed by polyacrylamide gel
electrophoresis'*. The immunobeads, after the treatment with glycine -hydrochloric
acid buffer, were washed several times with PBS and stored at 4°C in the presence of
sodium azide (0.05%) until reused.
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Binding capacity of PA towards amino ligands

PA microspheres of average diameter 0.15 ym (100 mg) in water (5 ml) were
shaken at room temperature for 48 h with various amino ligands (500 mg of each
ligand in 5 ml of aqueous solution at pH 7.0). Proteins, e.g., BSA, were determined by
measuring the unbound protein by Lowry et al.’s method’?. Other amino ligands, e.g.,
hydroxylamine or ethanolamine, were determined by removal of the ligand solution by
at least six repeated centrifugation cycles through water at 12000 rpm. The conjugated
product was then vacuum dried at 60°C and submitted to nitrogen analysis.

Kinetic studies

APAMB (1 g) bound to rabbit antidigoxin or protein A were shaken at room
temperature with PBS (50 ml) containing digoxin or human Ig, respectively. Samples
were taken at intervals and checked for digoxin by RIA® or protein A by measuring the
absorption at 280 nm.

Stability and safety

The release of microspheres or beads fragments into saline during perfusion was
studied as previously described'®. Briefly, saline was circulated through cross-linked
APAMB (25 g, containing microspheres of size 0.15, 0.08 and .03 um) for 2 days at
a flow-rate of 150 ml/min. Samples of saline were taken periodically and measured for
their turbidity (Hach 2100A turbidimeter). The limit of detection of the instrument was
found to be 30 ng/ml. Release of monomeric acrolein was studied by measuring the
absorbance of the samples at 210 nm. The limit of detection of acrolein by this method
is 1 ug/ml

Stability of the covalent APAMB-amino ligand bond

Leakage of proteins bound to APAMB was studied by sampling the supernatant
APAMB solution at intervals and determining the protein content. In some instances
the leakage of proteins was also studied under perfusion conditions. Leakage of BSA
and human Ig was determined by coupling to the APAMB 2 uCi [1*C]BSA and cold
BSA, or 3 uCi [**Clhuman Ig and cold human Ig, respectively. The conjugated
APAMB (1 g) were stored in PBS (2 ml) at 4°C and sampled at intervals to measure the
radioactivity in the supernatant. At each sampling period the supernatant was
replaced with the same volume of PBS. Under similar conditions leakage of avidin was
determined by an enzyme assay''. Leakage of avidin, rabbit antidigoxin and rabbit
antiparaquat in plasma and PBS was also studied under the following perfusion
conditions: plasma or saline (35 ml of each) was circulated (35-50 ml/min) at room
temperature or 37°C through columns containing 10 g of the conjugated APAMB.
Samples were taken after 4 h of perfusion and analysed. Antibodies were quantified by
RIA, using '*'I for antidigoxin and **C for antiparaquat®'°. Avidin was determined
as mentioned above by an enzyme assay'’.

Leakage of the blocking reagents, e.g., hydroxlamine, was studied under
physiological and acidic conditions. PA microspheres of average diameter 0.15 um or
APAMB coupled with hydroxylamine (100-mg microspheres or 1 g of APAMB) were
added to PBS solution (20 ml) or to 0.2 M glycine-hydrochloric acid solution at pH 2.4
(20 ml). The supernatant of the beads was replaced each day after repeated
centrifugation at 12000 rpm or by decantation. After a week, all samples of the
water-washed beads were vacuum dried at 60°C and submitted to nitrogen analysis.
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RESULTS AND DISCUSSION

Photomicrographs

Fig. 1A shows a light microscopy photomicrograph of the APAMB. Fig. 1B is
a transmission electron microscopy photomicrograph of the APAMB, showing the PA
microspheres of average diameter 0.15 um encapsulated within the agarose.

Effect of the diameter of the encapsulated microspheres on the binding capacity

Table I illustrates the inverse relationship between the binding capacity of the
APAMB towards amino ligands and the diameter of the PA microspheres encapsu-
lated in the agarose. For example, under the conditions described in Table I, APAMB
containing PA microspheres of diameter 0.15 um bind only 5 mg from an initial
amount of 15 mg of goat Ig, whereas APAMB containing microspheres of 0.03 um
diameter completely bind the entire 15 mg of goat Ig. When the initial amount of goat
Ig is 100 mg, 18 mg of the protein are bound to beads containing microspheres of
diameter 0.15 pm, whereas 70 mg of the protein are bound to beads containing
microspheres of diameter 0.03 um. Similar differences were obtained with other
proteins, e.g., avidin, HSA and chymotrypsin.

The performance of the conjugated APAMB containing microspheres of smaller

Fig. 1. (A) A light microscopy photomicrograph of the APAMB. (B) A transmission electron microscopy
photomicrograph of a thin section of the APAMB showing PA microspheres of average diameter 0.15 ym
within the agarose matrix. Peripheries of two beads are depicted.
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TABLE 1

EFFECT OF THE DIAMETER OF THE ENCAPSULATED MICROSPHERES ON THE BINDING
CAPACITY OF THE APAMB

APAMB (1 g) in 5 ml of saline were shaken at room temperature with various amounts of proteins for 12 h.

Ligand Amount  Bound ligand (mg/g beads)
(mg)
0.15-pm 0.08-um 0.03-pum
microspheres  microspheres  microspheres
Goat Ig 15 6 13 15
30 — 20 30
100 18 30 70
HSA 15 3 4 6
30 — - 20
100 14 - 40
Concanavalin A 100 54 - 72
Chymotrypsin 100 8 — 52
Avidin 15 13 — 15
Protein A 15 5 8 13

diameter in the affinity purification of proteins is also significantly improved, as shown
in Table II. After three affinity separation cycles the amount of antiavidin eluted
through avidin~APAMB containing microspheres of diameter 0.08 um is 2.5 times
higher than that of antiavidin eluted through conjugated beads containing micro-
spheres of diameter 0.15 um. Antiavidin antibodies eluted from the various kinds of
avidin~APAMB shown in Table II were submitted to analysis by polyacrylamide gel
electrophoresis and were found to contain only IgG.

Reagents for blocking remaining unreacted aldehyde groups

Table I illustrates the extent of reaction between PA microspheres and various
amino ligands. The degree of reaction between the microspheres and the ligands did
not change significantly on washing the microspheres with distilled water to remove

TABLE 11

EFFECT OF THE DIAMETER OF THE ENCAPSULATED MICROSPHERES ON THE ISOLA-
TION OF RABBIT ANTIAVIDIN

APAMB (1 g) in 5 ml of saline were shaken at room temperature with 20 mg of avidin for 12 h. Unbound
avidin was then washed by repeated decantation. Immune serum was passed at a rate of 1 ml/min through
a column containing the APAMB-avidin conjugate. Adsorbed antibodies were eluted with 0.2 M glycine—
hydrochloric acid buffer solution (pH 2.4).

Encapsulated First run Second run Third run

microspheres

diameter Amount of ~ Amount of  Amount of  Amount of  Amount of  Amount of

(um) bound antiavidin bound antiavidin bound antiavidin
antiavidin eluted antiavidin eluted antiavidin eluted
(mg) (mg) (mg) (mg) (mg) (mg)

0.08 19 18 18 16 16 16

0.15 12 9 9 6.5 6.5 6.5
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TABLE 11
BINDING CAPACITIES FOR THE REACTION OF PA MICROSPHERES AND AMINO LIGANDS
Microspheres (diameter 0.15 ym) (100 mg) in 5 ml of water were shaken at room temperature for 48 h with

500 mg of the appropriate amino ligands in 5 ml of aqueous solution at pH 7.0. The microspheres were
thoroughly washed with distilled water by repeated centrifugation to remove free ligands.

Ligand N (%)  Bound ligand
(mmollg microspheres)
Hydroxylamine 14 10
Hexanediamine 1.8 [.3
Ethanolamine 2.0 1.4
Glycine 0.6 0.4
Phenylalanine 0.6 0.4
BSA - 421072

free ligands. On the other hand, a gradual decrease in the extent of reaction of the
microspheres with the primary amino ligands was observed when washing of the
microspheres was accomplished at acidic pH [e.g., glycine-hydrochloric acid buffer,
0.2 M (pH 2.4)].

Hydroxylamine is a common reagent for the determination of aldehyde groups
in insoluble polymers!>~'7, As expected, this reagent interacted completely with the
aldehyde groups of the PA microspheres. On the other hand, other amino ligands
reacted to a much smaller extent with the aldehyde groups of the PA. For example,
ethanolamine reacted with 14% of the total aldehyde functionality, whereas glycine
blocked only 4% of the aldehyde groups. Further evidence for the complete reaction of
PA with hydroxylamine is illustrated in Fig 2. The aldehyde absorption of PA at 1720
cm~! (Fig. 2A) decreased slightly after the interaction with ethanolamine (Fig. 2B) and
almost disappeared on reaction with hydroxylamine (Fig. 2C).

The effect of blocking the remaining aldehyde groups after coupling proteins to
the APAMB is illustrated in Fig. 3. The reactivity of antidigoxin~-APAMB for the
removal of digoxin is increased by approximately 40% by blocking the remaining
aldehyde groups with hydroxylamine after coupling the rabbit antidigoxin. The
reactivity of the blocked antidigoxin~APAMB was retained with time, e.g., 3 months.
On the other hand, the reactivity of the non-blocked antidigoxin-APAMB decreased
by 20% after 3 months. However, by blocking these non-conjugated beads the
reactivity towards digoxin increased to the original value obtained with the blocked
conjugated APAMB. A similar effect was obtained when protein A was coupled to the
APAMB. The reactivity of the bound protein A to human Ig was 30-50% higher when
the remaining aldehyde groups were blocked with ethanolamine or hydroxylamine.

Stability and safety

The nephelometric experiments showed no detectable release of microspheres or
agarose fragments, indicating that strong physical forces (e.g., hydrogen bonds and
Van der Waals forces) hold the microspheres within the agarose matrix. Spectrophoto-
metric measurement showed no detectable release of acrolein from the APAMB.
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Fig. 2. (A) Infrared spectra of PA microspheres, (B) after reaction with ethanolamine and (C) after reaction
with hydroxylamine. PA microspheres (average diameter 0.15 um) (100 mg) in 5 ml of saline were shaken at
room temperature for 48 h with 500 mg of ethanolamine or hydroxylamine in 5 m! of aqueous solution at pH

7.0.
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Fig. 3. Kinetics of removal of digoxin from PBS with antidigoxin~APAMB: (a) with hydroylamine as
a blocking reagent; (b) without a blocking reagent. Antidigoxin~-APAMB (4 mg of antidigoxin were bound
to 1 g of APAMB containing PA microspheres of average diameter 0.15 um) were shaken at room
temperature in 50 ml of PBS containing 0.4 ug/ml of digoxin.



AFFINITY SEPARATION WITH POLYALDEHYDE BEADS 185

TABLE 1V
LEAKAGE OF PROTEINS BOUND TO APAMB AND TO SEPHAROSE 4B CL

APAMB (1 g) (containing PA microspheres-of average diameter 0.15 ym) and Sepharose 4B CL conjugated
with proteins (BSA, 3 mg; human Ig and avidin, 10 mg each) were held in 2 ml of PBS at 4°C. For each period
of time the supernatant was applied and reconstituted with the same volume of PBS. .

Time Amount released (%)
(days)
BSA-APAMB* Human IG-APAMB* Avidin-APAMB  Avidin-Sepharose 4B CL
1 151073 41073 0** 0.1
7 71073 8.5 1073 o+ 0.4
90 7.5-1073 381073 o** 0.4

* These experiments were carried out both under physiological conditions (PBS) and under aqueous
acidic conditions [0.2 M glycine-hydrochloric acid buffer (pH 2.4)]. Similar results for the leakage were
obtained.

** The detection limit for avidin using an enzyme assay'! is 0.15 ug/ml or 3 - 1073% of released avidin.

Stability of the APAM B—amino ligands bond

Leakage of proteins bound to APAMB is low, as 1llustrated in Tables IVand V.
BSA, human Ig and rabbit antidigoxin were detected in trace amounts in the
supernatant of the conjugated APAMB. Avidin was detected in low levels in plasma
and saline at 37°C. On the other hand, avidin in saline at room temperature and
antiparaquat in plasma were not detected at all. The detection limit for avidin
determination using the enzyme assay'' is 0.15 ug/ml, or 0.3 ug/g of beads. Hence
leakage of avidin bound to APAMB is at least 30 times lower than the leakage of avidin
bound to Sepharose 4B via the cyanogenbromide activation method (Table V).

The leakage of ligands containing single primary amine group, e.g., hydroxyl-
amine, is illustrated in Table VI. Under physiological conditions the leakage, if any, is
insignificant. However, under acidic conditions [0.2 M glycine-hydrochloric acid (pH
2.4)] which mimic the eluting conditions used to break the bond between antigen and
antibody, a significant leakage of hydroxylamine was noted.

TABLE V

LEAKAGE OF PROTEINS BOUND TO APAMG DURING PERFUSION WITH PLASMA OR
SALINE

Plasma or saline (35 ml) was circulated (at 30-50 ml/min) at room temperature and at 37°C through columns
containing 10 g of APAMB (containing PA microspheres of average diameter 0.15 pm) conjugated with
.proteins (antidigoxin, 5 mg/g; antiparaquat, 18 mg/g; avidin, 10 mg/g). Samples were assayed after perfusion
for 4 h.

Ligand Temperature Medium Ligand released
°C) (%)

Antidigoxin 37 Plasma 031073

Antiparaquat 37 Plasma 0

Avidin 37 Plasma 9-1073

Avidin Room Plasma 9-107

Avidin 37 Saline 21073

Avidin Room Saline 0
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DISCUSSION

In previous papers we described the synthesis and use of APAMB for affinity
chromatography®® '8, During extensive studies carried out with the APAMB, several
difficulties became apparent and were resolved.

Binding capacity

The binding capacity of APAMB containing microspheres of average diameter
0.15 um toward amino ligands were described previously', e.g., 1 g of APAMB bound
6 mg of goat Ig from a solution containing 15 mg of goat Ig. In order to increase the
binding capacity of the APAMB, PA microspheres of smaller diameter were
encapsulated in the agarose matrix. Microspheres with a smaller diameter have a much
higher surface area and thereby their binding capacity is increased significantly (Table
I). APAMB containing PA microspheres with diameters smaller than 0.1 um possess
additional useful characteristics and advantages compared with beads containing PA
microspheres with diameters larger than 0.15 ym. They are more transparent, they
have higher porosity and their performance in affinity separation is significantly
improved (Table II).

Blocking the remaining aldehyde groups

In previous papers describing the use of polymeric beads containing aldehyde
groups for affinity purification, the reagents examined and used for blocking
remaining aldehyde groups, after coupling of the proteins, were glycine, BSA or
ethanolamine®-18-2!, However, glycine and BSA bind only 4% of the remaining
aldehyde groups whereas ethanolamine blocks 14% of the remaining aldehyde groups
(Table III). Therefore, it is expected that the reactivity of proteins bound to
polyaldehyde beads blocked with the above reagents would not be optimal and may
decrease with time because of the continued interaction of the lysine residue of the
proteins bound to the APAMB with the free aldehyde groups on the beads. The
hydroxylamine reagent interacts completely with all of the remaining aldehyde
functionality of PA (Table III and Fig. 2). Therefore, this reagent seems to be a better
choice for blocking the unreacted aldehyde groups.

Stability of the bond between APAMB and amino ligands

PA interacts reversibly with water to form various hydrated products
Several of these hydrated forms are shown in Fig. 4. Primary amino ligands could bind
to the aldehyde groups of PA through the free aldehyde form to give reversible Schiff
base bonds and through the hydrated forms to give the irreversible cyclic products’
based on aminotetrahydropyran (Fig. 5). The lack of leakage obtained on reaction of
proteins and PA may be explained by the resultant polyvalent bond, which is

T 20 e 0K DX

HO OH HO OH HO

22,23

v

Fig. 4. Illustration of some products obtained by the reversible reaction of PA with water.
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Fig. 5. Scheme of the reaction of primary amino ligands with the aldehyde groups of PA via the free aldehyde
form and through the 2-hydroxytetrapyran form.

composed partially of Schiff base bonds and partially of the derivatized amino-
tetrahydropyran forms. Amino ligands containing a single primary amino group, e.g.,
hydroxylamine, may form two main types of products by their reaction with PA. The
first is composed of a single Schiff base bond, which may lead eventually to leakage of
the bound ligand from the APAMB into the solution. The second type of product may
be based on the formation of a single derivatized aminotetrahydropyran form and
should be stable.

Tables III and VI show that under physiological conditions the leakage of
hydroxylamine bound to APAMB is insignificant. However, at acidic pH (2.4), which
mimics the conditions employed to break the bond between antigen and 'antibody,
a significant leakage of hydroxylamine bound to APAMB was obtained (Table VI).
Therefore, it is suggested that when a low pH is used to break the antigen-antibody
bond one should again block the remaining aldehyde groups after each five to eight
affinity chromatography cycles. Another possibility for obviating the need for the
reblocking step is to use conditions of high ionic strength at neutral pH, e.g., 3.5
M aqueous sodium thiocyanate, to break the antigen-antibody bond.

Other possible reagents that can sometimes be used to stabilize the bond between
the APAMB and ligands containing a single amino group are borohydride reducing
reagents, e.g., sodium borohydride or sodium cyanoborohydride?*. Further, sodium
borohydride may sometimes also be an efficient blocking reagent of the remaining

TABLE VI
LEAKAGE OF HYDROXYLAMINE BOUND TO PA MICROSPHERES AND TO APAMB

PA microspheres of average diameter 0.15 ym (100 mg) and | gof APAMB (containing PA microspheres of
average diameter 0.15 ym) blocked with hydroxylamine were added to 20 ml of PBS solution or to 20 ml of
0.2 M glycine-hydrochloric acid solution at pH 2.4. The supernatant of the beads was replaced by the same
volume each day. After 1 week, samples of washed beads were vacuum dried and submitted to nitrogen
analysis.

Conditions PA microsperes APAMB
N (%)  Hydroxylamine bound N (%)  Hydroxylamide bound
per 100 mg of PA (mmol) per gram of APAMB (mmol)
Before treatment 14 1 7 0.5
pH 7.2 13.7 0.98 6.8 0.49
pH 2.4 once and
then pH 7.2 11 0.78 6 0.43

pH 2.4 8.8 0.63 5 0.36
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aldehyde groups (experiments in our laboratory at a variety of pHs, e.g., pH 3,4 and 5,
showed that sodium cyanoborohydride in aqueous solution did not reduce the
aldehyde groups of PA microspheres). However, our and other studies**?? indicated
that in many instances the immunological activity of proteins, e.g., antibodies, bound
to various supports decreased significantly because of the use of the borohydride
reducing reagents.

The search for new, effective immunoadsorbents is still continuing®®27. Most of
the-current advanced studies are carried out with polymeric beads containing hydroxy
groups, e.g., silica beads or Sepharose beads. The standard cyanogen bromide
activation method that is used to bind amino ligands, to polymeric beads containing
hydroxy groups suffers from several major disadvantages, e.g., high toxicity of the
cyanogen bromide reagent, a low yield of the reaction and instability of the isourea
bond formed by the cyanogen bromide activation method towards hydrolysis and
nucleophilic substitution reactions?®. Recently, Wilchek and co-workers®®?°
elucidated the mechanism of the cyanogen bromide activation method. On the basis of
their studies, they were able to increase the yield of the reaction between amino ligands
and polysaccharide resins and thereby the amount of cyanogen bromide required for
the activation could be decreased significantly. However, the instablity of the isourea
bond still create a major difficulty in some systems. In order to eliminate the unstable
bonds created by the cyanogen bromide activation method, Kohn er al.3° developed
alternative methods for the activation and immobilization of proteins to polymeric
beads containing hydroxy groups based on reagents such as p-nitrophenyl chloroform
at, N-hydroxysuccinimide chloroformate and trichlorophenyl chloroformate.

Several publications on the synthesis of beads derivatized with aldehyde groups
suggest their use in affinity chromatography. An aldehyde-activated polyacrylamide
support was prepared by Fiddler and Gray*' from a commercially available
aminoethyl polyacrylamide gel. Guesdon and Avrameas®® prepared aldehyde-acti-
vated polyacrylamide agarose beads. Miron et al.'® synthesized aldehyde-activated
beads by reacting cyanogen bromide-activated agarose with varous bishydrazides to
give hydrazidoagarose. Here, we have described the synthesis and studies performed
with the improved APAMB. These beads are stable’®'%, they covalently bind amino
ligands in a single step at physiological (or other) pH, they have a high binding capacity
to amino ligands, the leakage of proteins bound to the APAMB is insignificant and
they are highly biocompatible and blood compatible'®. Very recent studies showed
that the porosity of the APAMB (containing PA microspheres of average diameter
0.15 um) is slightly lower than that of Sepharose 4B, and that the reactivity of a few
proteins (e.g., protein A) bound to similar APAMB, quenched with hydroxylamine, is
similar to the reactivity of the same proteins bound to Sepharose 4B via the cyanogen
bromide activation method. Further studies are in progress in our laboratory.
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SUMMARY

A process has been developed for the separation of Xe-133 from a fission
product gas mixture, consisting in collection of fission noble gases with a charcoal cold
* trap and purification and dispensation of xenon by chromatographic separation using
activated charcoal as adsorbent. Impurities such as hydrogen, oxygen, oxides of
nitrogen and krypton are almost completely removed from the xenon product.
Analyses of the fission gas components were performed by gas chromatography using
Porapak Q, Spherocarb and molecular sieves as adsorbents. The purity and yield of the
product are satisfactory for domestic requirements in nuclear medical applications.

INTRODUCTION

Radioactive krypton and xenon are normally emitted with the off-gas during the
dissolution of irradiated uranium. Rare gases can be separated from gas mixtures by
physical means’, eg., preferential adsorption on solids, absorption in liquids,
low-temperature distillation and several differential diffusion processes®3. Usually,
krypton and xenon are recovered together in most processes and they are separated by
distillation, selective adsorption or gas chromatography.

The rare gas isotopes most useful in nuclear medicine and industry are 133Xe and
85Kr. The fission yields for thermal neutron bombardment of 235U are 6.8% for '3*Xe
and 0.29% for *°Kr* As ®Kr decays primarily by beta-emission associated with
gamma rays only to the extent of 0.4% of its decay, this isotope is of limited use for in
vivo measurements®. '**Xe decays with a half-life of 5.25 days by emitting a beta-
particle accompanied by 81 keV gamma radiation®. Currently, 133Xe is the most
commonly used radioactive gas isotope in nuclear medicine for imaging in lung
ventilation studies”®, in organ blood flow measurements®1%!! and in the determina-
tion of tissue lipid and lipid-free fractions!®!3,

A method for the collection and concentration of rare gases has been established
in this study. Activated carbon has previously been demonstrated to be successful for
the chromatographic separation of rare gases at various temperatures'4~!7. In this
work, a procedure for the pre-treatment and chromatographic separation of krypton
and xenon at room temperature and atmospheric pressure was established!®. The
dispensation of the xenon product can be performed by using a gas diffusion device.

0021-9673/89/$03.50 .© 1989 Elsevier Science Publishers B.V.
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EXPERIMENTAL

Collection of rare gases

The system design for the collection of rare gases from the fission product gas
mixture source is shown in Fig. 1. The charcoal trap is connected to the fission product
gas system by using a bypass loop and a four-way ball-valve.
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Fig. 1. Rare gas collection from fission product gas mixtures using a charcoal trap..
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Off-gas pre-treatment. The in-cell off-gas system provides pre-treatment of the
incoming gas stream. Prior trapping of water vapour and other gases such as the oxides
of nitrogen and carbon is essential in order to prevent saturation of the adsorber or to
avoid plugging of the cold trap. Radioactive iodine is separated by passing off-gases to
acid and alkaline scrubbers in sequence. Nitrogen dioxide and carbon dioxide are also
trapped in the alkaline scrubbers. Water vapour can be removed by condensation of
the off-gas stream and by adsorption on a molecular sieve bed. It was found that the
pre-treated inlet gas stream had a dew point below —78°C, and trace amounts of
radioactive organic iodine had to be separated.

Rare gas collection. The rare gas collection system located out of the cell consists
of an inlet-outlet gas line, a silver halide filter and a charcoal trap. Residual organic
iodine compounds can be separated by chemisorption using silver zeolite.

The charcoal trap was made from a U-shaped piece of copper tubing; activated
charcoal was held in the trap with glass-wool and stainless-steel screens. The copper
tube filled with charcoal was accommodated in a Dewar flask. During operation, the
liquid nitrogen level was maintained at about 2 in. below the top of the flask, which was
covered with two pieces of half-moon Polylon plate. The collection efficiency of the
trap was found to be essentially 100% for both xenon and krypton at gas flow-rates

below 3 1/min. This trap was also used for the recovery of chromatographically purified
xenon.

Principle of chromatographic separation of krypton and xenon

Because the activity of #°Kr (39.5 mCi) is low, application of the chromato-
graphic process with activated charcoal is limited to the purification of 133Xe only. The
process sequence is illustrated in Fig. 2, and consists of the following steps.

(1) Adsorption of He-Kr-Xe mixture at room temperature and atmospheric -
pressure up to the first breakthrough. During this step, the outflowing gas is free of
krypton and xenon and is vented to waste.

(2) The adsorption phase is continued. The outflowing gas contains krypton at
the same concentration as that in feed gas (C = Cp) and is vented to waste.

(3) After the adsorption phase, the adsorber is flushed with helium at room
temperature and atmospheric pressure until the krypton concentration in outflowing
gas has fallen to 0.001Cy. During this flushing step, no significant xenon breakthrough
takes place.

(4) Xenon is then desorbed by flushing the adsorber with heated (60°C) helium
under atmospheric pressure. The released xenon is collected and concentrated in
a liquid nitrogen-cooled charcoal trap.

(5) When xenon desorption is completed, the inlet and outlet valves of the
adsorber are closed to keep the adsorbent dry.

The process is based on the concept that the co-adsorbed krypton is more easily
desorbed than xenon during the flushing step. This makes it possible to carry out the
adsorption-desorption process at normal pressures and temperatures (preferably at
room temperature). Sufficient separation of krypton from xenon can be achieved by
appropriate control of the adsorption and desorption operation.

Equipment and procedure
A simplified scheme of the experimental equipment is shown in Fig. 3. The
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Kr Collection or to Vent Xe Collection

He(N2) He(Nz), Kr He(Nz), Kr He, Xe
- gt —

He(Nz), Kr, Xe He(Nz), Kr, Xe He(Nz) He-heated

Adsorption Flushing Desorption

Fig. 2. Basic principle of separation of krypton and xenon by adsorption and desorption.

apparatus makes it possible to adjust various operating parameters such as the gas
flow-rate, pressure, carrier gas, temperature, adsorber length, particle size of
adsorbent and rare gas concentrations. The flow-rate was controlled by needle valves.
Temperature was measured by means of thermocouples and indication controllers.
The adsorbers used, 50-100 cm in length and 2 cm LD., were filled with activated
charcoal and preheated with heating tape for 2 h at 60°C under a nitrogen sweep and
a negative pressure of 100 Torr.

The operating procedure for a typical run consists of three steps: (1) adsorption,
(2) flushing and (3) desorption. For the adsorption step, a flow of dry helium or
nitrogen containing a known concentration of admixed krypton or xenon was passed
through a charcoal bed at room temperature and under atmospheric pressure. The
outlet gas samples were taken with small vacuum bulbs at sufficient intervals to give
' effluent concentration-time curves. Gas sampling was carried out at constant
flow-rates and samples were analysed by gas chromatography*®. An HP Model 5840
A gas chromatograph (Hewlett-Packard) equipped with a thermal conductivity
detector was used. Porapak-Q, Spherocarb and molecular sieve columns were
examined for the analysis of the different components involved such as krypton,
xenon, hydrogen, nitrogen, oxygen, methane, carbon dioxide, nitrogen dioxide and
dinitrogen oxide. The rare gas concentration at the outlet was compared with that at
the inlet.

For the flushing step, a flow of helium or nitrogen was passed through the
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charcoal bed and the procedure followed was the same as for adsorption. For the
desorption step, the charcoal bed was flushed with heated helium or nitrogen under
atmospheric pressure and the desorbed gas was sampled in order to measure the xenon
concentrations with the gas chromatograph. The chromatographically purified xenon
was recovered by using the same charcoal trap as for rare gas collection.

RESULTS AND DISCUSSION

Information on the penetration of rare gases through the charcoal bed is needed
in order to specify appropriate desorption conditions for the separation and recovery
of the krypton and xenon fractions. In a series of experiments, the effects of flow-rate,
carrier gas, temperature, length of charcoal bed, particle size of adsorbent and
concentration on rare gas penetration were examined by measuring the shapes and
positions of the krypton and xenon breakthrough curves.

Adsorption of krypton and xenon

The effect of nitrogen carrier gas at flow-rates in the range 250-750 ml/min on
the breakthrough of krypton and xenon was studied, as shown in Table I. The results
indicate that krypton and xenon are separated under the experimental conditions.
Decreasing the flow-rate increases the separation efficiency, but consequently also
lengthens the separation time. When helium was used as the carrier gas, the same
krypton breakthrough curve was observed, but the residence time of xenon was 5.3
min longer. It was also found that krypton and xenon did not affect each other’s
separation behaviour in the studied concentration range. This is consistent with the
results reported by Eshaya and KalinowskiZ°.

The effect of temperature on the breakthrough of krypton and xenon was
studied at 17 and 28°C with a helium flow-rate of 250 ml/min. The results (Table II)
indicate that an increase in temperature reduces the residence time by 32 min for
xenon. The Antoine equation®! for gas adsorption is

Ky = exp[4 + B/(C + T)) (1

TABLE I

EFFECT OF CARRIER GAS FLOW-RATE ON THE BREAKTHROUGH OF KRYPTON AND
XENON .

Charcoal bed, 100 cm x 2cm LD ; activated charcoal, 8-14 mesh, 125 g; temperature, 16 + 1°C; krypton
flow-rate, 5 ml/min; xenon flow-rate, 5 ml/min. :

Carrier gas Flow-rate Column head pressure. Breakthrough time at C/Cr = 0.5 (min)*
(mljmin) (kg)
Krypton Xenon
Nitrogen 750 0.7 + 0.03 6.8 . 85.8
Nitrogen 500 0.32 + 0.02 9.1 92.9
Nitrogen 250 0.13 £+ 0.01 5.3 133.8
Helium 250 0.05 + 0.01 15.3 139.1

*C = concentration; Cg = inlet concentration.
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where K, is the dynamic adsorption coefficient (cm?/g), 4, B and C are constants and
T'is temperature (°C). The adsorption behaviour of rare gases on activated charcoal
can be described in terms of the number of theoretical plates??, which leads to the
conclusion that the predicted breakthrough curves converge to an integral Gaussian
distribution equation. The theoretical results show that the mean residence time of the
adsorbate gas in an adsorbent bed is given by

N -1\ KM

where ¢, is the mean residence time (min), N the number of theoretical plates, M the
mass of the adsorbent (g) and F the flow-rate of the gas containing the adsorbate
(cm?/min). When the number of theoretical plates is large, eqn. 2 reduces to

KyM
= =5 3)

Substituting eqn. 1 into eqn. 3, we obtain

tm _ expld + BI(C + T)] @
tn expld + B/(C + T")]

which is the working equation used for calculating the breakthrough times for rare
gases on activated charcoal. Using eqn. 4, the calculated breakthrough times (at
C/Cg = 0.5) for krypton and xenon are as shown in Table II. The deviations of the
calculated data from the experimental results are possibly due to the different charcoal
adsorbents and experimental equipment used?!.

The effect of the bed length on the adsorption of krypton and xenon was
investigated. The results show that a 50% reduction in the bed length causes a 50%
decrease in the residence times of krypton and xenon. Activated charcoal was used as
the adsorbent in this study because it has substantially better adsorption properties
than molecular sieves and silica gel. The ratio of the bed diameter to mean particle

TABLE II
EFFECT OF TEMPERATURE ON THE BREAKTHROUGH OF KRYPTON AND XENON

Charcoal bed, 100 cm x 2 cm I.D.; activated charcoal, 8-14 mesh, 125 g; helium flow-rate, 250 ml/min;
krypton flow-rate, 5 ml/min; xenon flow-rate, 5 mi/min; column head pressure, 0.05 + 0.01 kg.

Parameter Breakthrough time at C/Cy = 0.5*
Krypton Xenon
Ambient temperature (°C) 17 28 17 28
Experimental result (min) 15 12 139 107
Calculated result (min) 16 11 160 93

* C = concentration; Cr = inlet concentration.
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diameter, 20/1.5 = 13, was sufficient to reduce wall effects to a negligible level. Wall
effects might become important if larger charcoal granules were used in the bed. The
effect of the particle size of the charcoal on the breakthrough curves was examined at
room temperature (ca. 29°C) with 8-14, 14-18, 18-25 and 25-50 mesh charcoal. No
significant effect was observed in the four experimental runs. The xenon breakthrough
time at C/Cg = 0.5 was nearly constant. Nevertheless, it was found that the use of
higher than 50 mesh charcoal granules would increase the column head pressure.

As the adsorption capacity of a rare gas is reduced in the presence of water
vapour on the charcoal bed?, the use of untreated activated charcoal containing about
10% (w/w) of adsorbed water led to a decrease in the residence time from 59 to 35 min
for xenon. Therefore, it is necessary to remove moisture, carbon dioxide and other
condensable materials from the activated charcoal before it is used as an adsorbent.
The charcoal bed was heated at 60°C and swept with nitrogen gas at 1 1/min under
a negative pressure of 100 Torr to remove the undesirable materials.

Fig. 4 shows the effect of the inlet xenon concentration on the breakthrough
curves of xenon. Increasing the xenon concentration from 0.64 to 4.00 vol.% causes
a decrease in the residence time from 90 to 50 min. Fig. 4 also indicates that the higher
the xenon concentration, the sharper is the breakthrough curve. Broadening effects
might be expected to dominate the adsorption at very low concentrations of xenon.
Certain concentrations of krypton and xenon were used in these experiments to
eliminate the possibility of distortion of the breakthrough curves by a non-linear
isotherm.

Removal of krypton by flushing

After the adsorption step, the charcoal bed was flushed with carrier gas at the
same flow-rate of 250 ml/min until the krypton concentration in the effluent was
reduced to less than 0.1 vol.-% of the initial concentration. Fig. 5 indicates that

complete removal of krypton is achieved in 40 min with either nitrogen or helium
flushing, while xenon at this point is still maintained in the charcoal bed.

C/CF

L
o ok | L
NN
/

20 40 60 80 100 120 t(min)

0

Fig. 4. Effect of xenon concentration on the breakthrough curve at 19 4 1°C, a helium flow-rate of 250
ml/min and a column bead pressure of 0.05 £ 0.01 kg. € = concentration; Cg = inlet concentration.
Charcoal bed, 50cm x 2cm 1.D.; activated charcoal, 8-14 mesh, 62 g. Xenon flow-rate, O, 10; @, 5; and@.
1.6 ml/min.
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c/C
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60 80 100 t{min)

Fig. 5. Variation of krypton and xenon concentrations with time during the flushing step. C =
concentration; Cg = inlet concentration. Charcoal bed, 100cm x 2cm L.D.; activated charcoal, 8-14 mesh,
125 g; feed gas, helium (250 ml/min) + 2.00% (v/v) krypton + 2.00% (v/v) xenon; adsorption time, 80 min.
Temperature, 17°C; helium (nitrogen) flow-rate, 250 ml/min; column head pressure, 0.05 kg (helium) or 0.13
kg (nitrogen). O, Krypton in helium; @, krypton in nitrogen; ©, xenon in helium.

In order to verify the feasibility of the chromatographic separation process, the
efficiency of removal of rare gas by flushing ina S0 cm x 2 cm I.D. charcoal bed was
examined. Aliguots of xenon and krypton were injected into the liquid nitrogen-cooled
charcoal trap, which was then heated at 220°C for 30 min. The released rare gases were
then removed with helium carrier gas and fed into the charcoal bed, and the krypton
and xenon breakthrough curves were measured. The results in Fig. 6 indicate that
a successful separation of krypton and xenon was achieved.

Desorption of xenon .

For the study of xenon desorption, a 100 cm x 2 cm L.D. charcoal bed was
previously fed with nitrogen (250 ml/min) -+ xenon (5 ml/min) for 80 min and flushed
with nitrogen (250 ml/min) for 40 min at room temperature. The effect of temperature
on xenon desorption was examined at a nitrogen flow-rate of 500 ml/min. The results
show that the desorption rate increases with the increasing carrier gas temperature.
However, desorption at temperatures higher than 250°C is unsafe owing to the fire
hazard with activated charcoal beds??.

The effect of carrier gas flow-rate on desorption at constant temperature {(60°C)
is shown in Fig. 7. Increasing the nitrogen flow-rate can cause the rapid desorption of
xenon and a considerable increase in the column head pressure. With helium flushing
for desorption, complete desorption of xenon from the charcoal bed is achieved in 40
min with heated helium at 60°C at a flow-rate of 1000 ml/min. Desorption experiments
were also made at various sub-atmospheric pressures with prior evacuation of the
adsorber. The experiments showed that xenon was desorbed completely within
a relatively short time of 1 h at pressures down to about 100 Torr with nitrogen or
helium flushing at 60°C at a flow-rate of 1000 mi/min. However, quantitative
collection of the desorbed xenon with a liquid nitrogen-cooled charcoal trap was
difficult at this low pressure.
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Fig. 7. Xenon concentration versus desorption time at different flow-rates. Charcoal bed, 100 cm x 2 cm
1.D., activated charcoal, 8-14 mesh, 125 g; adsorption, nitrogen (250 ml/min) + xenon (5 ml/min) for 80
min at room temperature; flushing, nitrogen (250 ml/min) for 40 min at room temperature. Desorption
conditions: nitrogen (helium) temperature, 60 + 1°C; flow-rate and column head pressure, O, 500 ml/min
(nitrogen) and 0.34 + 0.02 kg; @, 750 ml/min (nitrogen) and 0.75 + 0.03 kg; ©. 940 ml/min (nitrogen) and
1.5 £+ 0.05 kg; @, 1000 mi/min (helium) and 0.5 + 0.02 kg.
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The results of the above laboratory studies make it possible to suggest a process
for the separation of krypton and xenon from fission product gases with activated
charcoal. Fig. 8 summarizes the overall procedure for the separation and purification
of 133Xe from fission product gas mixtures by charcoal adsorption—desorption.

Dispensation of xenon-133 product

Xenon-133 is administered by either inhalation or injection in saline for medical
diagnostic applications. In both instances the activity must be apportioned into unit
doses (20-30 mCi) which are suitable for patient use®. The most practical method of
dispensation of '>*Xe is to inject it as a gas in sealed glass ampoules. The dispensing
system used is shown in Fig. 9. Basically, it consists of storage facilities of known
volume (1000 ml, 100 ml), an absolute pressure gauge, a dispenser and a vacuum

Crude Noble Gas Feed

Kr and Xe

(from Charcoal Trap)

Chromatographic Separation

_ of Kr and Xe Gas !
He Flushing He, N2’ O2’ :Kr
(Activated Charcoal Bed) :
|
|
3 y !
. Xenon Desorption I
Heated He Flushin -
S (Xenon on Bed) To Stack :
|
_____ =
{ Krypton |
|
ol

L _Collection.

Xenon Recovery

Charcoal Trap

( liq. N2 cooled )

Activated Charcoal

1

N_ Purge
L Xenon on Trap l‘ 2
Adequate Amount

Xenon Product
N 2(He) , Xe

Fig. 8. Chromatographic separation process for recovery of xenon-133 from trapped rare gases.
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Needle Valve
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From

Charcoal

Bed Xenon Bottle
€ (100 m1)

Xenon Storage
(1000 ml)

. (000

Chargggi_l{gg_______ —hSample Bottles
) (2 mb)
Stop valve
—<—
Up-down
Machine

To Hood Vent

vacuum Pump

Fig. 9. Xenon-133 dispensing system.

pump. The volume of the sections of the system line is determined from the gas
equation P,¥; = P,V,. Dispensation of the ***Xe product is carried out simply by
transferring 133Xe quantitatively from the storage bottle to the vacuum bottle
upstream to the dispenser. Losses of 13*Xe from the dispensing system are inevitable,
hence the system should be stored in a well ventilated hood.

CONCLUSION

The charcoal trap of a U-shaped copper tube, filled with activated carbon and
cooled in liquid nitrogen, proved very effective for the collection of rare gases. The
efficiency of the collection of krypton and xenon is essentially 100% at a flow-rate of
helium carrier gas of 3 1/min.

The breakthrough curves (C/Cg vs. ) indicate that the adsorption behaviour of
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krypton—xenon-helium mixtures is the same as that of xenon-helium and krypton—
helium mixtures in the gas concentration range investigated. From the previous
investigation, it is concluded that a 50-cm activated charcoal adsorption column is
sufficient for the separation and purification of '3*Xe from fission product gases at
temperatures below 35°C. This established chromatographic separation process is
suitable for the production of !'**Xe for medical diagnostic applications in local
hospitals.

The advantages of the developed chromatographic separation process are (1)
operation at ambient temperature and pressure, (2) cost effective in operation and (3)
separation of small amounts of ®*Kr and !**Xe to provide a high-purity 133Xe
product.
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SUMMARY

The reversed-phase high-performance liquid (HPLC) and thin-layer chroma-
tographic (TLC) behaviour of flavonoids with methanol, tetrahydrofuran and aceto-
nitrile as organic modifiers was compared. Twenty-six different correlation cases,
together with their statistical parameters, are presented and discussed. Both TLC and
HPTLC plates were considered. The dependence of TLC incremental R,, values from
different group substitutions on solvent type, solvent composition and type of plate is
considered. A method for establishing HPLC gradient elution conditions by using
TLC data is discussed.

INTRODUCTION

Reversed-phase high-performance liquid (HPLC) and thin-layer chromatogra-
phy (TLC) are well established separation methods in flavonoid analysis!~*2. In pre-
vious papers the behaviour of flavonoid compounds in several reversed-phase HPLC
partition systems differing in (1) column type, (2) acid modifier, (3) organic modifier
[methanol, tetrahydrofuran (THF) and acetonitrile] was considered and the selec-
tivity properties with reference to isocratic and gradient elution separations were
discussed!3-18.

Despite the many publications on TLC flavonoid analysis®~'?, no general and
systematic study of the influence of experimental variables such as the solvent, com-
position and type of plate could be found. In this work these aspects were examined
with reference to reversed-phase systems and the relationship between HPLC and
TLC was studied. The last approach, because of its many useful practical implica-

6—12
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tions! 723

analysis.

, appears to be promising for solving many complex problems of flavonoid

EXPERIMENTAL

The TLC measurements were carried out on three different reversed-phase C g
pre-coated layers: (a) TLC KCI18F (Cat. No. 4803-800) (Whatman, Clifton, NJ,
U.S.A)), (b) TLC pre-coated plate RP-18F,5,4S (Cat. No. 15423) (Merck, Darmstadt,
F.R.G.) and (c) HPTLC pre-coated plate RP-18WF,5,S (Cat. No. 13124) (Merck);
these are referred to as TLC (W), TLC (M) and HPTLC (M), respectively.

The following parameters were kept constant: size of the plates (10 cm x 10
cm), solvent volume (20 ml) in the developing tank (10 cm high x 20 cm x 5 cm),
distance of the starting line from the bottom (1 cm) and distance of development (5
cm). After the application of the spots (0.1-0.2 ul) of standard solutions, ascending
development was carried out at room temperature. The spots were located under UV
light by quenching of the fluorescence at 254 nm. R, measurements were repeated
four times on the same plate washed with methanol after each development. No drift
in the retention data was observed and the standard error over the mean R,, value was
always between 0.07 and 0.03.

The solvents were of HPLC grade from Rudi-Pont (Parsippany, NJ, U.S.A)).
Methanol, acetonitrile and THF were utilized as organic modifiers in binary mixtures
with water. The aqueous phase was buffered at pH 2-3 in 80 mM citric or acetic acid —
8 mM disodium hydrogenphosphate (Carlo Erba, Milan, Italy). The selected flavo-
noid standards were Extrasyntese (Genay, France), used as received and dissolved in
ethanol (HPLC grade) to give 1000 ppm solutions. The selected standards represent
flavones, flavonols, flavanones and glycosides and are listed in Table 1.

TABLE I
LIST OF FLAVONOID COMPOUNDS STUDIED

No.  Compound No.  Compound

1 Acacetin 10 Luteolin 7-O-glucoside
2 Apigenin 11 Morin

3 Apigenin 7-O-glucoside 12 Naringenin

4 Apiin 13 Quercetagetin

5 Chrysin 14 Quercetin

6 Chrysoeriol 15 Quercitrin

7 Eriodictyol 16 Rutin

8 Galangin 17 Myricetin

9 Luteolin 18 Vitexin

All the HPLC data were obtained on a uBondapak C,g column (Waters, Mil-
ford, MA, U.S.A.) (W1 and W3 data from refs. 15 and 16). Retention data with a
given organic modifier were obtained on the same column. HPLC data for vitexin and
myricetin were obtained on column W3 by following the experimental procedure in
refs. 15 and 16.
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THEORETICAL

The comparison between TLC and HPLC is based on the study of the relation-
ship

log k' = f(Ry) (1)
where k' is the capacity factor and Ry, is defined as

Ry = log(l/Rr —1) @
The most commonly used form of eqn. 1 is the linear relationship |

logk' = A + BRy ' 3)

and using different test compounds it has proved to be followed by different HPLC
and TLC systems?2. When 4 =0 and B=1 both the partition processes are the same
and

log k' = Ry 4)

Any departure from this ideal behaviour may have a simple thermodynamic explana-
tion. In fact, remembering that

k' = KVVn )

where V, and V,, are the stationary phase and mobile phase volumes, respectively,
and K is the distribution constant, an A4 value other than zero can mean either a
different phase ratio value or a multiplying factor acting on K. As

Ap’=—RTIn K (6)

where 4u° is the standard Gibbs free energy change for a solute in the mobile phase
passing into the stationary phase, a multiplying factor on K means a constant shift
A(4p°) for all the solute samples. A non-unit value of B in eqn. 3 appears as a
constant multiplying factor over the whole scale of the free energy of transfer, imply-
ing more complex differences in the thermodynamic partition properties of the two
systems being compared. In order to understand better the underlying changes in
solute—stationary phase interactions, the comparison of TLC and HPLC can be fur-
ther analysed by studying the following relationship:

Alog k' = f(ARy) @)

where 4 log k" and ARy, are calculated over solute pairs differing in some character-
istic substituent groups. Such a study can highlight specific polarity, lipophilicity,
hydrogen bonding and dipolar interaction changes of the two chromatographic sys-
tems being compared.
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In addition to these purely thermodynamic effects, other phenomena pertaining
to the chromatographic process itself may be responsible for the departure from the
theoretical relationship with unit slope and zero intercept, which is observed even
when the same material is used for the HPLC column packing and the TLC layer. In
fact, it is well known that there is no perfect equivalence between TLC development
and HPLC elution and many physical peculiarities have been described and dis-
cussed, e.g., the roles of the interphases, capillary forces and demixing processes®425.
As these effects are dependent on the mobile phase volume composition (@), some
insight into them can be attained by studying the log &'—Ry and Alogk'—AR,, rela-
tionships with changing @. For example, if Alogk’ group contributions in an HPLC
system are independent of @ and the TLC and HPLC systems are identical, the ARy,
values will be not affected by effects due to changes in the mobile phase composition
and their values will be equal to 4log k'. Obviously many other cases could be de-
scribed implying a complex integral effect of Ry with changing ®. For the above
arguments, an exhaustive description of the TLC vs. HPLC relationship must take
into account a broad range of different independent variables if the aim is to achieve
precision and accuracy and also to check different theoretical hypotheses.

RESULTS AND DISCUSSION

All the HPLC reference data taken into consideration in this work were ob-
tained on a yBondapak C;3 column. In a previous study!® it was shown that no
substantial difference in the relative retentions of flavonoid compounds is observed
when using Cg or C;5 bonded phases from different manufacturers, so the results of
this study can be easily extended to these different systems. The only parameter
affected will be A4 in eqn. 3, which reflects the phase volume ratio.

In Table II the results of 26 linear HPLC-TLC correlations are reported. In this
study six different factors were considered: (a) different TLC layers (TLC, HPTLC);
(b) different manufacturers (W,M); (c) different solvent volume fraction (®); (d) dif-
ferent solvents (methanol, acetonitrile, THF); (e) different acid modifier with the
same solvent (citric and acetic acid in methanol); and (f) repeatibility (systems 16, 17
and 18, 19 in Table II).

A number of compounds generally between ten and twenty were employed in
establishing HPLC-TLC correlations. Ry values in the range —0.2 to 1.2 were con-
sidered. This range is different from that recommended for physico-chemical studies
(—0.6 t0 0.6), but it is commonly accepted for correlation studies?®. In addition, both
the log k" and Ry ranges were homogeneously covered. As a general remark, it was
observed that M layers exhibit lower retentions than W layers. Good correlation
coefficients (greater than 0.95) were observed. Minor exceptions were observed at
water concentrations higher than 50% in the eluent phase and with methanol as
organic modifier both on TLC and HPTLC plates (systems 1,2 and 15 in Table II).
These last cases are probably due to demixing phenomena in the mobile phase, which
was indeed observed experimentally.

Disregarding the above-mentioned demixing effects, systematic differences are
observed between TLC and HPTLC plates in methanol. For the first system a unit
slope with a low and nearly constant intercept (—0.20) is observed in most instances
whether on plates from different manufacturers or with different acid modifiers in the
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TABLE 11

HPLC-TLC CORRELATION RESULTS ACCORDING TO EQUATION LOG k'=4 + BR,,
Acid modifier: acetic acid except where specified otherwise.

System  Plate Source  Solvent ® (%) A B R o,
No.
1 TLC w Methanol 40 —0.20+0.21 1.03+0.24 0.89 0.12
2 TLC W Methanol 45 —0.16+0.22 0.80+0.28 076 0.14
3 TLC W Methanol 50 —0.19+0.04 0.9740.06 0.98 0.06
4 TLC w Methanol*** 50 ~0.434+0.05 1.00+0.08. 0.97 0.09
5 TLC w Methanol 55 -0.1940.03  0.99+0.06 099 0.05
6 TLC w Methanol 60 —0.13+£0.02 0.9240.05 0.99 0.07
7 TLC w Methanol*** 60 —0.234£0.02 0.96+0.05 0.99 0.05
8 TLC M Methanol 50 —0.22+£0.02 1.0310.03 099 0.02
9 TLC M Methanol 55 —0.244003 1.02+0.07 0.98 0.05
10 TLC M Methanol 60 —-0.4240.02 1.16+0.05 0.99 0.06
11 TLC w THF 45 —0.36+0.03 1.56+0.07 099 0.07
12 TLC w Acetonitrile 40 —0.0440.02 1.06+0.04 099 0.06
13 TLC M THF 45 —0.41+£001 1.55+£0.02 0.99 0.02
14 TLC M Acetonitrile 40 —0.14+0.01 1.03+0.03 099 0.04
15 HPTLC M Methano!l 45 —0.16+030 0.85+041 . 0.64 0.16
16 HPTLC M Methanol 50 -0.27+0.07 1.1940.10 097 0.08
17 HPTLC ™M Methanol 50 —0.314£0.05 1.1710.08 098 0.07
18 HPTLC M Methanol 55 —0.27+£0.04 1.36%£0.07 098 0.08
19 HPTLC M Methanol 55 —0.21£0.04 1.37+0.08 098  0.09
20 HPTLC M Methanol 60 —0.384-0.03 1.434+0.11 0.97  0.09
21 HPTLC M THF 40 —0.61+0.04 1.054+0.04 0.99 0.05
22 HPTLC M THF 45 —0.66+0.03 1.19+0.04 0.99 0.05
23 HPTLC M THF 50 —0.35+£0.02 0.98+0.05 098 0.05
24 HPTLC M Acetonitrile 40 —0.39+£0.03 1.4940.05 099 0.03
25 HPTLC M Acetonitrile 45 —-0.2540.05 1.52+0.09 0.98 0.06
26 HPTLC M Acetonitrile 50 —0.14+0.02 1.46+0.98 099 0.05

* R = Correlation coefficient.

** g, = Standard error of regression.

*** Citric acid as acid modifier.

mobile phase. The only exception is the lower intercept (—0.43) with citric acid
modifier at 50% methanol (system 4 in Table II). This last finding, if related to the
abrupt change in the HPLC solvent strength observed at this particular organic mod-
ifier composition’*'*, may not be particularly remarkable.

In the HPTLC system, slopes always greater than unity with a significantly
lower intercept are observed (systems 16 and 17 in Table II). The former analysis
suggests that in contrast to HPLC, TLC plates in methanol behave as a nearly ideal
system, whereas departures from ideality are apparently exhibited by HPTLC plates.
If, on the other hand, different organic modifiers are also considered, one can see that
this sharp differentiation does not reappear. In fact, with 40% acetonitrile a unit slope
is observed on TLC plates (systems 12 and 14) but with 45% THF (systems 11 and 13)
on the same type of plates the slope is 1.6. The reverse is observed for HPTLC plates,
but-with the THF intercept being very negative (systems 24-26 for acetonitrile and
21-23 for THF). Hence one can conclude that the nearly ideal behaviour (unit slope
and low intercept value) observed with TLC plates is the combined result of the use of
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TLC plates and methanol as organic modifier in the @ range 50-60%, as no other
plate-solvent combination gives this effect. In Fig. 1a and b the above-described main
types of behaviour are shown; Fig. 1a is an example of an “ideal‘ correlation with
TLC-methanol systems and Fig. 1b is an example of the correlation on HPTLC
plates with a slope significantly greater than unity.

1

(@)
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o 0?2 UT4 ' OTS ' 0?8 j ; ' 1.2
Fig. 1. HPLC-TLC correlation; 50% methanol as organic modifier and acetic acid as acid modifier. The
numbers refer to the compounds listed in Table I. (2) TLC (W); (b) HPTLC (M). HPLC data from ref. 15.

The correlation between the Alog k" and 4R, values responsible for a partic-
ular substituent group within the molecule can help to explain the observed behaviour
(see Table III). The group contributions in the methanol systems, in HPLC found to
be independent of the volume fraction &, column type and acid modifier (citric or
acetic)'®, are analysed first (Table IIT). One can see that the agreement between Alog
k" and ARy values is very satisfactory for TLC plates and only small systematic
differences are observed with HPTLC. In addition, the insensitivity towards & is
exhibited by all the TLC systems, as revealed by the low standard errors reported in
Table III.

Fig. 2a shows the strict correlation between HPLC dlog k&’ and TLC ARy, data,
with a slope equal to unity and an intercept nearly equal to zero. Fig. 2b shows the
correlation with HPTLC data. In the latter instance the intercept is again nearly equal
to zero but the slope is greater than unity. These last findings can give some insight
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Fig. 2. ALog k' (HPLC) vs. 4R,, (TLC) for (a) TLC (W) and (b) HPTLC (M). See Table 1I1. Abbrevia-
tions: Gluc. = glucose; Rhamn. = rhamnose; Rut. = rutinose; Uns. = unsaturation.

into the different, previously mentioned behaviour of TLC and HPTLC plates. The
constancy of the group retention contributions in the first instance means an equiv-
alence of the partition properties of TLC and HPLC systems. The HPTLC plates
appear instead to be about 1.5 times more polar than the two previous systems. At
this point one might ask whether this polarity increase is a pure thermodynamic effect
or rather an apparent effect due to the composition changes during the chroma-
tographic development. As mentioned in the Theoretical section, we believe that
methanol as organic modifier-is probably unable to cause such an effect because in it
the group contributions are largely insensitive towards composition with all the parti-
tion systems examined (HPLC, TLC, HPTLC). Hence it can be assumed that there is
an effective polarity difference between TLC and HPTLC plates without ruling out
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TABLE IV

SUBSTITUENT GROUP CONTRIBUTIONS [4R,, (TLC)

TETRAHYDROFURAN IN THE MOBILE PHASE
Acetic acid as acid modifier. HPLC data taken from ref, 16.

OR 4LOG

k' (HPLC) WITH 45%

Group contribution Compounds TLC (W) TLC (M) HPTLC (M) HPLC
3-OH 8-5 0.15 0.12 0.13 0.20
3-OH 14-9 0.08 0.09 0.10 0.12
6-OH 13-14 —0.47 —0.48 - —0.70
3'-OH 9-2 —0.05 —0.04 —0.12 —0.07
3'-OH 10-3 —0.04 —0.04 —0.06 —0.04
3'-OH 7-12 —0.06 —0.06 - —0.11
4'-OH 2-5 —0.11 —0.14 —0.11 —0.20
3-OCH,(-HO) 6-2 —0.03 —0.04 —0.08 —0.05
4-OCH, 1-5 —0.01 —0.03 —0.06 -~0.02
2,3-Unsaturation 12-2 0.07 0.05 - 0.13
2,3-Unsaturation 7-9 0.06 0.03 0.04 0.09
3-Glycoside (rhamnose) 15-14 —0.28 —-0.37 —043 —0.55
3-Glycoside (rutinose) 16-14 —0.54 —0.57 —-0.70 -0.72
7-Glycoside (glucose) 3-2 -0.35 —0.38 —0.54 —0.62
7-Glycoside (glucose) 10-9 —0.34 —0.38 —0.48 —0.59
7-Glycoside (apiosylglucose) 4-2 —0.40 —045 —0.64 —0.72

gradient composition effects during development. A full explanation of such a hy-
pothesis would require a systematic investigation by means of an extended polarity
scale of both the eluent and test sample compounds. This aspect is outside the scope
of this paper.

In Tables IV and V the dependence of the group contributions on the partition

TABLE V

SUBSTITUENT GROUP CONTRIBUTIONS [4R,, (TLC) OR ALOG k' (HPLC) WITH 40% ACETO-
NITRILE IN THE MOBILE PHASE
Acetic acid as acid modifier. HPLC data taken from ref. 16.

Group contribution Compounds  TLC (W) TLC (M) HPTLC (M) HPLC
3-OH 8-5 0.00 0.11 0.05 0.08
3-OH 14-9 0.02 0.04 0.13 0.03
6-OH 13-14 —-0.37 —0.38 — —0.37
3"-OH 9-2 —0.20 —0.21 —0.15 —0.22
3-OH 10-3 —0.04 —0.04 —0.05 —0.01
3'-OH 7-12 —0.16 —-0.19 - —0.22
4-OH 2-5 -0.42 -0.43 —0.29 —0.45
3'-OCH,(-HO) 62 0.00 0.02 0.02 0.03
4-OCH, 1-5 0.00 0.04 0.03 0.05
2,3-Unsaturation 12-2 —0.08 —-0.05 — 0.01
2,3-Unsaturation 7-9 —0.04 —0.03 —0.05 0.01
3-Glycoside (rhamnose) 15-14 —0.28 -0.29 —-0.23 —0.38
3-Glycoside (rutinose) 16-14 —0.38 —-0.39 —0.39 —0.38
7-Glycoside (glucose) 3-2 —0.48 —0.53 —041 —0.58
7-Glycoside (glucose) 10-9 —-0.32 -0.36 —0.31 -0.37
7-Glycoside (apiosylglucose) 4-2 —0.52 —0.57 —041 —0.56
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system with THF and acetonitrile, respectively, are presented. If these data are com-
pared with those for methanol (Table ITI), it can be seen that there is general agree-
ment between the HPLC and TLC group contribution patterns on changing organic
modifier. Hence the solvent selectivity properties and their usefulness in flavonoid
identification, previously considered for HPLC'®, are conserved in TLC systems. If
these data are analysed more closely, it can be seen that no distinct behaviour is
followed by a particular type of plate or a particular organic modifier, the only major
finding being the constant behaviour of both types of TLC (W, M) plates. In addi-
tion, the differences between 4R, and 4log k' data are always more detectable than
those found in methanol. This finding, common to all types of plates, is probably due
to the marked dependence of the group contributions on & with these solvents, result-
ing from the effects of composition changes on the plate, although polarity differences
of the HPTLC layer cannot be ruled out. In support of this hypothesis, one can see
the dependence of 4Ry and Alogk’ on &, compared in Fig. 3 for the HPTLC plate.
For certain group contributions a parallel behaviour is observed but for others (see,
e.g., 3-O-Rut.) more complex behaviours with intercrossing occur, which admittedly
may result from both polarity and composition gradient effects.

Let us now consider the practical relevance of the useful effects. A slope greater
than unity means substantial compression of the useful HPLC chromatographic
space (i.e., 1 < k' < 10) when it is projected over the corresponding TLC or HPTLC
space. Hence a slope of unity would be preferable because this adverse effect would be
avoided. If in addition the intercept is near to zero, retention data can be easily
transferred from HPLC to TLC and vice versa. Another interesting property of TLC
plates is their use in compound identification: as the 4Ry, values are equal to dlog k’
to within +0.03 unit in the dlog &' range 0-0.40, relative retention in HPLC can be

0.2
ot P&g } 3-OH
°7 ’
v 0 - 874370 3-0OH
g’ —0.2
q 0
& 04 Er/"‘f'/a} 3-0-Rhamn.
mz —o.5 - n_"_”ﬂ/n
< g6 ' 3-0-Rut.
0.7
~08
~0.9
=1 T T T T Y T T T T T T T T T
0.3 0.34 0.38 0.42 0.46 05 054 0.58

®

Fig. 3. 4R,, (TLC) and dlog k' (HPLC) dependence with THF. TLC data were obtained on HPTLC plates.
HPLC data were obtained from ref. 16. Closed symbols, HPTLC; open symbols, HPLC.
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Fig. 4. R, vs. methanol concentration (@) in the mobile phase. TLC (M). Compounds: A = apigenin; & =
quercetin; 0 = quercitrin; + = eriodictyol.

predicted with an accuracy of +5%. On both TLC and HPTLC plates retention
requires a calibration graph and, in the most favourable instance with log &' = 0.5
(k" = 3), the standard error of the fitting (Table IT) implies an accuracy of 12% in the
absence of demixing effects.

Another useful application of the TLC system with methanol would be its
usefulness in establishing HPLC gradient elution conditions. It is well known that this
procedure consists in determining the useful @ range of the gradient, which is where
log k" is in the range 1-0 (k" = 10-1), and then calculating the solvent strength values
(8§ = Adlog k' A®), determining the gradient steepness according to the Snyder linear
solvent strength theory?”2%. In order to do this by using only TLC R, data, a method
is proposed which consists in constructing Ry vs. @ plots such as those reported in
Fig. 4. From these plots gradient elution conditions were determined and compared
with data obtained by HPLC (see Table VI). It can be seen that the agreement is
generally satisfactory for the useful A9 range, whereas more significant differences
were found in solvent strength evaluation. The latter failure is not critical, however,
because gradient steepness must be often optimized in order to achieve optimum
separations!314,

CONCLUSIONS

The correlation between HPLC and TLC is a very important experimental
factor which can be of great value for the rapid and economical development of
chromatographic methods for flavonoid analysis. However, the significant differences
observed here suggest that care is necessary when using unvalidated data. The fact
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that solvent selectivity effects previously described in HPLC are conserved in TLC
makes the latter superior to HPLC owing to the possibility of enhancing the peak
capacity through two-dimensional development?®. This last point and its applications
deserve a separate investigation.
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SUMMARY

Both a- and f-cyclodextrin (CD) bonded phase columns were evaluated for their
ability to separate carbohydrates and related molecules. Chromatographic data on
approximately 50 solutes are reported. Mobile phases consisting of acetonitrile-water
or acetone—-water produce the best separations. Separations could be run in isocratic or
gradient modes. The a-CD column produced slightly more efficient separations than
the B-CD column. Both cyclodextrin columns seemed to be more efficient and selective
than alkylamine and ion-exchange columns. The stability and reproducibility of the
CD columns were excellent and showed little deterioration after several thousand
injections. The retention of saccharides on CD bonded phases seems to be related to
the number of available hydroxy groups per solute and to the size of the solute.
Analysis times and detection sensitivity are discussed.

INTRODUCTION
i

The separation, identification and quantitation of carbohydrates by liquid
chromatography (LC) have received an increasing amount of attention in recent years.
Earlier paper and thin-layer chromatographic methods tended to be relatively time
consuming and often afforded less resolution than needed for complex mixtures!~S.
Gas chromatographic methods gave sample resolution and sensitivity but the analytes
required prior derivatization to make them volatile’!°. Many of the earlier LC
methods also used carbohydrate derivatives rather than native compounds''~¢. The
most recent reports involve the direct LC analysis of underivatized carbohy-
drates'’~'°. Often these separations require specific types of columns such as
alkylamine bonded phases, polyol derivatized phases or various ion-exchange media in
which specific counter ions are added to affect the separation. Each of these stationary
phases have characteristics that are useful for carbohydrate separations. However,
there can also be shortcomings, particularly in terms of column stability, lifetimes and
reproducibility. An alternative approach is to use an underivatized stationary phase
and add a diamine modifier to the mobile phase?’. Both comprehensive®!:2? and
critical?®2* reviews on the LC separation of carbohydrates have been published.

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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Cyclodextrin (CD) bonded phase LC columns developed in our laboratory are
used extensively for the separation of optical, geometric and structural isomers23-31,
Also, they are used increasingly in routine reversed-phase and normal-phase LC
separations®2. CD bonded phase media is relatively stable, particularly in eluents such
as those used to separate carbohydrates on alkylamine, diol and polyol stationary
phases (i.e., water—organic mixtures containing high percentages of the organic
modifier). As the CD bonded phase contains no amine functionality, Schiff base
formation is avoided, which should make quantitative results more reliable. In this
work, two different CD bonded phase columns (x- and B-CD) were evaluated for the
separation of a large variety of saccharides. The effect of different organic modifiers
was examined and column efficiency, stability and reproducibility were evaluated.
Also considered were the effect of isocratic versus gradient separation, detection
methods and anomer formation.

EXPERIMENTAL

All the carbohydrates were obtained from Sigma (St. Louis, MO, U.S.A.) except
heptose, which was obtained from Aldrich (Milwaukee, WI, (U.S.A.) and «-, - and
y-CD, which were obtained from Ensuiko Sugar Refining (Japan). All high-per-
formance liquid chromatographic (HPLC) grade solvents were obtained from Fisher
Scientific (St. Louis, MO, U.S.A.). All chemicals were used without further
purification.

CD bonded phase columns (2-CD or Cyclobond III and 8-CD or Cyclobond I)
were obtained from Advanced Separation Technologies (Whippany, NJ, U.S.A.). The
250 x 4.6 mm LD. stainless-steel columns were packed with 5 yum diameter stationary
phase support.

A Shimadzu LC-6A liquid chromatograph was used for all separations.
A C-R3A or C-R2AX Chromatopac was used to record the chromatograms and for
data reduction. Either a Simadzu variable-wavelength detector or a Waters R401
differential refractometer was used to detect the eluted species. Molar absorptivities
were measured by use of a Hitachi U-2000 spectrophotometer. All separations were
done at room: temperature (22°C).

RESULTS AND DISCUSSION

General behavior

The effect of three different organic modifiers (methanol, acetonitrile and
acectone) on the separation of a variety of saccharides and related solutes on CD
bonded phases was examined. In general the best separations occurred with
water-organic solvents containing a high percentage of organic modifier (65-90%).
Methanol consistently produced the poorest separations and was not considered to be
a viable modifier for most carbohydrate separations on these columns. When
methanol was used, the retention times often were too short and similar for many of the
solutes. However, excellent chromatochrams ¢ould be obtained when using aceto-
nitrile or acetone as modifier. Fig. 1 shows a typical isocratic separation of seventeen
mono-, di- and trisaccharides on an a-CD column with an acetonitrile modifier. Fig.
2 shows a gradient separation of nineteen saccharides on a 8-CD column, also with an
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Fig. 1. Isocratic separation of mono-, di- and trisaccharides on a 25-cm a-CD bonded phase column. Mobile
phase, acetonitrile—water (78:22, v/v); flow-rate, 1.5 ml/min; refractive index detection. Approximately 40 ug
of each sample were injected. Peaks: | = phenyl-g-D-glucopyranoside; 2 = 1-deoxy-!-nitro-D-sorbitol;
3 = p-erythrose; 4 = 2-deoxy-p-ribose; 5 = ribose; 6 = lyxose; 7 = tagatose; 8 = xylose; 9 = glucose;
10 = galactitol; 11 = sucrose; 12 = cellobiose; 13 = lactose; 14 = melibiose; 15 = melezitose;
16 = raffinose; 17 = stachyose.

acetonitrile modifier. Gradient separations were very straightforward on CD bonded
phases. Column re-equilibration was rapid (2-3 column volumes of mobile phase) and
it offered traditional advantages of peak sharpening and reduction of retention for
late-eluting solutes. The addition of salts or buffers to the mobile phase seemed to offer
no particular advantage with respect to separation efficiency or selectivity. This is very
different from what was observed for the separation of ionizable enantiomers on these
columns®®. Consequently, no additional mobile phase additives were used for any of
the carbohydrate separations reported here.

Table I gives retention data for a variety of dlfferent saccharides and related
compounds on the f-CD column and Table II for the a-CD column. Results for both
acetonitrile and acetone modifiers are shown. The relative retention order of the
saccharides is similar for both a- and B-CD columns, although there are a few
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Fig. 2. Gradient separation of nineteen carbohydrates on a 25-cm $-CD bonded phase column. An
acetonitrile—water mobile phase was used and the change in composition is shown in the insert. The flow-rate
was 1.0 ml/min and UV detection (195 nm) was used. Peaks: 1 = phenyl-f-b-glucopyranoside;
2 = 2-deoxy-D-ribose (8 ug); 3 = ribose (8 ug); 4 = xylose (24 ug); 5 = talose (24 ug); 6 = sorbose (24 ug);
7 = glucose (24 ug); 8 = sorbitol (24 ug); 9 = sucrose (31 ug);10 = turanose (31 ug); 11 = maltose (31 ug);
12 = lactose (31 ug); 13 = melibiose (31 ug); 14 = melezitose (31 ug); 15 = maltotriose (31 ug);
16 = stachyose (31 ug); 17 = a-cyclodextrin (58 ug); 18 = B-cyclodextrin (68 ug); 19 = y-cyclodextrin (78
HE).

differences. In general, the monosaccharides elute before diaccharides, which elute
before trisaccharides. By controlling the mobile phase composition one can separate
a wide range of different carbohydrates (as in Fig. 1 and 2) or one can alter the
conditions to obtain maximum separation of related compounds of similar size (Fig.
3). Another interesting fact that is apparent from the data in Tables I and II is that
there is a consistant elution order for families of deoxy-sugars, sugars and sugar
alcohols. The deoxy-sugar tends to elute before the related sugar and they both elute
before the analogous sugar alcohol. In general, the greater the number of available
hydroxy groups in a compound, the greater is the retention. Also, some disaccharide
pairs that are reportedly difficult to separate (e.g., maltose and lactose) are easily
resolved on both a- and p-CD columns.
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TABLE 1

CHROMATOGRAPHIC RETENTION DATA FOR SACCHARIDES SEPARATED ON A
B-CYCLODEXTRIN COLUMN WITH TWO DIFFERENT MOBILE PHASES

Compound Mobile phase Mobile phase
acetonitrile-water (85:15, v/v)  acetone-water (90:10, v|v)
t, (min) K t, (min) k'
Erythrose 3.12 0.48 423 0.41
2-Deoxy-p-ribose 3.45 0.64 — -
Glycerine 3.47 0.65 — -
Glyceraldehyde 3.57 0.71 4.56 0.53
Rhamnose 3.63 0.73 : - -
Ribose 3.74 0.78 4.60 0.53
6-Deoxy-p-glucose 3.83 0.82 - -
Lyxose 4.04 0.93 4.84 ‘ 0.61
2-Deoxy-D-glucose 4.05 0.93 - —
Erythritol . 4.07 0.94 — -
Threitol 4.10 0.95 — —
Xylose 4.12 0.96 497 0.66
6-Deoxy-D-galactose 4.13 0.97 — —
2-Deoxy-D-galactose 4.17 0.99 - -
Talose 4.23 1.02 4.82 0.61
Arabinose 4.30 1.05 5.15 0.72
Tagatose 4.54 1.16 5.18 0.73
Fructose 473 1.25 5.43 0.81
Ribitol 4.73 1.25 - -
Arabitol 4.80 1.29 — —
Sorbose 4.81 1.29 5.44 0.81
Xylitol 4.88 1.33 — —
Allose 491 1.34 - —
Mannose 491 1.34 — —
Glucose 5.36 1.55 5.87 0.96
Galactose 5.57 1.65 6.17 1.06
Sorbitol 5.77 1.75 — —
Mannitol 5.80 1.76 — -
Galactitol 5.87 1.80 - —
D-gluco-D-gulo-Heptose  6.17 1.94 6.13 1.04
Sucrose 7.79 2.71 6.99 1.33
Turanose 8.51 3.08 7.38 1.46
myo-Inositol 8.62 3.10 - —
Cellobiose 9.02 3.30 8.23 1.60
Maltose 9.09 3.33 7.87 1.62
Maltitol 10.00 3.76 - -
Lactulose - - 8.66 1.74
Lactose 10.16 3.84 8.85 1.95
Gentiobiose 10.75 4.12 9.50 2.00
Melibiose 11.56 4.51 9.67 2.23
Melezitose 14.18 5.76 10.13 2.38
Maltotriose 16.44 6.83 11.61 2.67
Raffinose [7.20 7.19 12.29 2.88

Stachyose 39.0 17.57 26.0 7.23
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TABLE 1
CHROMATOGRAPHIC RETENTION DATA FOR SACCHARIDES SEPARATED ON AN
a-CYCLODEXTRIN COLUMN WITH TWO DIFFERENT MOBILE PHASES

Compound Mobile phase Mobile phase
acetonitrile-water (80:20, vjv)  acetone-water (85:15, v[v)
t, (min) k' t, (min) k'
Erythrose 5.82 0.74 4.53 0.24
Rhamnose — — 481 0.32
Glyceraldehyde - - 4.83 0.33
2-Deoxy-D-ribose 6.23 0.86 4.86 0.34
Glycerine 6.47 0.94 5.09 0.40
Ribose 6.74 1.01 498 0.37
6-Deoxy-p-glucose 6.79 1.04 5.08 0.40
3-O-Methyl-p-glucose 7.05 1.11 - -
2-Deoxy-p-glucose 7.19 [.15 5.19 0.43
Lyxose 7.24 1.17 5.21 0.43
Xylose 7.32 1.20 5.33 0.46
2-Deoxy-D-galactose — — 5.40 0.48
Erythritol 7.47 1.23 5.54 0.50
Talose 7.51 1.27 5.13 0.41
6-Deoxy-p-galactose - — 5.71 0.57
Arabinose 7.87 1.35 5.73 0.57
Tagatose 8.01 1.40 5.51 0.51
Ribitol 8.30 1.48 5.72 0.57
Fructose 8.32 1.50 5.84 0.60
Sorbose 8.38 1.52 5.62 0.53
Arabitol 8.43 1.53 5.91 0.62
Mannose 8.47 1.54 5.79 0.59
Allose - - 6.00 0.65
Xylitol 8.48 1.54 6.01 0.65
Glucose 9.04 1.74 6.20 0.70
Galactose 9.45 1.83 — —
D-gluco-D-gulo-Heptose  — - 6.38 0.75
Sorbitol $9.56 1.86 6.43 0.77
Mannitol 9.62 1.88 — -
Galactinol 9.74 2.01 6.56 0.80
Sucrose 11.31 2.40 6.63 0.82
Turanose 11.61 2.48 6.98 0.92
Cellobiose 12.27 2.64 7.85 1.16
Maltose 12.33 2.70 7.30 1.01
myo-Inositol 13.04 2.91 9.70 1.67
Maltitol 13.23 2.97 7.03 0.93
Lactose 13.23 297 8.22 1.26
Melibiose 14.40 3.30 8.83 1.43
Melezitose 15.62 3.68 8.53 1.34
Maltotriose - — 8.80 1.42
Raffinose 17.58 4.26 9.25 1.54
a-Cyclodextrin — - 12.97 2.56
Stachyose 27.87 7.34 13.88 2.81
p-Cyclodextrin - - 15.6 3.29

y-Cyclodextrin — - 18.93 4.20
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Fig. 3. Chromatogram showing the isocratic separation of eight sugar alcohols on a 25-cm f-CD column.
Mobile phase, acetonitrile-methanol-water (95:5:5, v/v); flow-rate, 2.0 ml/min; refractive index detection.
Approximately 80 ug of each solute were injected. Peaks: 1 = glycerine; 2 = erythritol; 3 = ribitol;
4 = arabitol; 5 = sorbitol; 6 = galactitol; 7 = myo-inosytol; 8 = maititol.

The concentration of organic modifier in the mobile phase controls the retention
and selectivity of the saccharide on cyclodextrin columns. The retention tends to
increase with increasing modifier concentration (see Fig. 4 and 5). This retention
behavior is analogous to that reported for sugars on alkylamine, polyol and diol
columns?*. At equivalent mobile phase compositions, a-CD columns generally show
a greater retention than f-CD columns (Figs. 4 and 5).

Efficiency

Van Deemter plots for several saccharides are shown in Figs. 6 and 7 for the a-
and f-CD column, respectively. The optimum efficiency (i.e., the smallest height
equivalent to a theoretical plate, H) varied from solute to solute. The «-CD column
seemed to produce more efficient separations than the f-CD column. Both columns
contained an identical 5-um spherical silica support. The efficiencies at optimum
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55 60 65 70 75 80 85 MeCN %
Fig. 4. Plot showing the effect of acetonitrile (MeCN) concentration (%, v/v) in the mobile phase on the

capacity factors of several carbohydrates eluted from a 25-cm a-CD column. Solutes: @ = ribose;
O = lyxose; B = fructose; A = glucose; [J = sorbitol; V = sucrose.

K

0 ! ! |

60 70 80 90 MeCN %
Fig. 5. Plot showing the effect of acetonitrile (MeCN) concentration (%, v/v) in the mobile phase on the
capacity factors of several carbohydrates eluted from a 25-cm f-CD column. Solutes: @ = fructose;
O = glucose; A = sucrose; [] = maltose; A = lactose.
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Fig. 6. Van Deemter plots of flow-rate versus height equivalent to a theoretical plate (H) for ® = ribose;
A = sorbitol; [J = sucrose and O = glucose. A 25-cm «-CD column was used with acetonitrile-water
(78:22, v/v) as mobile phase.
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Fig. 7. Van Deemiter plots of flow-rate versus height equivalent to a theoretical plate (H) for @ = fructose;

A = sucrose and [] = lactose. A 25-cm $-CD column was used with acetonitrile-water (85:15, v/v) as
mobile phase. :
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flow-rates ranged from ca. 4000 to 8000 plates per 25 cm column for f-CD and from ca.
6000 to 19000 plates per column for a-CD. These efficiencies are higher than those
reported for other columns used to separate carbohydrates**. There'are a number of
possible reasons for the higher efficiency. First, the mobile phase can be adjusted easily
to suppress or enhance the separation of most anomers. This, coupled with small
temperature modifications, can eliminate most band broadening due to the partial
separations of anomers. Anomeric separations are very sensitive to mobile phase
composition. In general, mobile phases containing higher percentages of organic
modifiers tend to enhance the separation of anomers and vice versa. An extensive study
of the separation of sugar anomers has been completed recently®?. Retention of
saccharides on cyclodextrin bonded phases is probably due to adsorption via hydrogen
bonding and dipolar interactions but not to inclusion complex formation. The CD
cavity is probably occupied by the organic modifier, which is present in very high
concentrations. Further, the large, bulky CDs tend sterically to prohibit solute
molecules from reaching the silica gel surface where other retention mechanisms may
be important (e.g., binding to free silanols). Thus the exchange kinetics of saccharides
between stationary and mobile phases may be more rapid for CD bonded phases under
the conditions outlined above. Another possible factor that could contribute to
efficiency is that the base packing material (silica gel) and packing method for the CD
bonded phases might be better than that of other columns used for carbohydrate
analysis. As CD columns are used extensively for difficult enantiomeric separations,
both the silica gel and packing technology had to be optimized and continuously
checked. However, the manufacturing and packing procedures used by the companies
that produce different LC columns are often unknown and it is therefore difficult to
know the significance of these factors or compare them.

Stability and reproducibility of CD columns

One of the advantages of a- and -CD columns for the analysis of carbohydrates
is their high stability and reproducibility. As no amine functionality exists on these
bonded phases, the formation of Schiff bases is avoided. Consequently, quantitative
results may be more accurate®*. Also, self-hydrolysisis not a significant problem as it is
for alkylamine bonded phases. As an example, a f-CD column approximately 1 year
old that had received over 3000 standard injections was compared with a new column.
The chromatograms are shown in Fig. 8. It is apparent that the older -CD column is
nearly as selective and efficient as the new column. Two aspects of these results should
be emphasized. First, the separations were done with pure sales. If samples areinjected
that contain impurities which are irreversibly adsorbed on the column, then the
retention behavior must change with time. This is true for any column. Second, CD
bonded phases are particularly stable in water—organic solvents containing >50%
modifier. Many times when separating compounds other than carbohydrates pre-
dominantly aqueous mobile phases are used. In these instances, it remains advisable to
place a presaturator containing silica gel prior to the injection loop. Again, this is
advisable for any silica gel-based column.

Analysis time
The time of analysis can be controlled by adjusting the mobile phase
composition, the flow-rate and, to a lesser extent, the temperature. As indicated in
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Fig. 8. Comparison of the separations obtained on (A) an old f-CD column (25¢m x 4.6 mm L.D., ca. 1 year
old and with > 3000 injections) and (B) an analogous new -CD column. In both instances the mobile phase
was acetonitrile-water (95:5, v/v) and the flow-rate was 1.0 ml/min. Peaks: 1 = 2-deoxy-p-ribose;
2 = ribose; 3 = xylose; 4 = talose; 5 = sorbose; 6 = mannose; 7 = glucose.

Figs. 4 and 5, the retention of saccharides decrease as the water content of the mobile
phase increases (i.e., the opposite of traditional reversed-phase LC). This allows one to
decrease the analysis time, often at the expense of resolution. The optimum efficiency
occurs at normal LC flow-rates between 0.5 and 2.0 ml/min (Fig. 6 and 7). Most of the
chromatograms shown in this work were generated using a flow-rate of 1.5 ml/min;
however, flow-rates of 3.0 and 4.0 ml/min have been used for many saccharide
separations. In general, the analysis times on CD bonded phase columns under
conditions of optimum efficiency are comparable to those reported for octadecylated
silica gel and are less than those reported for amino phases and ion-exchange phases?*.

Detection
It was noted previously that when using an acetonitrile-water mobile phase,
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MOLAR ABSORPTIVITIES OF SACCHARIDES AT WAVELENGTHS BETWEEN 190 AND 215 nm
Aqueous solutions were used in all determinations.

Compound Wavelength (nm)
190 195 200 205 210 215

Ribose 149 S3 16 6 4 3
Lyxose 14 39 12 4 2 2
Glucose 45 i1 3 1 1 1
Fructose 144 57 20 9 4 3
Sorbitol 95 31 9 2 1 1
Sucrose 139- 45 . 13 5 2 1
Lactose 73 17 3 1 0 0
Raffinose 173 42 8 2 0 1
o-Cyclodextrin 64 IS 7 4 3 3
B-Cyclodextrin 82 30 14 12 11 11
y-Cyclodextrin 121 34 17 12 10 9

many saccharides can be detected via absorption (of wavelengths <200 nm)**. The
molar absorptivities of several saccharides (at wavelengths between 190 and 215 nm)
are given in Table I11. At lower wavel. agths, UV detection of saccharides is sometimes
(but not always) more sensitive than refractive index detection. The relative sensitivity

TABLE 1V

COMPARISON OF THE SENSITIVITIES OF ULTRAVIOLET AND REFRACTIVE INDEX

DETECTION OF SACCHARIDES

Data were calculated from chromatograms generated with a §-CD column. The flow-rate was 1.5 ml/min
and the mobile phase composition was acetonitrile-water (85:15, v/v), except where indicated otherwise.

Compound Minimum detectable amount (ug)
UV (195 nm) RI
(0.01) (8x)
2-Deoxy-p-ribose 0.084 0.88
Ribose 0.094 1.2
Xylose 0.43 2.2
Fructose 0.13 2.2
Glucose 0.47 2.0
Sorbitol 0.23 1.7
Sucrose 091 31
Turanose 0.50 2.3
Maltose 2.6 4.7
Lactose 2.1 4.0
Melibiose 19 52
Melezitose 3.0 5.2
Maltotriose 5.3 8.7
o-Cyclodextrin* 16.2 2.0
B-Cyclodextrin* 18.9 2.6
y-Cyclodextrin* 23.6 2.9

* Mobile phase: acetonitrile—water (70:30, v/v).
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depends on the nature of the saccharide (i.e., molar absorptivity) and its size. The
minimum detectable amounts of sixteen saccharides for the variable-wavelength UV
and refractive index (RI) detectors used in this study are given in Table IV. In general,
UV detection can be up to ten times more sensitive for the smaller monosaccharides on
a weight basis. UV and RI detection are of approximately equal sensitivity for
trisaccharides but RI detection is more sensitive for larger carbohydrates such as CDs
(Table 1V).

CONCLUSIONS

Both «- and B-CD bonded phase columns appear to separate a variety of
carbohydrates. The smaller saccharides usually elute before the larger polysaccha-
rides. It appears that retention is closely related to the number of available hydroxy
group per molecule. This may explain why deoxy-sugars are retained less than the
analogous sugars and that neither are retained as much as the corresponding sugar
alcohols. The efficiency and stability of CD columns appear to be superior to those of
alkylamine bonded phases. The analysis times on CD bonded phases are comparable
to those on reversed-phase columns and often shorter than those on amino and
ion-exchange stationary phases. The choice of UV versus RI detection is dependent on
the mobile phase used and the molecular weight of the carbohydrates.
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SUMMARY

High-performance liquid and gas chromatographic (GC) procedures for the
separation and determination of dialkylphosphates, dialkylthiophosphates and
dialkyldithiophosphates (alkyl = methyl or ethyl), the main hydrolytic metabolites of
organophosphate pesticides, are described. The application of different procedures
and their limits of detection are discussed. The GC proposed procedures were applied
to the analysis of urine samples from humans exposed and not exposed to
organophosphates.

INTRODUCTION

Dialkylphosphates (DAP), dialkylthiophosphates (DATP) and dialkyldithio-
phosphates (DADTP) (Fig. 1), being hydrolytic metabolites of organophosphorus
(OP) pesticides, are excreted in urine’=3. Their level of excretion is a convenient
indicator of human exposure to OP pesticides®*. The application of such an indicator,
however, requires the development of a suitable method for the routine simultaneous
determination of all DAP, DATP and DADTP and in some instances also
alkylphosphates, alkylthiophosphates, alkyldithiophosphates, thiophosphoric acid
and dithiophosphoric acid.

A number of procedures have been developed, based on different derivatization
procedures followed by gas chromatographic (GC) determination of the derivatives
using a phosphorus-specific detector. The procedures involving alkylation with
diazomethane’>*, diazoethane® or diazopentane®® proved to be inconvenient for
routine analysis, however, owing to the high toxicity and thermal instability of the
chemicals used, the strong interference from the inorganic phosphates present in the
urine and the formation of more than one derivative of DATP. Alternative procedures,
based on the methylation with phenyltrimethylammonium hydroxide in methanol®:1°,
are applicable only to thio- and dithiophosphates. The third possibility, involving the

0021-9673/89/303.50 . © 1989 Elsevier Science Publishers B.V.



234 V. BARDAROV, M. MITEWA

PV
(s /®
H-0__0
H-0" 0-H
(S)

Rz CHz or CyHs
(Hy

Re= CHyCONHCH; or @NOZ or GN[); or other group

Fig. 1. Hydrolytic metabolism of organophosphates.

determination of the p-nitrobenzyl ester derivatives'', excludes the use of nitrogen—
phosphorus detection (NPD).

The determination of alkylphosphates following their conversion into their
pentafluorobenzyl esters' 213 seems to be the most convenient method, as these esters
exhibit suitable GC properties and suffer no obvious interference from inorganic
phosphates. In addition, the use of both NPD and flame-photometric detection (FPD)
is possible. Nevertheless, some problems concerning the sample preparation, GC
separation and the use of NPD hinder their application in routine analysis. The
investigation of some of these problems and the application of high-performance
liquid chromatography (HPLC) to dialkylphosphates are reported in this paper.

EXPERIMENTAL

Standards and reagents

Dimethyl phosphate (DMP), diethyl phosphate (DEP), the sodium salt of DMP
and the potassium salts of dimethyl thiophosphate (DMTP), diethyl thiophosphate
(DETP), dimethyl dithiophosphate (DMDTP) and diethyl dithiophosphate (DEDTP)
were supplied by EPA (Research Triangle Park, NC, U.S.A.). Standard solutions were
prepared weekly in acetonitrile [acetonitrile—water (99:1) for DAP and its sodium salt]
and stored at 0-5°C.
_ 2,3,4,5,6-Pentafluorobenzyl bromide (PFB-Br) (99+ %) was obtained from
Janssen (Nettetal, F.R.G.).. »

HPLC-grade pentane, methanol, ethanol and water and spectroscopic-grade
cyclohexane and potassium bromide were used.

Acetonitrile, dichloromethane, acetone, heptane, anhydrous potassium car-
bonate, sodium perchlorate, sodium dihydrogenphosphate, dipotassium hydrogen-
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phosphate and sodium hydroxide were of analytical-reagent grade. Tetraalkyl-
ammonium salts, tetraphenylarsonium chloride and dicyclohexyl-18-crown-6 were
obtained from Fluka (Buchs, Switzerland) and Merck (Darmstadt, F.R.G.).

Liquid chromatography

Apparatus. The HPLC experiments were performed on a Perkin-Elmer LC
system consisting of a series 4 pump, a 550 SE UV-VIS spectrometer with an 8-ul flow
cell, a Rheodyne 7125 injection valve with a 300-ul loop for preparative work and
a 20-d loop for analytical work and an R-100 recorder. For electrochemical detection
(ED) a Model 4B detector from Bioanalytical systems was used equipped with a glass
carbon working electrode.

Chromatographic conditions. An anion-exchange column (250 x 4.6 mm1.D.) of
SAX, 10 pm (Whatman, Clifton, NJ, U.S.A.) was used. The mobile phase was 0.05
M sodium perchlorate in 0.05 M phosphate buffer (pH 7.2) at a flow-rate of 1 mi/min
and ED with a glassy carbon working electrode at a potential of 1.05 V vs. silver—silver
chloride with 1 M potassium chloride reference electrode was used for the determina-
tion of DATP and DADTP.

The normal-phase (NP) preparative separation of PFB derivatives was per-
formed with a 250 x 10 mm L.D. silica-50 (7 um) column (Macherey, Nagel & Co.,
Diren, F.R.G.) with different mobile phases: 2% methanol and 2% ethanol in pentane
for DAP-PFB separation, 1% methanol and 1% ethanol in pentane for DATP-PFB
separation and 0.5% methanol and 0.5% ethanol in pentane for DADTP-PFB
separation, with UV detection at 260 nm. In order to avoid fluctuation of the flow-rate
an overpressure (helium, 30 p.s.i.) was applied in the mobile phase containers.

Gas chromatography

Apparatus. GC was performed on a Perkin-Elmer series 8300 instrument
equipped with a heated injector for packed columns, a split-splitless injector for
capillary columns, a nitrogen—phosphorus detector and a GP-100 printer.

Chromatographic conditions. The stationary phases used for packed columns
were SE-30, DC-200, OV-17, OV-25, OV-225, QF-1, and Carbowax 20M and their
binary mixtures coated on Chromosorb G HP (100-120 mesh) or Chromosorb W HP
(100-120 mesh). The column temperature was held at 185°C for 8 min, then increased
linearly to 240°C at 20°C/min. The carrier gas was nitrogen at a flow-rate of 35 ml/min.
The temperature increase ensures both the elution of di- and tri(pentafluorobenzyl)
phosphates and purification of the column when urine samples are analysed.

The capillary columns used were as follows: 25 m x 0.25 mm LD. fused silica
with Carbowax 20M, SP-1000 or OV-101 as the stationary phase and 50 m x 0.23 mm
1.D. fused silica with polyvinylmethylsilicone (PVMS) as the stationary phase. The
carrier gas was helium at a flow-rate of 3 ml/min. In all instances temperature
programming was performed. In order to achieve high sensitivity, splitless injection
was applied with the split flow valve in the “on” position 0.6 min after injection and
with the column temperature programmed from 75 to 270°C (heptane was used as the
solvent).

Detection. NPD in the phosphorus mode was applied at hydrogen flow-rate of 44
ml/min and, in order to achieve higher sensitivity, oxygen was used instead of air at
a flow-rate of 32 ml/min when packed columns were used. NPD in the nitrogen-
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phosphorus (NP) mode was applied with hydrogen and air flow-rates as recommended
in the manual when capillary columns were used.

Additional apparatus

UV and IR spectra were recorded on Perkin-Elmer Lambda-5 UV-VIS and
Perkin-Elmer 883 IR spectrometers (potassium bromide disks), respectively.

A rotary vacuum evaporator together with a thermostated water-bath, dry
thermostat and Supelco Microware G/G kit (Part No. 6-4692) were used.

PFB derivatization of standards

Standard solutions of DAP, DATP and DADTP (treated in the same manner as
the samples) and their PFB derivatives, methyldi(pentafluorobenzyl) phosphate
IMP(PFB),] and tri(pentafluorobenzyl) phosphate [P(PFB);] solutions were used for
calibration of the retention times and response factors.

Derivatization was performed in a reaction mixture consisting of DAP (or
DATP or DADTP), PFB-Br and potassium carbonate (as catalyst) in acetonitrile or
acetone after incubation at an appropriate temperature. The PFB derivatives were
isolated by extraction with heptane. A typical preparative procedure was incubation of
1-5 mg of the appropriate phosphate, 40-60 ul of PFB-Br and 30-60 mg of potassium
carbonate in 0.5 ml of acetonitrile (for DAP derivatization) or 1 ml of acetone (mainly
for DATP and DADTP derivatization) for 0.5-3 h at 40-90°C, followed by extraction
with heptane (wnen acetone was used as the solvent it was purged before extraction).

Sample preparation

(1) Extractive alkylation according to Bradway et al.**. Sealed stoppered tubes
containing 1.0 ml of urine, 2 ml of dichloromethane, 1 ml of a 0.1 M aqueous solution
of the ion-pair reagent and 30 ul of PFB-Br were shaken at ambient temperature for
1 h. After centrifugation, the organic phase was dried with 0.5 g of anhydrous sodium
sulphate, 1 ml of it was evaporated under nitrogen to a residue of ca. 30 uf and then 0.50
ulof heptane and 5 ul of 10% sulphuric acid were added. Aliquots of the organic phase
were analysed by GC. ' v

(2) Procedure of Reid and Watts'®. A 1.0-ml sample of urine and 7.0 ml of
acetonitrile were mixed and centrifuged, 4.0 ml of the supernatant were transferred
into a 10-ml reaction vessel and the solvent was removed using a rotary vacuum
evaporator at 30-40°C or by means of a nitrogen flow at 60°C. The derivatization was
performed by adding 0.5 ml of acetone and 20 ul of PFB-Br and incubation at ambient
temperature for 30-60 min in a sealed reaction vessel. Then the acetone was removed
with a nitrogen flow and the PFB derivatives of DATP and DADTP were extracted
with 0.50 m! of heptane. The supernatant was separated after centrifugation and an
aliquot (0.30 m]) was transferred into a sample vessel. The derivatization procedure
was repeated for the residue (kept in the reaction vessel) at higher temperature: 0.5 m!
of an acetonitrile solution of dicyclohexyl-18-crown-6 (0.2%), 30 mg of potassium
carbonate and 20 ul of PFB-Br were added and the vessel was sealed and incubated for
1-2 h at 90°C. Then 0.50 ml of heptane and 5 ml of 10% sulphuric acid were added and
0.30 ml of the organic phase was taken and added to the first aliquot in the sample
vessel.
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RESULTS AND DISCUSSION

The absorption spectra and molar absorptivities of DMP, DMTP and DMDTP
are shown in Fig. 2A and B. The molar absorptivities are moderate for DMTP and
DMDTP and negligible for DMP in the non-specific region of the UV spectrum
(200-220 nm), thus limiting significantly both the sensitivity and selectivity of their
HPLC determination with spectrophotometric detection. On the other hand, the
electrochemical activity of DMTP, DETP, DMDTP and DEDTP (Fig. 2C) makes
HPLC determination with ED possible. The separation achieved for DMTP, DETP,
DMDTP and DEDTP by means of ion-exchange HPLC with ED at a glass carbon
working electrode potential of 1.05 V is demonstrated in Fig. 2D. It is evident that at
potentials higher than 1.15 V for DMTP and DETP and higher than 1.00 V for
DMDTP and DEDTP their direct determination is possible at concentrations less than
2 nmol/l. The existence of many other electrochemically active components (at the
potentials mentioned above), however, hampers their direct determination in urine
unless a complicated sample purification is carried out. On the other hand, HPLC with
ED is a suitable variant for the determination of DATP and DADTP in aqueous
sample, whereas DAP proved to be electrochemically inactive.

The data obtained showed that HPLC with spectrophotometric detection might
be successfully applied to the determination and preparative isolation of PFB
derivatives of DMP, DEP, DMTP, DETP, DMDTP and DEDTP, exhibiting
absorption bands at 260 nm (Fig. 3B). Fig. 3A shows a typical chromatogram of
a heptane extract containing PFB derivatives of DMP (after derivatization). Applying
preparative normal-phase HPLC (UV detection at 260 nm) with manual collection of
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Fig. 2. Spectral, electrochemical and chromatographic characteristics of DMP, DMTP and DMDTP. (A)
UV spectra (aqueous solutions), 1-cm cells; (B) molar absorbtivity data; (C) hydrodynamic voltammogram
for DMTP, DETP, DMDTP and DEDTP [eluent, 0.05 M sodium perchlorate in 0.05 M phosphate buffer
(pH 7.2), flow-rate 1 mi/min, glassy carbon working electrode, silver—silver chloride with | M potassium
chloride reference electrode]; (D) HPLC with ED of DMTP (450 ng), DETP (450 ng), DMDTP (25 ng) and
DEDTP (25 ng) using a 250 x 4.6 mm 1.D. SAX (10 ym) column and mobile phase and flow-rate as in C.
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Fig. 3. (A) Preparative HPLC of heptane extract from reaction mixture (5 mg of sodium DMP + 60 ul of
PFB-Br + 60 mg of potassium carbonate in 0.5 ml of acetonitrile, incubated for 3 h at 90°C); 250 x 10 mm
LD. Si-50 (7 pm) column, 2% methanol + 2% ethanol in pentane as the mobile phase at a flow-rate of
6 ml/min, UV detection at 260 n. (B) UV spectra and (C) IR spectra of the corresponding fractions.

the fractions, the compounds corresponding to peaks 1-7 were isolated. Using GC
with NPD it was proved that compounds 5-7 contain phosphorous. In Figs. 3B, 3C
and 4 the corresponding GC peaks and the UV and IR spectra are shown. It is evident
that in the IR spectra bands due to vp_g are observed, confirming that they contain
phosphorus. Similarly, the PFB derivatives of DATP and DADTP were isolated by
means of preparative HPLC.

These data show that a satisfactory separation of the hydrolytic metabolites of
OP pesticides is achieved using ion-exchange HPLC (or ion-pair HPLC) without
preliminary derivatization. However, the absence of a specific detector highly sensitive
to OP compounds hinders their direct quantitation by HPLC when present in low
concentrations. This problem can only be partially solved using HPLC with ED for the
determination of thio- and dithiophosphates in aqueous solution, and even in urine
and other samples after purification. For this reason GC after derivatization was
applied using both packed and capillary columns.

A systematic investigation of the GC separation of DMP-PFB, DEP-PFB,
DMTP-PFB, DETP-PFB, DMDTP-PFB, DEDTP-PFB, MP(PFB), and P(PFB),
(the last two are formed as side-products in the course of derivatization) using packed
columns with different stationary phases was performed. SE-30, DC-200, OV-17,
0OV-25, OV-225, QF-1, Carbowax 20M and their binary mixtures were tested. The
results showed that satisfactory separation was obtained using OV-17 (better when
coated on Chromosorb G than on Chromosorb W) and much better when a column
packed with a mixture of 2% OV-225 coated on Chromosorb W HP (100-120 mesh)
and 3% OV-17 coated on the same support in a ratio of 1:2 was used. Fig. 4A shows
a typical chromatogram obtained on this stationary phase mixture packed in
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Fig. 4. GC of a heptane solution of PFB derivatives. (A) 2m x 1.75 mm LD. glass column packed with
mixture of 2% OV-225 on Chromosorb W HP (100-120 mesh) and 3% OV-17 on the same support in the
ratio [:2; injector temperature, 240°C; column temperature, [85°C for 8 min then increased to 240°C at
20°C/min; NPD in P-mode at 280°C, hydrogen flow-rate 44 ml/min and oxygen flow-rate 32 ml/min; carrier
gas, nitrogen at a flow-rate of 35 mi/min. (B) 50 m x 0.23 mm L.D. fused-silica capillary column, PVMS
stationary phase; injector temperature, 240°C; column temperature programmed from 75 to 270°C in three
ramps; NPD in NP mode at 250°C; carrier gas, helium at a flow-rate of 3 ml/min.

a2m x 1.75 mm LD. glass column with the column temperature programmed from
185°C (8 min) to 240°C at 20°C/min. The chromatogram also indicates that under
these conditions the presence of nitrogen in the stationary phase (OV-225) does not
interfere and NPD can be used at column temperatures up to 240°C. It was also shown
that silylation of both the column and injector (with pentafluorophenyldimethyl-
chlorosilane as the silylating agent at 150°C) influences the efficiency (in this procedure
the column should be disconnected from the detector).

Several different types of capillary columns were also checked for the separation
of PFB derivatives. It was found that columns with Carbowax 20M and SP-1000 are
not convenient (low temperature limit), but the column with PVMS as stationary
phase proved to be suitable for the separation of the all PFB derivatives of OP
compounds and also DDVP, which can be used as an internal standard (added after
derivatization). The separation of DMP-PFB, DEP-PFB, DMTP-PFB, DETP-PFB,
DMDTP-PFB, DEDTP-PFB, MP(PFB),, P(PFB); and DDVPona50m x 0.23 mm
L.D. fused-silica capillary column is illustrated in Figs. 4B and 5. The high temperature
limit of the column permits the determination of di- and tri-PFB derivatives and also
the purging of higher boiling compounds (column purification) when urine samples
are analysed. In the chromatograms of urine samples from persons exposed to OP
pesticides, peaks with retention times in the range 25-40 min are observed (Fig. 5), but
not in those of urine from non-exposed persons. Their intensities increase with
increasing storage time of the samples up to 100 days after collection. They are
probably due to other derivatives of OP pesticides, such as di- and/or tri-PFB thio- and
dithiophosphates. Unfortunately, these peaks could not be identified as no standard
substances were available.
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Fig. 5. GC of urine samples from non-exposed persons (A, C) and persons exposed to Supracide,
Fenitrothion and Dursban (B, D). GC conditions as in Fig. 4B. (A, B) Chromatograms of heptane extracts
after derivatization without acid washing; (C, D) chromatograms of the same extracts after acid washing.

TABLE I
RECOVERY DATA FOR EXTRACTIVE ALKYLATION

Ion-pair reagent Recovery (%)

DMP DEP DMTP  DETP DMDTP DEDTP

Benzyltetrabutylammonium

chloride (276)*, 0.1 M

solution in 0.1 M NaOH 1 1 10 65 40 70
Benzyldimethythexadecyl-

ammonium chloride (360)*

0.1 M solution in 0.1 M

NaOH 1 1 20 80 70 80
N-Benzyl-N,N-dimethyl-4-

(1,1,3,5-tetramethylbutyl)-

phenoxyethoxyethyl-

ammonium chloride (412)*,

0.1 M aqueous solution S 10 50 80 70 80
Tetraphenylarsonium chloride

(383)*, 0.1 M solution in

0.1 M NaOH 5 5 50 80 70 80
Dicyclohexyl-18-crown-6

(411)**, 0.1 M solution in

0.05 M K,CO; 1 1 60 80 90 80

s

* Tonic mass of the corresponding cations.
** Jonic mass of the K* complex.
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In order to optimize the conditions for the extractive alkylation according to
Bradway et al.!?, the type of ion-pair reagent and the acidity of the aqueous phase were
varied. The results obtained are given in Table I. It is evident that the procedure is not
applicable to DMP and DEP as the analytical yields are low.

Using the procedure of Reid and Watts*?, derivatization of all phosphates
soluble in water-acetonitrile was achieved. In this instance, however, other problems
were encountered, namely different rates of esterification of different phosphates and
the occurrence of side-reactions. For this reason we examined the applicability of the
derivatization using other experimental conditions: (a) when the derivatization was
performed in acetone and in the presence of potassium carbonate at 45°C for 4 h no
side-reactions were found, but the analytical yield was still low (less than 40% for DEP
and less than 30% for DMP); (b) application of a K*-crown ether complex as
a catalyst for he derivatization'* (1 mg of crown ether and 20 mg of potassium
carbonate per millilitre of reaction mixture) proved to be effective in acetonitrile
medium (no catalytic effect was observed in acetone medium), the rate of derivatiza-
tion for DMP and DEP increasing more than 3-fold at 90°C.

The standardization of the derivatization provides an opportunity to exclude the
derivatization of the reference substances and the use of their PFB derivatives for
calibration of the retention times and Ry values in the course of their quantitation. The
acid washing of the extract obtained from the reaction mixture proposed before the
GC determination (Fig. 4) leads to a significant improvement in the selectivity.
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SUMMARY

Two RP-HPLC systems were developed for the separation of the products of
the conversion of proinsulin into insulin in rat and mouse islets, including proinsulin I
and II. Peaks were identified by microsequencing and radiosequencing. It was con-
firmed that mouse C-peptide I has a two amino acid deletion compared to rat C-
peptide I. A marked species difference in the ratio between insulin I and II was
observed, i.e., 2:1 in the rat and 1:2 in the mouse. Pulse-chase experiments in rat islets
have demonstrated that the ratio between insulin I and II in newly synthesized insulin
is higher than that of the stored insulin, indicating a slower conversion rate of pro-
insulin II compared to proinsulin I.

INTRODUCTION

Several reports have described the use of reversed-phase high-performance
liquid chromatography (RP-HPLC) for the separation of insulin, insulin-related and
non-insulin-related polypeptides from species producing a single insulin (see ref. 1 for
a review). The rat and mouse endocrine pancreas secrete two insulins (I,IT)?** coded
for by two non-allelic genes*>. Their biosynthesis involves rapid removal of a signal
peptide from the precursor preproinsulin, and under normal conditions only the two
proinsulins can be detected as precursors in the islets.

The two rat proinsulins differ in 4 of the 86 amino acid residues, 2 in the B-chain
and 2 in the C-peptide?. Mouse insulin I and IT have amino acid sequences identical to
those of the rat insulins®. Recently, Wentworth et al.” cloned and sequenced the two
mouse preproinsulin genes confirming the sequence for the two mouse insulins, but
the nucleotide sequence indicated that the mouse C-peptide I has a deletion of two
amino acids compared to the mouse C-peptide II.

Investigation of the rat and mouse insulin biosynthesis requires a method sep-

* Presented in part at the 12th International Symposium on Cotumn Liquid Chromatography, Wash-
ington, DC, June 19-24, 1988. The majority of the papers presented at this symposium have been published
in J. Chromatogr., Vols. 458 (1988), 459 (1988) and 461 (1989).

0021-9673/89/%03.50 © 1989 Elsevier Science Publishers B.V.
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arating both the two proinsulins and the conversion products, insulin I and 11 and
C-peptide T and II. The separation of proinsulins and insulins was previously at-
tempted using polyacrylamide gel electrophoresis (PAGE) at pH 4.4%, 8.9% and
HPLC?!!, Only acid PAGE can separate the two proinsulins, but none of the sys-
tems is capable of resolving all conversion products.

The aim of the present study was to develop an RP-HPLC system which allows
separation of all six main products of the insulin biosynthesis in rat and mouse islets
in order to study the regulation of the biosynthesis of the two non-allelic insulin gene
products which occurs in these species. The identification of the individual peaks after
RP-HPLC fractionation of extracts from 4700-9500 islets was based upon amino
acid sequencing using microsequencing and radiosequencing. The conversion of the
two rat proinsulins into insulin I and IT and C-peptide I and II was elucidated in
pulse-chase experiments.

MATERIALS AND METHODS

RP-HPLC

The HPLC system consisted of Waters M6000A pumps, a WISP 710A, a 660
solvent programmer, a 730 data module and a Pye Unicam LC-UV detector. The
columns were LiChrosorb RP-18, 5 um, 250 mm x 4.0 mm I.D. (Merck) and Ultra-
sphere ODS, 5 um, 250 mm X 4.6 mm I.D. (Beckman). Acetonitrile was used as the
organic modifier in 0.125 M triethylammonium phosphate (TEAP), pH 4.0 or 0.1%
trifluoroacetic acid (TFA). The columns were eluted at 1 ml/min using linear aceto-
nitrile gradients from 25 to 30% and 30 to 36%, respectively. The column eluate was
monitored at 210 nm and collected in 0.5- or 0.3-min fractions (FRAC 300 fraction
collector, Pharmacia). All separations were performed at room temperature.

Reagents

Phosphoric acid (p.a.) was from Merck, trifluoroacetic acid (Peptide Synthesis
Grade) from Applied Biosystems, tricthylamine (99%) from Janssen Chimica and
acetonitrile (HPLC grade S) from Rathburn Chemicals. All other chemicals were of
analytical reagent grade. Distilled water was drawn from a Millipore Milli Q plant
and all buffers were filtered (0.45 um, Millipore) and vacuum/ultrasound degassed
before use.

Standards

Medium from cultured newborn rat islet cells containing 44 ug/ml insulin I + I
as well as equimolar amounts of C-peptide I and II, rat pancreatic polypeptide (Pen-
ninsula) and porcine glucagon (NOVO) were used.

Islet isolation and culture

Islets from newborn (3-5 days) Wistar rats and 3-weeks-old NMRI mice fed
with 5% glucose overnight were isolated by the collagenase method '? and cultured at
37°C in RPMI 1640 supplemented with 10% newborn calf serum.

Pulse-chase labelling
One hundred newborn rat islets were precultured for 2 weeks and pulse-labelled
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with 50 uCi [*H]leucine (130 Ci/mmol) and 50 xCi [**S]methionine (> 1000 Ci/mmol)
from Amersham for 20 min followed by chase periods with non-radioactive amino
acids from 0 to 40 min. For preparative purposes, 5000-9500 rat islets were precul-
tured for 2-7 days and labelled for 60 min with 250 uCi [*H]leucine and 250 uCi
[*3Smethionine. All pulse-chase experiments were performed at 37°C.

Sample preparation

Harvested islets were homogenized by sonication or extracted in 3 M acetic acid
containing 0.1% human serum albumin, and centrifuged at 10 000 g to remove any
particulate content.

Radioactivity measurement
A 4-ml volume of Optiphase “HiSafe”” (LKB) was added to each fraction fol-
lowed by counting in a Packard Tri-Carb liquid scintillation counter (Model 460 C).

Radioimmunoassay

Collected fractions containing TFA-acetonitrile were dried in a Speed-Vac
Concentrator (Savant). Radioimmunological determination of insulin was performed
using rat insulin (NOVO) as a standard and anti-mouse insulin antibodies (developed
in this laboratory) as described*®. Radioimmunological determination of glucagon
was performed using a kit from NOVO!4,

Amino acid analysis :
Amino acid analysis was performed using the PICO-TAG method (Waters) as
described by the manufacturer.

Amino acid sequencing

Amino acid sequencing was performed using a gas-phase protein sequencer
(Applied Biosystems, model 475A) equipped with on-line HPLC analysis (120A Ana-
lyser). In radiosequencing an aliquot (60%) from each step was collected and the
radioactivity counted as described above.

RESULTS

Separation of polypeptides from rat islets

The separation of rat insulins (I and IT) and C-peptides (I and IT) secreted to the
culture medium from rat islets using two different RP-HPLC columns and buffer
systems is shown in Fig. 1. The peaks shown with dashed lines are due to standards of
rat pancreatic polypeptides (peak 5) and porcine glucagon (peak 6) (same amino acid
sequence as rat glucagon'®). The identities of the C-peptide I (peak 2), C-peptide II
(peak 1), insulin I (peak 3) and insulin II (peak 4) were verified by amino acid analysis
and amino acid sequencing. The three chromatograms all show baseline separation of
the analyzed polypeptides.

Preparative RP-HPLC fractionation of 1400 rat islets is shown in Fig. 2. The
positions of the insulin and glucagon peaks were confirmed using radioimmunolog-
ical analyses of the individual fractions. The later peaks F, G, H and I were insulin
immunoreactive, and preliminary amino acid analysis and sequencing indicates a
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LiChrosorb - TFA

12 l uginsulin/fraction (black bars)

81 100 4 ng glucagon/fraction (white bars)

4 A 50 104 nginsulin
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Fig. 2. RP-HPLC separation of 1400 rat islets extracted in 3 M acetic acid using a LiChrosorb RP-18, 5 um,
250 mm X 4.0 mm L.D. column eluted at 1.0 ml/min with a linear acetonitrile gradient (30 to 36%) in 0.1%
TFA during 60 min. Black bars represent insulin immunoreactivity, white bars represent glucagon immu-
noreactivity measured in the 0.5-min fractions collected. Peaks: A = C-peptide II; B = C-peptide I; C =
insulin [; D = insulin II; E = glucagon; F and G = proinsulin-like; H = proinsulin I; I = proinsulin II.

proinsulin-like amino acid composition. Peaks.H and I show B-chain sequences cor-
responding to 18 and 20 steps of proinsulin I and II, respectively. The amino acid”
differences between rat proinsulin I and II are shown in Fig. 3.

Fig. 3. Products of the conversion of proinsulin into insulin in rat islets. Amino acid differences in rat
proinsulin I and II are in position 9 = Pro/Ser, position 29 = Lys/Met, position 40 = Pro/Ala and
position 49 = Glu/Gly, respectively.
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Fig. 4. RP-HPLC separation of rat islets pulse-labelled for 60 min with [*H]leucine and [3*S]methionine as
described in the legend to Fig. 1. The solid line represents *H-radioactivity, the dashed line 2*S-radio-
activity. The peaks are C-1 and C-2 (C-peptides I and II), I-1 and I-2 (insulins I and II), PI-I and PI-2
(proinsulins I and II).
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Radioactive labelling of rat islets

Rat islets, 5000 and 9500 were pulse-labelled for 60 min with [*H]leucine (pres-
ent in both proinsulin and insulin T and II) and [**S]methionine (present only in
proinsulin and insulin II). Aliquots of acetic acid extracts of the labelled islets were
fractionated using the same HPLC columns and buffers as in Fig. 1. The resulting
radioactivity patterns are shown in Fig. 4. The radioactivity in the first fractions is
due to remaining free amino acids. The next four peaks correspond to the C-peptides
and insulin peaks identified in Fig. 1. The expected proinsulin peaks eluted around
fractions 110-120 were separated in two of the systems.

The labelled islets were fractionated preparatively in the LiChrosorb-TFA sys-
tem (lower panel in Fig. 4) and pooled fractions from the two “proinsulin” peaks
were subjected to microsequencing. The correct amino acids were identified in 39 and

15000+

100004

CPM

5000+

-
[¢] 10 20 30 40 50 60

Amino Acid Number

2ooow B
1500

1000+

CPM

500

Amino Acid Number

Fig. 5. Radiosequencing of pooled proinsulin fractions from preparative RP-HPLC fractionation of 5000
or 9500 rat islets pulse-labelled for 60 min with {*H}leucine and [>*S]methionine. The solid line represents
3H radioactivity, the dashed line *3S-radioactivity. The solid arrows indicate the known positions of
leucines, the dashed arrow the position of methionine. Upper panel shows the sequencing of proinsulin I,
lower panel that of proinsulin II.



Ezvo

250 S. LINDE et al.

36 steps for proinsulin I and 11, respectively, corresponding to 9 and 6 steps in the
C-peptide regions of proinsulin I and 11, respectively.

Taking advantage of the [*H]leucine and [>*S]methionine labelling, it was pos-
sible to demonstrate the correct position of Leu-6, -11, -15, -17, and even Leu-42 and

-44 can be detected, see Fig. 5. The presence of [**S)methionine in position 29 in
proinsulin IT was also clearly demonstrated.

Separation of polypeptides present in mouse islets

Fig. 6 shows the RP-HPLC fractionation of acetic acid extracts of isolated
mouse islets compared to extracted rat islets. It is seen that the retention times for the

0.041 F MOUSE Istets

£
>
@
£

o £
g E
w o\
=- £
D Q
3]
aa
[
&
U [oYs)
o-J !
T T T 1
0 20 40 60
0081 ’T RAT Islets
€
3
1z
£
£
_ - 3
= g @
v 2 £
23
g8
)
[&]
0-
r T Y .
0 20 40 60

Elution time (min)

Fig. 6. RP-HPLC separation of acetic acid extracts of isolated mouse and rat islets using a LiChrosorb

RP-18, 5-um column, 250 x 4.0 mm 1.D. eluted at 1.0 ml/min with a linear acetonitrile gradient (30 to
36%) in 0.1% TFA during 60 min.
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presumed mouse C-peptides are somewhat lower than those for the rat C-peptides.
Mouse islets (4700) were extracted with 3 M actic acid and the extract separated using
the LiChrosorb—TFA system, analogously with the separation in Fig. 6. The expected
C-peptide fractions were pooled and subjected to microsequencing. The resultant
sequences are shown in Table I in comparison with the rat C-peptide sequences.

Biosynthesis of insulin in rat islets

Pulse-chase labelling was performed at 37°C with [*H]leucine and [>°S]methio-
nine in samples containing 100 rat islets. The pulse period was 20 min, ensuring that
only proinsulins were labelled. The chase periods were 0, 10, 20 and 40 min. RP-
HPLC fractionation of the media showed that no radioactive insulin and C-peptide
were secreted during the pulse-chase experiment. RP-HPLC fractionation of the islet
extracts separated proinsulin I and 11, insulin I and IT as well as C-peptide T and 11

TABLE 1
AMINO ACID SEQUENCES OF RAT AND MOUSE C-PEPTIDES

Amino acid Rat Mouse Rat Mouse
number C-1 C-1/ C-1I C-11
1 Glu Glu Glu Glu
2 Val Val Val Val
3 Glu Glu Glu Glu
4 Asp Asp Asp Asp
5 Pro Pro Pro Pro
6 Gln Gin Gin Gin
7 Val Val Val Val
8 Pro Glu* Ala Ala
9 Gin Gln Gln Gln
10 Leu Leu Leu Leu
11 Glu Glu Glu Glu
12 Leu Leu Leu Leu
13 Gly Gly Gly Gly
14 Gly Gly Gly Gly
15 Gly Ser* Gly Gly
16 Pro Pro Pro Pro
17 Glu * Gly Gly
18 Ala * Ala Ala
19 Gly Gly Gly Gly
20 Asp Asp Asp Asp
21 Leu Leu Leu Leu
22 Gln Gln Gin Gln
23 Thr Thr Thr Thr
24 Leu Leu Leu Leu
25 Ala Ala Ala Ala
26 Leu Leu Leu Leu
27 Glu Glu Glu Glu
28 Val Val Val Val
29 Ala Ala Ala Ala
30 Arg Arg Arg Gln*
31 Gln Gln Gln Gln

* Difference in amino acid sequence of the mouse C-peptides compared to the rat C-peptides.
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TABLE 11
INSULIN BIOSYNTHESIS IN RAT ISLETS

Conversion of proinsulin I and II into insulin I and II in pulse-chase experiments with [*H}leucine and
[>*SImethionine.

Pulse Chase Proinsulin I to Proinsulin II to Insulin Ifinsulin 11
(min) (min) insulin [ insulin 11

(%) (%) uv cpm
20 0 0 0 2.1 -
20 10 4.8 0 2.1 -
20 20 11.6 34 22 5.4
20 40 47.4 16.1 1.9 6.0

(same separation pattern as in Fig. 4, lower panel). The *H- and 3°S-radioactivities in
the fractions corresponding to proinsulin I and II and insulin I and 11 were added and
the molar amounts of proinsulin and insulin were calculated taking account of the
difference in leucine content (11 leucine and 6 leucine, respectively). The calculated
conversions of proinsulins into insulins are shown in Table II.

DISCUSSION

The presence of two non-allelic insulin genes in mouse and rat has raised the
question how the expression of the two genes is regulated. A prerequisite for a de-
tailed analysis of the latter is a separation system which allows identification of the
individual biosynthesis and processing prodcuts, i.e., the two proinsulins, insulins and
C-peptides.

Two HPLC methods were recently described for the study of insulin biosynthe-
sis in rat islets'®'*. Neither of these systems separated the two proinsulins and the
C-peptides were not identified.

By comparing different RP-HPLC systems which have been applied for the
separation of insulin and related peptides, we have developed two systems which
permit separation of these six major peptides (Figs. 1 and 2). Compared with the
Ultrasphere-TEAP system we found that the LiChrosorb-TFA system gave a better
separation of the two rat proinsulins and as the TFA buffer can be lyophilized the
fractions can be subjected to amino acid analysis and sequencing without buffer
exchange.

By a combination of microsequencing and radiosequencing we have identified
the individual peaks by comparison with published sequence data: rat C-peptide [ and
I1, rat insulin I and II and rat proinsulin I and II (partial sequences).

The elution order of insulin I and IT was reversed in the HPLC system used by
Gishizky and Grodsky'' compared to out findings in spite of the similarity in buffers,
but was perhaps caused by the use of another HPLC column (Dupont PEP-R Cq
instead of LiChrosorb). We also noticed a reversal of the elution order of mouse
C-peptide I and II on the LiChrosorb column when changing from TFA to TEAP,
pH 4.0'°, demonstrating the versatility of he HPLC systems.

Both after preparative fractionation and after labelling with radioactive amino
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acids, two peaks with higher retention times than those of the proinsulins were ob-
served. Since they showed insulin-like immunoreactivity and proinsulin-like amino
acid composition, appeared after the initial proinsulin synthesis and could be convert-
ed into the two insulins by trypsin and carboxypeptidase B (ref. 17), they probably
represent intermediary split products of the proinsulins, although human split pro-
insulins appear earlier than human proinsulin in this system (data not shown). The
final identity of these peaks must await isolation of more material.

During this study we noted that the molar ratio between insulin and C-peptide
was 1 in the culture medium and the newly synthesized products of the islets, but
always much higher in the stored insulin (compare Fig. 1, lower panel and Fig. 4,
lower panel with Fig. 6, lower panel). Whether this is due to a more rapid intracellular
degradation of the C-peptides or to insufficient extraction is not known at present.

The sequences of the two mouse insulins have long been known to be identical
to those of the rat insulins®, but it was only recently that the sequences of the C-
peptides were found to differ as predicted by the nucleotide sequences of the c-DNA”.
These differences give a change in retention time of the mouse C-peptides from those
of the rat (Fig. 6). By amino acid sequencing of the isolated peaks we confirmed the
two amino acid deletion in the mouse C-peptide I, and two and one amino acid
differences from rat C-peptide I and II, respectively (Table I).

The RP-HPLC separation was used to study the conversion of the two rat
proinsulins into the corresponding insulins (Table IT). It was observed that the ratio
between insulin I and II was about 2 in the stored insulin (UV absorption at 210 nm)
and as high as 5-6 in the newly synthesized insulins (*H-radioactivity) as also report-
ed by Gishizky and Grodsky''. The calculated conversion rates showed an higher
conversion rate of proinsulin I than of proinsulin IT (Table IT) as already suggested by
Clark and Steiner®. This is also supported by our previous finding that inhibition of
the insulin biosynthesis with interleukin-1 resulted in an increased ratio between
newly synthesized insulin I and II which can be explained by a more pronounced
attenuation of the conversion of proinsulin T1*8,

We also observed that the usual ratio between insulin I and II in the rat, about
2:1, was reversed in the mouse, about 1:2 (Fig. 6). A similar ratio was reported by
Markussen® in crystalline mouse insulin, but was assumed to be due to a selection by
the separation procedure. By immunoelectrophoresis, Kakita et al.'® always found -
more insulin I than II in the pancreas of both rats and mice. Variations in the ratio
with age and metabolic state have been reported!®~2! but the effect of glucose was not
confirmed by HPLC?2. In rat insulinomas a ratio of 10:1 has been found although the
two genes were equally transcribed?®. Recently, neither age, glucose nor growth hor-
mone were found to change the ratio between transcription of the two genes in rats in
vitro**, indicating that if a change in the ratio between the two insulins occurs, it is
probably due to a variation in translation, conversion or degradation. Further studies
on the insulin biosynthesis in mouse islets may reveal by which mechanism the odd
ratio occurs.
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SUMMARY

Membrane proteins extracted from erythrocyte ghosts with sodium dodecyl
sulphate  (SDS), 3-(3-cholamidopropyl)-dimethylamminopropane  sulfonate
(CHAPS) or octylglucoside have been analyzed in various reversed-phase high-per-
formance liquid chromatographic systems. Only SDS was able to solubilize consid-
erable amounts of membrane proteins with mol.wt. > 15 000 daltons, but these mem-
brane proteins were recovered in poor yield from a silica-based C, column eluted with
an acetonitrile gradient in trifluoroacetic acid (TFA). A resin-based phenyl column
eluted with a similar TFA-acetonitrile gradient was found to be a better choice with
respect to the recovery of membrane proteins with mol.wt. > 15 000 daltons, and
when this column was eluted with an acetic acid gradient with increasing amounts of
acetonitrile, erythrocyte ghost membrane proteins solubilized in SDS (mol.wt.
10 000-200 000 daltons) were separated in six major and several minor components
with satisfactory recovery.

INTRODUCTION

Due to their lipophilic character, the solubilization and separation of mem-
brane proteins normally require the use of detergents and classical protein puri-
fication strategies —designed for water-soluble proteins— are of limited value. Con-
sequently the number of reports dealing with high-performance liquid
chromatographic (HPLC) separation of membrane proteins is limited. The devel-
opment of stationary phases for protein separation has been directed towards the

* Presented in part at the /2th International S ymposium on Column Liquid Chromatography, Wash-
ington, DC, June 19-24, 1988. The majority of the papers presented at this symposium have been published
in J. Chromatogr., Vols. 458 (1988), 459 (1988) and 461 (1989).

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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water-soluble proteins with molecular weight (MW) <25 000 daltons, and reversed-
phase separation has been the most popular separation principle. Only a few new
stationary phases for high-performance ion-exchange chromatography (HPIEC), hy-
drophobic interaction chromatography (HIC) or size-exclusion chromatography
(SEC) have been commercially available in the last few years.

The separation principle in reversed-phase (RP)-HPLC is hydrophobic interac-
tion between the stationary phase and hydrophobic areas in the sample molecules,
but due to the extremely high hydrophobicity of most membrane proteins, the bind-
ing forces between membrane proteins and most RP stationary phases are too strong.
In order to elute the membrane proteins, extremely rigorous mobile phases have to be
used, and even then many membrane proteins are recovered in very poor yield.

Moreover, the detergents normally used for solubilizing many membrane pro-
teins are not compatible with RP stationary phases for protein separation. Conse-
quently the most common HPLC techniques used for the purification of membrane
proteins have been HPSEC (which may be used in the presence of ionic as well as
non-ionic detergents) and —to a lesser extent— HPIEC and HIC (compatible with
non-ionic detergents).

We have recently evaluated a number of commercially available HIC stationary
phases for their potential use for the separation of membrane proteins from erythro-
cyte ghosts using mobile phases containing 3-(3-cholamidopropyl)-dimethylammi-
nopropane sulfonate (CHAPS), octylglucoside or sulfobetaine!. In this report we
present the separation of erythrocyte membrane proteins extracted with sodium do-
decyl sulphate (SDS), CHAPS or octylglucoside using a silica-based as well as a
resin-based reversed-phase column eluted with trifluoroacetic acid (TFA)-acetoni-
trile. A novel mobile phase additive (acetic acid) was evaluated in the resin-based RP
column, and the resulting separations of the extracted membrane proteins have been
evaluated with SDS polyacrylamide gel electrophoresis (PAGE) followed by silver
staining.

MATERIALS AND METHODS

HPLC equipment

Pumps: Waters M6000A or M510, Gynkotek 300C or Spectra Physics SP 8700.
Sample injectors: U6K, WISP 710B or 712 (Waters), Rheodyne 7125. Gradient con-
trollers: Waters 760, 721 or 840 chromatography control station, Gynkotek 250 B.
UV-Photometers: Linear UVIS 200, Waters M440 and M481 or Hitachi L4200. Col-
umns: TSK Phenyl 5 PW RP (75 mm x 4.6 mm I.D.) (Toyo Soda), Nucleosil C4 (300
A) (250 mm x 4.0 mm 1.D.) (Macherey Nagel).

The mobile phases are given in the figure legends.

Chemicals

TFA was sequential grade (Applied Biosystems). All other chemicals were of
HPLC quality or similar purity. Water was drawn from a Milli-Q plant, and the
buffers were Millipore-filtered (0.45 pm) and degassed (ultrasound/vacuum) before
use.

The columns were operated at room temperature (ca. 22°C) at 1.0 or 0.5 ml/
min. The UV absorption of the column eluate was measured continuously (210 or 280
nm) and fractions were collected manually.
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Samples

Erythrocyte ghosts were prepared as described? with the exception that trasylol
was added to the washing buffer (0.15 mg/ml) in order to reduce the enzymatic
digestion during the washing procedure. The erythrocyte ghosts were extracted with
1% SDS, CHAPS or octylglucoside in 10 mM Tris - HCI-5 mM EDTA pH 8.0 and
remaining solid material was removed by centrifugation before analysis.

The protein concentration in the SDS extract was 2.2-5.1 mg/m! (Bio-Rad
Coomassie Blue protein assay, serum albumin as a standard).

SDS-PAGE was performed in a Pharmacia Phast-Gel apparatus (8-25% gra-
dient gels with separation range 8000-300 000 daltons). The electrophoresis and the
silver staining were performed as described by the manufacturer?.

RESULTS

TSK Phenyl 5 PW RP

The separation of SDS-solubilized membrane proteins from erythrocyte ghosts
using the TSK Phenyl 5 PW RP column eluted with 0.1% TFA-acetonitrile is shown
in Fig. 1. Although the acetonitrile gradient was extended up to 90%, virtually no
material was eluted from the column in the first half of the chromatogram. Injection
of 25 ul membrane protein solution resulted in a separation of 10-15 components
with fairly good peak shape (Fig. 1, upper panel) and when the extraction buffer was
injected the column had virtually no “memory” from the previous injection of mem-
brane proteins. Injections of 100 and 200 ul membrane protein solution resulted in a
gradually reduced separation efficiency (Fig. 1, middle and lower panels).

The fractions marked A-D were diluted in one volume of distilled water and
lyophilized. The residue was dissolved in Tris-SDS-mercaptoethanol, placed in a
bath of boiling water for 5 min and analyzed by SDS-PAGE (Fig. 2). The membrane
proteins are separated into fractions primarily according to their molecular weight: in
the first part of the chromatogram two major components with MW slightly lower
and higher than the lowest molecular weight marker (14 400 daltons) are seen, and
one of them probably represents the globin chains from residual haemoglobin (MW
15000 daltons). In the last fraction (D), membrane proteins with MW > 80 000
daltons are found, clearly separated from components with lower MW.

Membrane proteins extracted with 1% CHAPS or 1% octylglucoside were
analyzed under similar conditions, and the column separations are shown in Fig. 3.
When 200 ul membrane protein solution were injected the resulting chromatograms
showed that the amount of material eluted from the TSK Phenyl 5 PW RP column
was much less for CHAPS and octylglucoside-solubilized membrane proteins than
for SDS-solubilized membrane proteins (judged by the area under the UV curves in
Fig. 1, lower panel and Fig. 3, upper and lower panels). SDS-PAGE of collected
fractions corresponding to the major peaks obtained after fractionation of CHAPS
and octylglucoside-solubilized membrane proteins showed no material with MW
higher than ca. 15 000 daltons (data not shown) in accordance with SDS-PAGE of
the three extracts of erythrocyte ghosts (Fig. 4): none or extremely small amounts of
material with MW > 15 000 daltons was found in the octylglucoside and the CHAPS
extracts, whereas several components with MW from 15 000 to 200 000 daltons were
present in the SDS extract.
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Fig. 1. Separation of 25 (upper panel), 100 (middle panel) and 200 ul (lower panel) SDS-solubilized
erythrocyte membrane proteins using a TSK Phenyl 5 PW RP column (75 mm X 4.6 mm 1.D.) eluted at 0.5
ml/min with an acetonitrile gradient (0~90%) in 0.1% TFA during 45 min. In the upper panel the broken
line indicates the injection of 25 ul of the SDS extraction buffer. E,,, = Absorbance at 210 nm.
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Fig. 2. SDS-PAGE of fractions A-D in Fig. | (lower panel). Lanes 1-8 show the separation in 8-25%
gradient. SDS-PAGE gels (separation range 8000-200 000 daltons) of molecular weight markers (lanes 1, 5

and 8), fractions A (lane 2), B (lane 3), C (lane 4), D (lane 6) and the total eluate collected from 0 to 60 min
(lane 7).

In order to obtain a better distribution between the peptide-like material (with
MW < 15000 daltons) and membrane proteins with MW 25 000-200 000 daltons
the TSK Phenyl 5 PW RP column was eluted with an acetic acid gradient in combina-
tion with increasing amounts of acetonitrile, and the resulting separation of SDS-
solubilized erythrocyte ghost membrane proteins is shown in Fig. 5. Four major
fractions as well as several minor components were separated when 100 ul membrane
protein solution were applied to the column. Injection of 250 and 500 ul membrane
protein solution resulted in a compressed chromatogram with reduced resolution of
the first fractions.

The fractions indicated in Fig. 5, right panel, were analyzed by SDS-PAGE
(Fig. 6), and it was demonstrated, that the elution order was correlated to MW in
SDS, i.e., the components eluted in the last part of the gradient were those with the
highest MW. The last half of the chromatogram corresponded to membrane proteins
with MW > 60 000 daltons, and components with MW higher than the upper frac-
tionation range for the SDS-PAGE gel (200 000 daltons) were demonstrated in the
last fraction.

It was further demonstrated that the amount of membrane protein which could
be extracted with CHAPS was considerably smaller than that obtained using SDS for
the extraction, and that the CHAPS-solubilized membrane components were eluted



260 B. S. WELINDER, H. H. SORENSEN, B. HANSEN

E?IO

o

1

o~

20 40 60
Elution time (min)

E2|0

Elution time (min)

Fig. 3. Separation of 200 ul erythrocyte membrane proteins extracted in 1% CHAPS (upper panel) or in
1% octylglycoside (lower panel). Chromatographic conditions as in Fig. 1.

in the part of the chromatogram which corresponds to membrane components with
MW < 15000 daltons (Fig. 5, lower panel left). The recovery of the membrane
proteins in this acetic acid—acetonitrile mobile phase was estimated by comparing the
area under the UV curve after gradient elution of membrane protein solution to that
obtained after sample injection directly in the UV-photometer. A recovery of 95—
100% was measured for the SDS-solubilized membrane proteins.
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Fig. 4. SDS-PAGE of erythrocyte membrane proteins extracted in [% SDS (lane 3 and 6), CHAPS (lanes 2
and 5) or octylglucoside (lanes 4 and 7). Molecular weight markers (are in lanes | and 8).

If the gradient was changed from the *‘simple” linear 0-100% to a gradient
composed of two linear segments in order to obtain an higher resolution especially in
the first part of the chromatogram, an improved separation of erythrocyte membrane
proteins was obtained (Fig. 7, upper panel). SDS-PAGE of the individual fractions
clearly demonstrated that the resolution was the best obtained so far (Fig. 8) and that
isolation of individual membrane proteins may be possible with this technique.

The mobile phases used for eluting the TSK Phenyl 5 PW RP column are
slightly more acidic than recommended by the manufacturer, and during continuous
use for several months an increase in back pressure and reduced column performance
were noticed. Whether this was caused by statioary phase degradation or was the
result of several injections of rather crude, unfiltered biological samples is not clear at
present, but the column performance as well as the back pressure could be normalized
after eluting the column with 0.2 M sodium hydroxide and cleaning the dismounted
inlet and outlet filters in 50% nitric acid in an ultrasonic bath for 30 min.

Nucleosil Cy

In order to compare a silica-based reversed-phase column to the resin-based
TSK Phenyl column, a Nucleosil C4 (300 A) column was eluted with an acetonitrile
gradient in 0.1% TFA. The membrane proteins extracted in SDS were separated into
a major and several minor components (Fig. 7, lower panel), but only the minor
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Fig. 5. Separation of 100 (upper panel left), 250 (upper panel right) or 500 ul (lower panel right) SDS-
solubilized erythrocyte membrane proteins and 100 1l CHAPS-solubilized erythrocyte membrane proteins
(lower panel left). Column: TSK Phenyl 5 PW RP (75 mm x 4.6 mm 1.D.). Buffers: A, 20% acetic acid; B,
acetic acid-acetonitrile (40:60). A linear gradient from 100% A to 100% B during 45 min was used at 0.5
ml/min. The dashed lines indicate the injection of 100 ul of the buffer used for extraction of the membrane
proteins.

peaks in the last part of the chromatogram were found to contain membrane proteins
with MW > 15 000 daltons, and a considerably lower amount than was found after
elution of the TSK Phenyl column with the similar mobile phase (Fig. 9).

DISCUSSION

The erythrocyte membrane contains ca. 52% protein, 40% lipid and 8% carbo-
hydrate* and the membrane proteins extracted with detergents have been analyzed
primarily using SDS-PAGE?*. It has been demonstrated that SDS-PAGE will sep-
arate six major and several minor components with MW from 15 000 (globin chains
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Fig. 6. Upper gel: SDS-PAGE of the fractions indicated in Fig. 5, upper panel right; fraction A (lane 2), the
major peak in fraction B (lane 3), the minor peak in fraction B (lane 4), total membrane extract in SDS
(lane 5), fraction C (lane 6), fraction D (lane 7) and molecular weight markers (lanes 1 and 8). Lower gel:
SDS-PAGE of the fractions indicated in Fig. 5, lower panel right; fraction A (lane 2), fraction B, initial half
(lane 3), fraction B, terminal half (lane 4), total membrane extract in SDS (lane 5), fraction C (lane 6),
fraction D (lane 7) and molecular weight markers (lane 1 and 8).
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Fig. 7. Upper panel: separation of 100 ul SDS-solubilized erythrocyte membrane proteins using the station-
ary and mobile phase decribed in Fig. 5. Gradient 80% A (10 min), 80 to 50% A (35 min), 50 to 0% A (15
min), 0% A (15 min). Flow-rate: 0.5 ml/min. Lower panel: separation of 200 ul SDS-solubilized erythro-
cyte membrane proteins using a 250 mm x 4.0 mm L.D. Nucleosil C, (300 A) column cluted at 1.0 ml/min
with an acetonitrile gradient (0 to 90%) in 0.1% TFA over 60 min. The dashed line indicates injection of
100 ul SDS extraction buffer.
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Fig. 8. SDS-PAGE of fractions 1-18 indicated in Fig. 7. Upper gel: lanes 2-7 correspond to fractions 1-6
respectively. Middle gel: lanes 2-7 ¢ orrespond to fractions 7-12 respectively. Lower gel: lanes 2-7 corre-
spond to fractions 13-18 respectively. In all three gels the molecular weight markers are shown in lanes |
and 8.
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Fig. 9. SDS-PAGE of the peaks indicated in Fig. 7: peak | (lane 4), 2 (lane 5), total membrane proteins
extracted in SDS (lane 6 and 7), molecular weight markers (lane 8) and the pooled column eluate collected
from immediately after peak 2 to the end of the chromatogram (lane 2).

from haemoglobin) to > 150 000 daltons. Due to easy accessibility and a variety of
proteins with well known MW, this source of membrane protein seems attractive for
initial investigations concerning the potential use of HPLC for the separation and
isolation of membrane proteins.

Erythrocyte ghost membrane proteins extracted with polyoxyethylene glycol
alkyl ether (C;,Eg) have been analyzed using HPIEC with the same detergent in the
mobile phase. The separation was reasonably good judged by SDS-PAGE, but only
the non-ionic detergent was used for membrane protein extraction. No recovery fig-
ures were given®. The influence of the type of detergent used for solubilizing the
erythrocyte ghost has been examined using HPSEC with the proper detergent in the
mobile phase. The elution strength was found to be SDS > CHAPS > Triton X-100,
and it was concluded that HPSEC is a useful technique for monitoring the solu-
bilizing process®.

TSK Phenyl 5 PW RP as well as TSK Phenyl 5 PW columns have been evaluat-
ed for the potential separation of SDS-solubilized erythrocyte ghost membrane pro-
tein or whole ghosts injected directly. An acetonitrile gradient (0 to 95%) in 0.05%
TFA was used. Compared to other RP columns with smaller pore sizes, the resolution
of the large-pore TSK Phenyl columns was found to be advantageous. The column
eluate was not characterized in any respect (except for the UV absorption)”.

The recovery of erythrocyte membrane proteins from the two TSK Phenyl
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columns has been estimated using the TFA-acetonitrile gradient described above. It
was concluded that it was advantageous to solubilize the membrane proteins in SDS
before analysis, but even then recoveries of up to 40-50% are predictable®.

In the present study we have eluted a TSK Phenyl 5 PW RP column with
TFA-acetonitrile and with a new mobile phase containing increasing amounts of
acetic acid (20-40%) in an acetonitrile gradient (0-60%). In both cases it could be
demonstrated, that CHAPS and octylglucoside primarily solubilized membrane com-
ponents with MW < 15000 daltons, whereas the SDS-solubilized membrane pro-
teins in addition to the 15 000 daltons material included several proteins with MW
25 000-200 000 daltons. Although such membrane proteins can be eluted from the
TSK Phenyl column with TFA-acetonitrile, the chromatogram in Fig. 1 clearly
shows that the column eluted under these conditions favours the separation of lower
MW polypeptides, i.e., from 3000 to 15 000 daltons. These components may be sep-
arated completely, whereas the membrane proteins with higher MW are eluted in one
or two groups virtually without separation.

However, the elution of hydrophobic proteins with MW around 100 000 daltons
from a RP column is quite remarkable. In order to expand the high-molecular-weight
separation range, the TSK Phenyl column was eluted with an acetic acid gradient in
acetonitrile. It was clearly demonstrated that the column now operated in another
fashion to that obtained with TFA—acetonitrile, since the CHAPS membrane exiracts
(which contained only membrane components with MW < 15 000 daltons) were
eluted in the initial quarter of the chromatogram (Fig. 5), whereas the membrane
proteins solubilized with SDS and containing components with MW 15 000-200 000
daltons were resolved in several fractions in the major part of the chromatogram (Fig.
7, upper panel). Isolation of membrane proteins with MW > 50 000 daltons, suffi-
ciently pure for sequencing, should be possible with minor developmental work.

HPLC separation of a membrane protein mixture is an enormous challenge due
to the complexity of the sample and (partly) the inapplicability of several HPLC
principles which have produced brilliant results in the separation and characteriza-
tion of water-soluble proteins. Due to the well known principle for estimating the
molecular weight of polypeptides in SDS, HPSEC with mobile phases containing
SDS has traditionally been the initial step in an HPLC characterization of membrane
proteins, but HPSEC offers probably the least satisfactory separation capacity of the
most common HPLC methods, and for several reasons, primarily economic, pre-
parative HPSEC of polypeptides has been reported in very few cases.

RP-HPLC of water-soluble polypeptides is normally optimized by varying the
stationary as well as the mobile phase, and as indicated in the present report, success-
ful RP-based separation of membrane proteins depends upon similar developmental
work: a silica-based C, column eluted with TFA-acetonitrile (a perfect combination
for several polypeptide separations) was considerably less suited for membrane pro-
tein separation than was the resin-based phenyl column (with a different chemistry)
eluted with the same mobile phase.

Further, a considerable expansion of the separation range for the resin-based
RP column resulted from exchanging TFA with acetic acid as the mobile phase
additive. The use of high amounts of acetic acid seems a promising alternative to the
classical RP mobile phase additives. Good resolution and high recovery of erythro-
cyte membrane proteins was obtained, and the degree of solubilization using various
detergents can be rapidly estimated.
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Similar separations to those reported here were obtained if the TSK Phenyl
column was eluted with an acetic acid gradient, i.e., 20-90% acetic acid without
addition of any organic modifier®, indicating the possibility to perform RP-HPLC
analyses of proteins without incorporation of acetonitrile, propanol or other organic
solvents.

However, only few commercially available RP columns will tolerate continuous
use of high concentrations of acetic acid, and this mobile phase is far from any
physiological level. A successful separation of many membrane proteins will therefore
require new concepts in column design as well as a critical revision of the choice of
mobile phases. Investigations concerning the last point are in progress in this lab-
oratory.

ACKNOWLEDGEMENTS

We thank Ingelise Fabrin and Helle Boysen Kofoed for excellent technical
assistance.

REFERENCES

I B. S. Welinder, S. Linde, H. H. Sgrensen, K. R. Hejnas and B. Hansen, in M. T. W. Hearn (Editor),
HPLC of Proteins, Polypeptides and Polynucleotides, VCH, New York, in press.

G. Fairbanks, T. L. Steck and D. F. H. Wallach, Biochemistry, 10 (1971) 2606-2617.

Bulletins Nos. 110 and 210, Pharmacia, Uppsala, 19—.

L. Steck, J. Cell. Biol., 62 (1974) 1-19.

Ikigai, T. Nakae and Y. Kato, J. Chromatogr., 322 (1985) 212-219.

S. Matson and S. C. Goheen, J. Chromatogr., 359 (1986) 285-295.

C. Goheen and T. M. Chow, J. Chromatogr., 359 (1986) 297-305.

C. Goheen, in Proc. Membr. Protein. Symp., Bio-Rad Labs., Richmond, CA, 1986, pp. 259-265.
S.

T.
H.
R.
S.
S.
B. S. Welinder, unpublished results.



Journal of Chromatography, 462 (1989) 269-279
Elsevier Science Publishers B.V., Amsterdam — Printed in The Netherlands

CHROM. 21 040

CHROMATOGRAPHIC AND SPECTROSCOPIC PROPERTIES OF HEMI-
ACETALS OF AFLATOXIN AND STERIGMATOCYSTIN METABOLITES

DONNA L. ORTI*, JAMES GRAINGER, DAVID L. ASHLEY and ROBERT H. HILL, Jr.

Division of Environmental Health Laboratory Sciences, Center for Environmental Health and Injury Control,
Centers for Disease Control, Public Health Service, U.S. Department of Health and Human Services,
Atlanta, GA 30333 (U.S.A.)

(First received August 8th, 1988; revised manuscript received October 11th, 1988)

SUMMARY

Improved fluorescence detection of aflatoxin B, by chromatographic analysis is
accomplished by conversion to the corresponding hemiacetal, aflatoxin B,,. Because
the metabolites aflatoxin M, aflatoxin P,, aflatoxin Q,, sterigmatocystin, and O-
methylsterigmatocystin have the same molecular conversion site, we investigated the
chromatographic and spectroscopic properties of hemiacetals of these compounds to
assist in confirming aflatoxins and sterigmatocystins in human urine. Nuclear mag-
netic resonance and infrared absorbance were used to confirm the hemiacetal struc-
ture for aflatoxin B, and sterigmatocystin. The ultraviolet absorbance, fluorescence,
and chromatographic properties of the metabolites were investigated. Using these
data, we optimized the detection and solvent conditions for high-performance liquid
chromatography. We determined that, of the conditions studied, maximum sensitiv-
ity and resolution for the native aflatoxins were achieved with a mobile phase of
methanol, tetrahydrofuran, and water, a Cg column in series with a C,5 column, and
fluorescence detection with 365 nm excitation and 430 nm emission wavelengths for
aflatoxins By and M, and with 500 nm emission wavelength for aflatoxins P; and Q;.
For the analysis of the hemiacetals, a mobile phase of methanol, acetonitrile, and
water provided better chromatography and fluorescence detection. Sterigmatocystin
and O-methylsterigmatocystin were readily converted to the hemiacetal forms, which,
like the aflatoxins, were more polar and, therefore, earlier eluting by reversed-phase
HPLC (methanol, acetonitrile, and water, 236 nm absorbance). These data are im-
portant to maximize the sensitivity and confidence for detecting the mycotoxin me-
tabolites in biological specimens.

INTRODUCTION

In 1966, the hemiacetals of aflaloxins B, and G, were first reported’. These
hemiacetals could be synthesized by the acid-catalyzed addition of water across the
viny! ether (C2,3) double bond (Fig. 1)* and were found to be more intensely fluo-
rescent than the corresponding naturally occurring mycotoxins®. The ease of produc-
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tion and the enhanced fluorescence of the hemiacetals have encouraged investigations
of the hydrated form rather than the native compound by high-performance liquid
chromatography (HPLC)*~". When aflatoxin B, is acted on by the liver enzymes (rat,
mouse, monkey, and human), it is hydroxylated to the metabolites aflatoxins M, P,
and Q (refs. ') (Fig. 1), which are conjugated with glucuronic acid when excreted
in the urine®,

Sterigmatocystin (STR) is similar to aflatoxin: it is produced by species of
Aspergillus that contaminate stored nuts and grain, it has the 7,8-dihydrofurano-
[2,3-b]furan moiety where a vinyl ether double bond is located, and it is conjugated
with glucuronic acid when excreted in the urine!3. Unlike aflatoxin, however, unless it
is dissolved in a strong acid such as sulfuric acid, STR in not intensely fluorescent!*.
Typically, HPLC of STR uses ultraviolet (UV) absorbance for detection!>—17.

We have been interested in analyzing for the mycotoxins in human speci-
mens'®'®. We present chromatographic and spectroscopic properties of the hemiace-
tals of aflatoxin B; (AFB), aflatoxin M; (AFM), aflatoxin P; (AFP), aflatoxin Q,
(AFQ), sterigmatocystin (STR), and O-methylsterigmatocystin (OMS). The results of
this study were used to enhance sensitivity and confidence in the HPLC determination
for these mycotoxin metabolites in human urine!®.

EXPERIMENTAL

Equipment and reagents

Standards of AFB, AFM, AFP, AFQ, STR and OMS (Sigma, St. Louis, MO
U.S.A.), were prepared in acetonitrile. Because these mycotoxins are highly toxic and
carcinogenic, standards were prepared in a glove box. Trifluoroacetic acid (TFA)
(Aldrich, Milwaukee, WI, U.S.A.) and orthophosphoric acid (Fisher Scientific, Fair

aflatoxin A B C

B2a -OMe -H -H
M2a -OMe -OH ~-H
P2a ~OH -H -H
Q2a -OMe ~H -OH

R

OCH,

sterigmatocystin —OH sterigmatocystin-hemiacetal
O-methylsterigmatocystin -0Me O-methylsterigmatocystin-hemiacetal

Fig. |. Chemical structures of the native and hemiacetal forms of the mycotoxins studied. Me = Methyl.
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Lawn, NJ, U.S.A.) were reagent grade. All solvents were HPLC-grade (Burdick &
Jackson, Muskegon, MI, U.S.A)).

HPLC was performed with a Waters system, incorporating an M6000A pump,
an M721 data module, an M720 system controller, and an M710B WISP injector
(Millipore, Milford, MA, U.S.A.). Detectors were a Perkin-Elmer LS-4 and a Perkin-
Elmer 650-10S fluorescence spectrophotometers (Norwalk, CT, U.S.A.) and a Waters
480 spectrophotometer. Either a Sepralyte Cg (25 cm X 2.1 mm I.D., 10-um) column
(Analytichem, Harbor City, CA, U.S.A.) or a Spherisorb Cg (15¢m x 40mm1.D., 5
pm) (Chromanetics, Sci-Con, Winter Park, FL, U.S.A.) in series with a Spherisorb
Cis (15cm x 4.0 mm L.D., 5 um) column were used as the stationary phases. A
Waters 990 photodiode array detector was used for determining the UV absorbance
spectra of the mycotoxins. A Nicolet 170SX Fourier transform infrared (FT-IR)
spectrometer (Nicolet, Madison, WI, U.S.A.) was used for the IR analyses. Samples
were analyzed as KBr pellets. The instrumentation and conditions for the nuclear
magnetic resonance (NMR) analyses are described elsewhere?°.

Preparation of the mycotoxin hemiacetals

Hexane (200 ul) and TFA (50 ul) were added to 2 ug of the mycotoxin. After 15
min at 60°C, 950 pl of water-acetonitrile (9:1) was added, the solution was vortexed,
and the lower aqueous layer was transferred to a vial for HPLC analysis!® 2!, By
convention, the hemiacetal of aflatoxin B, is called aflatoxin B,, (AFB,,)*; following
this convention the hemiacetals of AFM, AFP, and AFQ have been designated
AFM,,, AFP,, and AFQ,,.

RESULTS AND DISCUSSION

The purity of the standards was evaluated by HPLC. When only one fluo-
rescent (365 nm excitation, 430 nm emission) peak was present in the HPLC chroma-
togram, the standard was regarded as pure. We evaluated the standards in this fash-
ion because very small amounts of aflatoxins P; and Q, were available. When the
standards were dissolved in methanol, they deteriorated in a few weeks, this has also
been observed by other investigators®?. Aflatoxin Q; deteriorated most quickly and
began to show multiple HPLC peaks after two weeks. Greater stability was obtained
when the aflatoxins were dissolved in acetonitrile. Aflatoxin Q, produced one HPLC
peak for more than a month.

Hemiacetal synthesis

The conversion of the native mycotoxin to the hemiacetal was cvaluated by the
disappearance of the native peak and the appearance of a fluorescent HPLC peak for
the hydrated structure. As shown in Table I, using reversed-phase isocratic HPLC,
the hemiacetals eluted faster than their corresponding native mycotoxins. Table II
shows minimum detectable amounts of each aflatoxin and its hemiacetal under vari-
ous conditions. The aflatoxins were generally more fluorescent in the hemiacetal
form. The reduction in the retention time and the increased fluorescence of the hemi-
acetals serve to confirm the parent mycotoxin. Three variations of the TFA-catalyzed
addition of water to aflatoxin were evaluated: in method 121, 200 ul of dry hexane and
50 ul of TFA were mixed with the mycotoxin. The reaction proceeded for 15 min at
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TABLE 1

RELATIVE RETENTION TIMES OF THE HEMIACETAL STRUCTURES OF AFLATOXIN AND
STERIGMATOCYSTIN METABOLITES

Mobile phase: acetonitrile-methanol-water (3:2:5), 0.3 ml/min. Column: Sepralyte Cg, 250 mm x 2 mm
L.D., 10 um. Relative retention times calculated as retention time (hemiacetal)/retention time (native myco-
toxin).

Relative
retention time

Aflatoxins

B 0.56
M 0.65
P 0.63
Q 0.84
Sterigmatocystins

STR 0.43
OMS 0.48

room temperature, and then 950 ul of water—acetonitrile (9:1) was added and the
solution vortexed. The lower, aqueous layer was transferred to another vial for analy-
sis. In method 223, hexane and TFA were added as in method 1, but the solution was
incubated at 40°C for 15 min. After incubation, the reaction mixture was evaporated
to dryness with a gentle stream of nitrogen and 40°C heat, then dissolved in 1 ml of

TABLE 11

INFLUENCE OF MOBILE PHASE AND EMISSION WAVELENGTH ON THE RELATIVE FLUO-
RESCENCE OF AFLATOXINS*

(a) Methanol-THF-0.3% H,PO, (35:5:60), 0.5 ml/min. (b) Methanol-THF-water (35:5:60), 0.5 ml/min.
(¢) Methanol-acetonitrile—water (35:5:60), 0.5 ml/min.

Aflatoxin Mobile Emission wavelength (nm)**
phase

430 500

Native (ng)  Hemiacetal (ng) Native (ng)  Hemiacetal (ng)

B a 0.43 0.03 2.8 0.07
0.34 0.05 20 0.11
c 1.7 0.03 5.6 0.06
M a 0.15 0.07 0.27 0.19
0.15 0.08 0.24 0.19
c 0.08 0.06 - 0.27 0.19

P a 16 12 1.4 1.7
8.0 3.0 0.59 0.77

c 25 2.8 1.0 L1
Q a 17 0.16 7.5 0.05
b 12 0.17 3.0 0.06
c 12 0.05 5.6 0.02

* Shown as the minimum detectable amount in ng, signal-to-noise ratio is 3:1.
** 365 nm was used as the excitation wavelength.
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acetonitrile. In method 37, 1 ml of TFA-water (9:1) was added to the dried standard
material and the mixture reacted for 15 min at room temperature. Each sample was
then analyzed by HPLC. HPLC determined that AFB was easily and completely
converted to.its hemiacetal by all three methods, but the other metabolites (AFM,
AFP, AFQ, STR and OMS) were not as reactive and, therefore, not completely
hydrated. Other investigators have noted the incomplete reaction by AFM with
TFA?®. Similarly, substituting 50% aqueous trichloroacetic acid for TFA readily
converted AFB but not the other metabolites. Moderate heat (60°C) was necessary to
ensure complete reaction of all of the metabolites. The method described in Prep-
aration of the mycotoxin hemiacetals completely converted each of the six mycotoxins
to their hemiacetal structure.

The hemiacetal of sterigmatocystin

IR and NMR analyses confirmed the hemiacetal structure of sterigmatocystin
(Fig. 1). After determining the IR and NMR spectra for aflatoxin B,,, we compared
the spectra for sterigmatocystin. The IR spectrum of AFB,, demonstrated the addi-
tion of water to the C2,3 double bond by the appearance of a broad O-H stretching
band at 2458 cm ™! and by the disappearance of the double bond 1620 cm~! band.
Additionally, a new band at 1086 cm ™! was observed for the hemiacetal C-O stretch-
ing, while the band from 1199 cm ™! vinyl ether C-O—C stretching in five membered
ring disappeared. This spectrum closely agreed with published results®2°, In the IR
spectra for STR hemiacetal, the presence of 3220 cm ™! band (aliphatic O-H stretch)
and the 1442 cm ™" and 1420 cm ™! bands (O-H bend), and the absence of the 1620
cm™~! band, supported addition of water across the vinyl ether double bond. The
NMR spectra of AFB, STR and their hemiacetals, and selective homodecoupling
experiments used to make assignments, are described elsewhere2°. These spectra ver-
ify that (a) water was added across the double bond of the vinyl ether, (b) the hydrox-
yl group was attached to the alpha carbon, and (c) two hemiacetal configurations
were produced by the hydroxyl group occurring in an up (beta structure) or a down
(alpha structure) orientation. These data confirm that the hemiacetal of sterigmato-
cystin can be easily synthesized.

The UV, fluorescent, and chromatographic properties of the hemiacetals of
sterigmatocystin and O-methylsterigmatocystin were investigated. Fig. 2 shows that
the UV spectra of STR and OMS hemiacetals were not different from the spectra for
the native mycotoxins. STR is reported to be fluorescent under strong acidic condi-
tions'?; however, because strong acids cannot be used as a mobile phase for HPLC,
UV absorbance is used as the method of detection. Converting the parent structure of
STR or OMS to the hemiacetal, likewise, did not produce a structure that was suita-
bly fluorescent when using HPLC. Table I gives the relative retention times of hemi-
acetals of STR and OMS. The hydrated structures clearly are more polar than the
native forms and, therefore, earlier eluting by reversed-phase liquid chromatography
(RPLC). These results parallel the observed chromatography of the aflatoxin hemi-
acetals.

The hemiacetal of aflatoxin B, (AFB,,)
The UV spectrum of aflatoxin B; was not significantly affected by the con-
version to the hemiacetal (Fig. 2), although, the fluorescence intensity was. As shown
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Fig. 2. UV spectra of native and hemiacetal structures of aflatoxin B, aflatoxin M, sterigmatocystin, and
O-methylsterigmatocystin. See text for details. Wavelength in nm.

in Table II, depending on the mobile phase and the emission wavelength used, AFB,,
was nearly seven times more fluorescent than AFB. Maggon and Gopal®® reported
that the excitation maximum for AFB,, dissolved in methanol shifted to 405 nm.
When we tried to use 405 nm as the excitation wavelength with 430 nm as the emis-
sion wavelength, however, the signal-to-noise ratio increased significantly, reducing
the overall detection limit. Because of the better signal-to-noise ratio with 365 nm
excitation wavelength, this setting was used. By using the excitation wavelength of
365 nm and emission wavelength of 430 nm, 340 pg of AFB could be detected in 35%
methanol mobile phase modified with THF; its hemiacetal could be detected at 50 pg
in acetonitrile-modified mobile phase. The synthesis of the hemiacetal by the method
we used was confirmed by NMR and IR. The hemiacetal was more polar and, there-
fore, earlier eluting by RPLC. In fact, relative to the parent molecule, AFB,, was the
most polar of the aflatoxin hemiacetals. The combination of increased fluorescence
and reduced retention time can be used to confirm the presence of the native myco-
toxins in a sample.

The hemiacetal of aflatoxin My (AFM,,)

As with AFB, the shape of the UV spectra curves of AFM and its hemiacetal, as
shown in Fig. 2, was not significantly different. Unlike AFB, the fluorescence of AFM
was less affected by the mobile phase or the conversion to the hemiacetal. The greatest
sensitivity for AFM (see Table II) was in an acetonitrile-modified methanol mobile
phase where 80 pg could be detected when an emission wavelength of 430 nm was
used. Under these same conditions, the greatest sensitivity for the hemiacetal could be
obtained (60 pg). Fig. 3 shows the detector response to 10 ng of AFM and AFM;,
under these conditions. The conversion to the hemiacetal did not improve the detec-
tion limit for this mycotoxin by more than two times under any of the conditions
tested. The native toxin, however, is detectable at lower levels (80 pg) than any of the



LC OF AFLATOXINS AND STERIGMATOCYSTINS 275

M
J L M1 B1 __,,L_Ql_ P
Q2a
LM,2-3/ B2a J P2a
20 minutes 0 20 minutes 0 0 minutes © 20 minutes 0

Fig. 3. Detector responses to 10 ng of analyte. With the fluorescence wavelength set at 365 nm, the
conditions for optimal detection of aflatoxin metabolites are shown. See text for details.

other aflatoxin metabolites. The lower detection limit for the hemiacetal could be
simply due to the fact that it is more polar and, therefore, earlier eluting than the
native structure. Table IIT shows that of the aflatoxin metabolites, the conversion to
the hemiacetal had the least effect on the retention time for AFM (relative retention
times of the hemiacetal to the native compound ranged from 0.58 to 0.63). Investiga-
tors using RPLC for AFM analysis have been converting the native toxin to the
hemiacetal to enhance fluorescence®®2*2’~2°, Using an excitation wavelength of 365
nm and emission wavelengths greater than 400 nm with mobile phases of methanol
and/or acetonitrile, researchers were able to achieve between a two-fold and six-fold
increase in fluorescence of AFM,, over AFM?27-2°_ Although we did not see such a
marked improvement in fluorescence of the hemiacetal, it is not clear if this was
because of improved detection for AFM by us or diminished detection for AFM,,.
Differences in detectors, filters, diffraction gradings, and chemical interaction greatly
influence the fluorescence production and detection.

TABLE III
EFFECT OF THE MOBILE PHASE MODIFIER ON RETENTION TIMES

Column: Spherisorb Cg, 150 mm x 4 mm L.D. plus Spherisorb C, 4, 150 mm x 4 mm LD. Mobile phase:
water—methanol-modifier (60:35:5). Modifiers: (a) THF + 0.3% H,PO,; (b) THF; (c) acetonitrile. Flow-
rate: 0.5 ml/min.

Alfatoxin Mobile phase
a b 4
Native Hemiacetal Native Hemiacetal Native Hemiacetal
(min) (min) (min) (min) (min) (min)

B 23.0 10.0 16.4 8.2 38.0 13.6

M 12.0 7.6 9.8 6.2 16.8 9.8

P 17.4 8.4 13.4 6.8 19.0 9.0

Q 10.2 5.8 8.4 5.2 13.6 6.2
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The hemiacetal of aflatoxin Qy (AFP,,)

As the native structure, the detection limit of aflatoxin Q; was nearly 100 times
less sensitive than that of aflatoxin M;. When 430 nm excitation was used, the detec-
tion limit was 12 ng. An emission wavelength of 500 nm, however, gave more sensitiv-
ity for this analyte with THF-modified methanol mobile phase providing the best
sensitivity (detection limit 3 ng). As shown in Table II, synthesis of the hemiacetal
improved the sensitivity 150 times (detection limit 20 pg; acetomtrlle modifier, 500 nm
wavelength). Of the four aflatoxins, AFQ demonstrated the greatest enhancement in
fluorescence by the hydration reaction and was changed from one of the least fluo-
rescent of the native toxins to the most fluorescent of the hemiacetals (see Fig. 3).
Thus, we believe that the key to detecting AFQ by HPLC is to analyze for the
hemiacetal.

The hemiacetal of aflatoxin Py (AFP,,)

Under similar conditions, the hemiacetals of AFB, AFM, and AFQ were al-
ways more fluorescent than the native toxin; however, this was not true for AFP.
Table II shows that while AFP,, was more fluorescent than the native toxin at the 430
nm emission wavelength, at the 500 nm wavelength the fluorescent signal for the
native toxin was stronger. Because the fluorescence signal at 500 nm emission (0.6-1.4
ng) was more than ten times more intense than at 430 nm (8-25 ng), the longer
wavelength should be used to analyze for the native toxin. By using 500 nm as the
emission wavelength, however, conversion to the hemiacetal would not improve the
detection limit for AFP (0.8-1.7 ng), but the shift in retention time would confirm its
presence. Of the four aflatoxin metabolites, we found the hemiacetal of AFP to be the
least fluorescent under the conditions tested (see Fig. 3).

Many HPLC methods use gradient elution to resolve the very similar structures
of these mycotoxins. We were able to improve peak resolution by using two types of
reversed-phase columns in series; when a C, g was coupled with a Cg column, all of the
peaks (four native aflatoxins and four hemiacetals) were resolved (Fig. 4 and 5). To
optimize resolution, we evalutated three ternary mobile phases. Methanol modified
with acetonitrile has been used by several investigators for RPLC*®, and others have
added acid to the mobile phase’. THF was investigated as a modifier because it is less
polar than either methanol or acetonitrile. Although the hemiacetals for AFB, AFM,
and AFQ were more intensely fluorescent in the mobile phase modified with aceto-
nitrile, the native toxins for AFB, AFP, and AFQ were more fluorescent when THF
was used as the modifier. Acidification of the mobile phase with orthophosphoric acid
modified with THF did not significantly enhance the fluorescence. More intense fluo-
resence signals were obtained for AFB, AFM, and their hemiacetals (AFB,, and
AFM,;,) by using 430 nm as the emission wavelength, whereas an emission wave-
length of 500 nm allowed more intense signals for AFQ, AFP, and their hemiacetals
(AFQ,, and AFP,,) (Fig. 4 and 5). Of those tested, a mobile phase of methanol-
THF-water (35:5:60) provided the best resolution of the mycotoxins on the double-
column system (Table III). In routine laboratory analysis for aflatoxins, the native
structures are analyzed separately from the hemiacetals. We found that the condi-
tions to best analyze for the native aflatoxins are a mobile phase of methanol, THF,
and water, a Cyg plus a Cg column, an excitation wavelength of 365 nm, and an
emission wavelength of 430 nm for detection of AFB and AFM and an emission
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Fig. 4. Composite of chromatograms of 10 ng samples of native aflatoxins. A Spherisorb C; column was
used in series with a Spherisorb C,; column. The mobile phase was a 35% aqueous methanol solution
modified with 5% THF. The flow-rate was 0.5 ml/min. Fluorescence detection used 365 nm as the excita-
tion wavelength; the emission wavelength was as indicated.
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Fig. 5. Composite of chromatograms of 10-ng samples of the hemiacetal forms of aflatoxins. Column,
flow-rate and detector conditions are as described in Fig. 4. The mobile phase was 35% aqueous methanol
solution modified with 5% acetonitrile.
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wavelength of 500 nm for detection of AFP and AFQ (Fig. 4). For detection of the
hemiacetals, a mobile phase of methanol, acetonitrile, and water with the same detec-
tor settings provided maximum sensitivity, resolution, and confirmation (Fig. 5).
Although these conditions may not be optimal for each of the mycotoxins, they are
the good compromise of those tested.

CONCLUSION

In this study we showed that the hemiacetals for the metabolites of aflatoxin
and sterigmatocystin can be easily prepared, and we confirmed this with NMR and
IR for AFB and STR. The hemiacetals for AFP, AFQ and OMS have not been
reported before. These hemiacetals have distinctive chromatographic and fluores-
cence properties (in the case of the aflatoxins) that can be used to confirm the identifi-
cation and improve the detection of the mycotoxins. The native mycotoxins and the
more polar hemiacetals can be resolved by HPLC. Many investigators use emission
wavelengths of 435 nm, but for the fluorescence of AFP and AFQ, a wavelength of
500 nm results in greater sensitivity. The fluorescence is also influenced by the compo-
sition of the mobile phase. Maximum sensitivity for detection of these mycotoxins is
obtained by optimizing the emission wavelength and the mobile phase composition.
The ease in preparing the hemiacetal of these mycotoxins, the improved sensitivity for
three aflatoxin metabolites, and the reduced retention time make this a good confir-
matory test for the HPLC analysis.
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SUMMARY

A reversed-phase, ion-pair high-performance liquid chromatographic (HPLC)
method for the determination of gallamine and its impurities is described. The sep-
aration is achieved on a Nucleosil C,5 column with acetonitrile-aqueous phosphate
buffer (pH 3.0) (31:69, v/v) containing 0.1 M sodium perchlorate as eluent and on-line
UV detection at 200 nm. The method is sensitive (the detection limit is 0.7 ng injected)
and reproducible, with a peak area coefficient of variation of 0.19% (n = 15; 3 ug
injected) and 1.65% (rn = 15; 10 ng injected) for a gallamine assay; the detector
response is linear over the concentration range 0.5-250 ug/ml of gallamine triethio-
dide with a correlation coefficient of 0.9997. The method has been used to isolate the
two main impurities contained in gallamine triethiodide batches; their structures have
been determined by NMR and fast atom bombardment mass spectrometry. Various
gallamine triethiodide batches have been analysed and the HPLC results compared
with those obtained by thin-layer chromatography.

INTRODUCTION

Gallamine triethiodide (Fig. 1a), a substitute for curare, was first synthesized in
France by Rhone-Poulenc in 1947. Since then, it has been used mainly as a non-
depolarizing neuromuscular blocking agent in anaesthetic practice.

Several methods for gallamine triethiodide assay have been proposed. Some
workers used dye-binding fluorescence methods!~ but these were not suitable for the
assay of both gallamine and its impurities. Recently, two chromatographic meth-
ods>¢ have been proposed for these determinations but the results were not very
convinging.

This paper describes a method for the determination of gallamine triethiodide
and its main impurities by high-performance liquid chromatography (HPLC). Two
impurities were isolated by preparative chromatography and their structures were
determined. The results obtained by HPLC and thin-layer chromatography (TLC)’
were compared.

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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Fig. 1. Structures of (a) gallamine triethiodide and (b) gallamine base.
EXPERIMENTAL

Chemicals

Gallamine triethiodide samples were from different sources. HPLC-grade ace-
tonitrile was purchased from Prolabo (Paris, France). Deionized water was further
purified on a Milli-Q system (Millipore, Bedford, MA, U.S.A.). All other chemicals
were of analytical-reagent grade from Prolabo.

Apparatus

The HPLC system consisted of a Gilson (Villiers-le-Bel, France) gradient chro-
matograph equipped with a Rheodyne 20-ul sample loop injector, a Gilson Model
231 autosampler, a Kratos (Ramsey, NJ, U.S.A.) Spectroflow 757 UV detector and a
Perkin-Elmer (Wilton, CT, U.S.A.) LCI100 integrator recorder coupled with a Per-
kin-Elmer Model 7700 datastation. Detection was also carried out with a Hewlett-
Packard (Palo Alto, CA, U.S.A.) Model 1040 A diode array detector.

The impurities were isolated with a semi-preparative chromatograph consisting
of a Gilson Model 303 HPLC pump coupled with a Model 803C manometric module.
Rheodyne 6-ml sample loop injector was used. The UV detector was an LDC Spec-
tromonitor IIT (Laboratory Data Control, Riviera Beach, FL, U.S.A.) equipped with
a 35-ul semi-preparative cell.

HPLC conditions

Chromatographic columns (25 cm % 0.46 cm 1.D.) were packed with either
5-um Nucleosil octadecyl-bonded silica, 5-um Nucleosil cyanopropylsilica or 5-um
Nucleosil bare silica (mean pore diameters 100 A) (SFCC, Gagny, France). Sodium
perchlorate was added to the buffer—acetonitrile mobile phase. The aqueous part of
the mobile phase was adjusted to pH 3 by adding sodium hydroxide to 0.05 M
phosphoric acid solution. Mobile phases containing 0-0.5 M sodium perchlorate
were prepared.

On the octadecy! bonded silica, either isocratic or gradient elution was used.
For isocratic elution the mobile phase consisted of acetonitrile-20.3 g/l sodium per-
chlorate solution buffered at pH 3 (31:69, v/v). This mobile phase also gave good
results on cyanopropyl-bonded silica. In some instances, gradient elution was neces-
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sary. Two solvent mixtures were prepared: solvent A [acetonitrile-15.5 g/l sodium
perchlorate solution buffered at pH 3 (10:90, v/v)] and solvent B [acetonitrile-40 g/l
sodium perchlorate solution buffered at pH 3 (65:35, v/v)]. At time zero, the mobile
phase was a mixture of 25% B in A, increased linearly to 50% in 20 min and to 65%
after 25 min. This level was maintained until the end of the elution.

On bare silica, the best mobile phase was acetonitrile-17.5 g/l sodium perchlo-
rate solution buffered at pH 3 (20:80, v/v). However, the octadecyl-bonded silica gave
the best results.

Volumes of 20 ul of gallamine solutions were injected. The solutions were pre-
pared by adding 0.05-40 mg of a gallamine triethiodide sample to 100 ml of mobile
phase. The flow-rate was 1 ml/min. The analysis was performed at room temperature
and the UV wavelength was 200 nm.

Preparative liquid chromatographic conditions

Weused a25cm x 2.1 cm I.D. column packed with 5-um Nucleosil octadecyl-
bonded silica. The mobile phase composition was as specified above for isocratic
elution and the flow-rate was 12 ml/min. A 100-mg amount of a gallamine triethio-
dide batch, added to 100 mg of sodium perchlorate and dissolved in 6 ml of mobile
phase, was injected (a counter ion has to be added to prevent peak broadening). The
UV wavelength was set at 230 nm instead of 200 nm to avoid UV saturation.

After collection, the fractions containing the impurities were immediately neu-
tralized to avoid acidic degradation. Acetonitrile and part of the water were evaporat-
ed under vacuum at 30°C. The concentrated impurities were nearly insoluble in the
aqueous phase overloaded with phosphate and perchlorate. Hence they were exclud-
ed from the aqueous phase and it was possible to collect them in the supernatant
without contamination by sodium perchlorate of sodium dihydrogenphosphate.

TLC conditions”

Silica gel pre-coated flexible TLC sheets (20 cm X 20 cm) were purchased from
Prolabo (F 1500, Schleicher et Schiill). The plates were activated at 110°C for 30 min
and 5 ul of a 20 mg/ml methanolic solution of gallamine triethiodide were applied.

Development was achieved with acetone-11 M hydrochloric acid—water
(50:25:25, v/v). After migration, the plates were dried and sprayed with a solution of 1
g of hexachloroplatinic acid dissolved in 4 ml of hydriodic acid (sp. gr. 1.7).

Structure determination

The mass spectra of the two unknown impurities were recorded by fast atom
bombardment mass spectrometry (FAB-MS) using a Kratos AEI MS 50 mass spec-
trometer.

'"H NMR spectra were recorded at 250 MHz on a Bruker (Wissembourg,
France) WM 250 instrument in DMSO-ds solution, using dimethyl sulphoxide
(DMSO) as a reference (6 DMSO = 2.5 ppm). Coupling constants (J) were measured
in hertz.

13C NMR spectra were recorded at 50.3 MHz on a Bruker WP 200 SY in-
strument in DMSO-d solutions, using DMSO as a reference (§ DMSO = 39.5 ppm).
The carbon multiplicity was determined by a spin—echo J modulation experiment.
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RESULTS AND DISCUSSION

Separation principles

Many drug substances contain nitrogen with basic properties. As these sub-
stances are often soluble in water and acetonitrile, reversed-phase HPLC seems to be
a suitable technique for their determination. In water—acetonitrile mixtures, they can-
not be chromatographed in their non-ionized from because the mobile phase is alka-
line and damages the silica-based stationary phase. Consequently, a counter ion has
to be added to an acidic mobile phase to allow ion pairing with the solute®®. Often,
however, tailing effects or even irreversible adsorption on the stationary phase are ob-
served, probably owing to the presence of residual silanol groups in the stationary
phase'°~*3. End-capped stationary phases'*!5 can reduce this tailing effect. Another
remedy is to add anti-tailing agents such as long-chain quaternary ammo-
nium' %129 o the eluent. Even though the change may be impressive, the resulting
mobile phase is complex; further, these agents are usually paired to anions (e.g.,
bromide) absorbing at 220 nm, which is a major drawback for the detection of many
compounds.
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Fig. 2. Influence of the nature of the support on the separation of the main components of a gallamine
triethiodide sample. Columns, 25 x 0.46 cm 1.D.; stationary phase, (a) 5-um Nucleosil octadecyl-bonded
silica, (b) 5-um Nucleosil cyanopropyl-bonded silica and (¢) 5-um Nucleosil silica. HPLC conditions: all
mobile phases contained 0.1 M sodium perchlorate (pH 3); (a) and (b) acetonitrile-water (69:31, v/v); (c)
acetonitrile-water (80:20, v/v). Flow-rate, 1 ml/min; detection, UV at 200 nm. Solutes: peaks 1 and 4,
gallamine triethiodide; 2 represents the retention time of gallamine base; 3 and 5 are impurities. The
appearance of two peaks for gallamine triethiodide is explained in the text.
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On the other hand, a small lipophilic counter ion, such as perchlorate, can be
used with the highly positively charged ammonium salts such as gallamine triethio-
dide in order to avoid peak broadening due to slow complex formation kinetics.
There are many examples in the literature!32!=23 in which perchlorates were used as
counter ions to quaternary ammonium compounds without any peak tailing.

Retention mechanisms

Using acetonitrile as organic modifier and a perchlorate concentration of 0.1
M, the nature of the stationary phase has a minor effect on the retention of gallamine.
The elution order is the same on octadecyl-bonded silica, cyanopropyl-bonded silica
and bare silica (Fig. 2). Moreover, with these three supports, a decrease in the aceto-
nitrile content of the mobile phase (at a constant perchlorate concentration) increases
solute retention. The same phenomenon was observed by Abidi?! on octadecyl-,
cyanopropyl- and phenylpropyl-bonded silica with similar mobile phases.

We studied the dependence of retention on mobile phase perchlorate concentra-
tion (Fig. 3). The most important differences were observed between the silica and the
two other bonded phases; they were significant at low sodium perchlorate concentra-
tion (below 0.1 M). Variations of the capacity factors with salt concentration were
less pronounced over the concentration range 0.1-0.5 M.

The influence of sodium perchlorate on the retention on the cyanopropyl-
bonded phase is similar to that on the octadecyl-bonded phase. The affinity of aceto-
nitrile for the cyanopropyl bonds may be greater than that of water because of their
chemical similarity. Consequently, the bonded groups could be surrounded by aceto-
nitrile in the same way as octadecyl bonds, which could explain the similarities in
chromatographic behaviour (Fig. 3a and b). The shape of the curve of k" versus
sodium perchlorate concentration obtained is well known and has been thoroughly
studied by many workers?426.

In reversed-phase ion-pair chromatography, two retention mechanisms are dis-
tinguished: the first stipulates the formation of ion pairs in the mobile phase prior to
retention on the bonded support; the second predicts ion exchange between the cat-
ionic solute and the counter ion already adsorbed on the stationary phase?*~28,

Even though both mechanisms may occur together, the second probably pre-
dominates?%-26:28:29  at least with alkylsulphate or alkylsulphonate counter ions.
With perchlorate, a much more hydrophilic counter ion, the first mechanism cannot
be eliminated. If this mechanism were to predominate, however, the three different
stationary phases, assumed to be free of adsorbed counter ions, would show great
differences in selectivity and the mobile phase polarity would have opposite effects on
retention on these supports. Consequently, the second mechanism based on ion ex-
change must also play a role. At high concentration, perchlorates are likely to cover
the stationary phase pores entirely, whatever the support may be, and there would be
ionic interactions between perchlorates and the quaternary ammonium of gallamine.

A decrease in solute retention on silica on increasing the counter ion concentra-
tion such as shown in Fig. 3¢ has already been observed?*3°=32, Moreover, we ob-
serve that the influences of mobile phase polarity and of counter ion concentration
were similar to those noted in a previous study3°—2. Perchlorates are partly adsorbed
on silica. The retention mechanism is probably based on ion exchange either directly
on silanol (SiIO"H™) groups (at low sodium perchlorate concentration) or on per-
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Fig. 3. Influence of the sodium perchlorate concentration in the mobile phase on the capacity factors of the
gallamine derivatives. (a) 5-um Nucleosil octadecyl-bonded silica; (b) 5-um Nucleosil cyanopropyl-bonded
silica; (¢) 5-um Nucleosil silica. HPLC conditions: aqueous phases buffered at pH 3; (a) and (b) aceto-
nitrile-water (69:31, v/v); (c) acetonitrile—water (80:20, v/v). (O) Gallamine base; (B) impurity 3; (A)
gallamine triethiodide (peak 4); (A) impurity 5.

chlorate. The solute retention decrease with increase in,sodium perchlorate concen-
tration could be due to the substitution of perchlorate for silanols as interacting
points and to the increase in solvent strength. The retention increase with decrease in
acetonitrile content in the mobile phase is a consequence of the decreased perchlorate
concentration in the stationary phase.

Nucleosil octadecyl-bonded silica was used in the remainder of this study; cya-
nopropyl-bonded silica also gave good separations but the results were less reproduc-
ible.

Identification of chromatographic peaks and optimization of detection parameters
Peak 1 identification was achieved using iodide; the chromatographic peaks ob-
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tained after injection of sodium or potassium iodide solution (Fig. 2a) have the same
retention times as peak 1. Moreover, the UV spectra [measured by diode array detec-
tion (Fig. 4a)] were similar. Hence we conclude that there is an immediate substitution
of perchlorate for iodide on gallamine after injection. The iodides, paired with sodi-
um ions, elute in peak 1. Gallamine base is at pH 3.0 triprotonated and coupled to
three perchlorate ions; it is eluted in peak 2. Peak 4 detected in gallamine triethiodide
batches is due to gallamine triethylperchlorate. We observe that the injected galla-
mine triethiodide batch contains two impurities (called impurities 3 and 5) corre-
sponding to peaks 3 and 5.

Their structures, determined by NMR and mass spectrometry, are presented in
Fig. 5. After their isolation by preparative chromatography, the impurities were
paired to perchlorate, which confirms the ion exchange between iodide and perchlo-
rate. Thus, in the gallamine batches, impurities 3 and 5 are gallamine diethiodide and
1,2,3-tris(2-triethylammonioethoxy)-4- (2-triethylammonioethyl)benzene tetraiodide,
respectively. '

Optimization of the detection wavelength was achieved with a diode array
detector. Maximum absorbance of gallamine triethiodide is at 225 nm (Fig. 4b).
Gallamine triethiodide, however, contains two chromophores: the aromatic ring and
the iodide ions (Fig. 4a). Maximum UV absorbance at 225 nm is due to iodide instead
of gallamine. The gallamine UV spectrum, obtained by diode array detection on peak

Abs

300

WAVELENGTH (nm)

Fig. 4. UV spectra of (a) sodium iodide, (b) gallamine triethiodide, (c) gallamine base and (d) gallamine
triethylperchlorate (measured on peak 4 by diode array detection).
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Fig. 5. Structures of (a) impurity 3 and (b) impurity 5.

4 when perchlorate replaces iodide on gallamine (Fig. 4d), is identical with that of
gallamine base (Fig. 4c). Its maximum at 200 nm is the optimum detection wave-
length (note that we observe a blue shift of about 3 nm for that maximum in the case
of gallamine triethiodide. This is due to the merging of iodide and gallamine absorp-
tion bands).

In the chromatogram obtained, the iodide to gallamine peak-area ratio depends
strongly on detection wavelength (Table I).

When the detection wavelength is set at 230 nm, the peak of gallamine is seven
times smaller than that of iodide and this may induce chromatographic errors.

The difficulties in recent studies®® in determining gallamine triethiodide by
HPLC and in explaining the retention mechanisms can be understood if we assume
that the compound determined was iodide instead of gallamine. In fact, in both
instances, the detection wavelength was 230 and 229 nm and gallamine could not be
detected.

Quantitative study

Calibration and reproducibility. Based on an acceptable signal-to-noise ratio of
3:1, the detection limit of gallamine at 200 nm is 35 ng/mi of gallamine triethiodide in
the injection solution, which corresponds to 0.7 ng injected.

HPLC calibration has been performed on gallamine itself (peak 4) and on
jodide. The concentrations of the injected gallamine triethiodide varied from 0.5 to

TABLE 1

INFLUENCE OF THE DETECTION WAVELENGTH ON THE AREAS OF IODIDE AND
GALLAMINE PEAKS

Parameter Wavelength (nm)

200 210 220 230
Iodide peak area 825 339 644 817
Gallamine peak area 1114 609 236 17

TIodide to gallamine peaks-area ratio 0.74 0.56 2.73 6.98
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TABLE 11

ANALYSIS OF DATA FOR THE REPRODUCIBILITY OF THE ASSAY OF GALLAMINE AND
IODIDE

Concentration n lodide Gallamine
(ug/ml)
Mean peak area CV* (%) Mean peak area CV. (%)
151.9 15 6487 0.36 8748 0.19
0.50 15 29.6 5.14 29.18 1.65

* Coefficient of variation.

500 pg/ml. The correlation coefficient for gallamine of 0.9997 (n = 58) indicates
excellent linearity for gallamine triethiodide concentrations between 0.5 and 250 ug/
ml.

The same calculations were also done with iodide. The linearity is not as good
as with gallamine and the correlation coefficient of 0.9995 (n = 30) indicates good
linearity but in a more restricted concentration range (7-75 ug/ml). This is mainly
caused by the low retention of iodide; peak broadening is weak and UV saturation
appears at lower concentrations. On the other hand, at low iodide concentrations, a
peak due to the solvent front disturbs the iodide quantification. Consequently, even
though this method allows a good evaluation of iodide concentration, it is less precise
than a volumetric method of quantification.

The accuracy of the method is shown in Table IT. Excellent reproducibility is
obtained, even at low concentrations, except for iodide which is difficult to measure
for concentrations lower than 15 ug/ml.

We checked the stability of the gallamine triethiodide solution: after 1 week at
room temperature, the variations in the iodide and gallamine peak area were not
significant (Table III).

Quantification of impurities. The precise measurement of the response coeffi-
cients of the impurities, i.e., gallamine base and impurities 3 and 5, requires large
amounts of product. However, owing to substitution of perchlorate for iodide in the
mobile phase, these impurities contain the same chromophore; all their UV spectra

TABLE 111

ANALYSIS OF DATA FOR THE STABILITY OF GALLAMINE TRIETHIODIDE IN THE
INJECTION SOLUTION (CONCENTRATION 151.9 ug/ml)

Time n lodide Gallamine
(days) -
Mean peak area CV.(%) Mean peak area CV. (%)

0 15 6487 0.36 8748 0.19

1 4 6508 0.49 8735 0.04

2 4 6483 0.30 8760 0.21

5 4 6474 1.08 8729 0.14

7 4 6542 0.38 8747 0.12
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are therefore nearly identical (similar to that of 1,2,3-trimethoxybenzene). Conse-
quently, to a first approximation, their molar absorptivities are identical and the
response coeflicients to apply to the chromatographic results are roughly proportion-
al to the molecular weight of the impurity.

We tested this hypothesis and found that the gallamine base response coefficient
is 0.475 times that of gallamine triethiodide. This agrees well with the gallamine base
to gallamine tricthiodide molecular weight ratio (0.47).

TLC: Results and comparison with HPLC

Using TLC, the chloride ions, which are very concentrated in the mobile phase,
immediately form ion pairs with gallamine, and iodide is eluted in the solvent front.
This type of TLC system, in which counter ions such as CI , Br, I~ or ClO4 are
used with quaternary ammonium- or protonated amine-containing solutes has been
described? 32, The retention mechanism is identical with that described above for
silica.

Fig. 6 shows a thin-layer chromatogram of some gallamine batches. Five galla-
mine triethiodide batches of three different origins were applied to the plate (spots
a-¢) in addition to gallaminc base (spot ) and a mixture of gallamine base, gallamine
triethiodide and the two identified impurities (spot g). The Ry valves of gallamine
base, impurity 3, gallamine triethiodide and impurity 5 are 0.79, 0.63, 0.53 and 0.39,
respectively. For the two gallamine triethiodide batches spotted at a and b (Fig. 6) we
observe another unknown impurity with R = 0.18.

To compare the HPLC results with those obtained by TLC, we injected the
same gallamine batches into the HPLC system (Fig. 7). It was necessary to use a

a b. ¢ d e ft ¢
Fig. 6. Thin-layer chromatogram of some gallamine batches. Chromatographic conditions as described
under Experimental. Solutes injected: (a—e) gallamine tricthiodide batches; () gallamine base batch; (g)
mixture of gallamine base, gallamine triethiodide and impurities 3 and 5. Spot identification: (1) chloride;
(2) gallamine base; (3) impurity 3; (4) gallamine triethylchloride; (5) impurity 5; (6) unidentified.
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Fig. 7. Chromatograms of gallamine batches obtained with an elution gradient. Column and detection as
in Fig. 2a; flow-rate, 1 ml/min. Mobile phase: the sodium perchlorate concentration was kept at 0.1 M and
the water solution was buffered at pH 3; at time zero the composition was water-acetonitrile (76:24, v/v),
changed linearly to (62:38, v/v) at 20 min and (54:24, v/v) at 25 min. (a~¢) Gallamine triethiodide baiches;
(f) gallamine base; (g) synthetic mixture of gallamine bas¢, gallamine triethiodide and impurities 3 and 5.

Solutes: (2) gallamine base; (3) impurity 3; (4) gallamine triethylperchiorate; (5) impurity 5; (6) unknown
impurity.

gradient to elute the impurity which may correspond to that revealed in TLC (Rp =
0.18). We observed perfect agreement between the impurities detected in HPLC and
in TLC. Even though the new impurity has not yef been identified, and the detection
methods used for HPLC and TLC are different (the spray reagent reveals the nitro-
gen-containing compounds), the new HPLC impurity (peak 6) probably corresponds
to that marked 6 (R = 0.18) in TLC.

The elution order of all the gallamine impurities was the same in all the TLC
and HPLC systems. This similarity between the elution order on octadecyl-bonded
silica and on bare silica with an acidic water-organic solvent mobile phase and a

counter ion such as perchlorate has already been obscrved at the beginning of the
study.

CONCLUSION

An HPLC method for the determination of gallamine that gives precise and
reproducible results has been developed. It was used on a semi-preparative scale to
isolate and determine the structure of the two main impurities present in batches of
gallamine. They can be quantified by this method as good estimates of their response
coeflicients compared with that of gallamine are given. The results obtained using a
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TLC method for the examination of gallamine triethiodide are consistent with those
obtained by HPLC.

ACKNOWLEDGEMENTS

We are very grateful to Mrs. Danzer, Mr. Vuilhorgne and Mr. Monegier du
Sorbier for their contributions to the structure determinations.

REFERENCES

Agonston, G. A, Vermeer, U. W. Kersten and A. H. Scaf, Br. J. Anaesth., 50 (1978) 345.
Ramzan, E. J. Triggs and C. A. Shanks, Eur. J. Clin. Pharmacol., 17 (1980) 135.
Ramzan, E. J. Triggs and C. A. Shanks, Eur. J. Clin. Pharmacol., 17 (1980) 145.
Ramzan, E. J. Triggs and C. A. Shanks, Eur. J. Clin. Pharmacol., 17 (1981) 141.

S.
M.
M.
M.
M. J. Shao, K. D. Fallon, S. N. Khalil and E. Abouleish, J. Chromatogr., 345 (1985) 184.

—

1
2 1
3 L
4 I
5 1.
6 1. M. Ramzan, J. Chromatogr., 417 (1987) 428.
7 M. Beaumont, unpublished results.

8 G. Schill, Nat. Bur. Stand. (U.S.) Spec. Publ., No. 519 (1979) 509.

9 G. Schill, Acta Pharm. Fenn., 90 (1981) 43.

10 S. H. Hansen, P. Helboe and M. Thomsen, J. Chromatogr., 409 (1987) 71.

11 W. E. Rudzinski, D. Benett and V. Garica, J. Lig. Chromatogr., 5 (1982) 1295.

12 K.-G. Wahlund and S. Sokolowski, J. Chromatogr., 151 (1978) 299.

13 F. P. Schmiidtchen and H. Oswald, J. Lig. Chromatogr., 9 (1986) 993.

14 Supeico HPLC Reporter, Vol. 3, No. 2, Supelco, Bellefonte, PA, 1981.

15 J. A. de Schutter and P. de Moerloose, J. Chromatogr., 437 (1988) 83.

16 M. G. M. de Ruyter, R. Cronnelly and N. Castagnoli, Ir., J. Chromatogr., 183 (1980) 193.

17 M. Wolff, E. M. Winkler, D. Kersten and B. Goeber, Pharmazie, 40 (1985) 624.

18 B. A. Persson, S. O. Jansson, M. L. Johansson and P. O. Lagerstrom, J. Chromatogr., 316 (1984) 291.
19 M. J. M. Wells, J. Lig. Chromatogr., 5 (1982) 2293.

20

J.S. Kiel, S. L. Morgan and R. K. Abramson, J. Chromatogr., 320 (1985) 313.

21 S. L. Abidi. J. Chromatogr., 324 (1985) 209.

22 P. A. Mourier, Analusis, 17 (1989) 67.

23 J. E. Greving, H. Bouman, J. H. G. Jonkman, H. G. M. Westenberg and R. A. de Zeeuw, J. Chroma-
togr.. 186 (1979) 683.

24 J. H. Knox and R. A. Hartwick, J. Chromatogr., 204 (1981) 3.

25 R. B. Taylor, R. Reid and C. T. Hung, J. Chromatogr., 316 (1984) 279.

26 R. H. A. Sorrel and A. Hulshofl, Adv. Chromatogr., 21 (1983) 87.

27 W. R. Melander and S. Horvath, in M. T. W. Hearn (Editor), Ion-Pair Chromatography, Marcel
Dekker, New York, 1985, pp. 27-75.

28 A. Bartha, H. A. H. Billiet, L. de Galan and G. Vigh, J. Chromatogr., 291 (1984) 91.

29 A. Bartha, G. Vigh, H. A. H. Billiet and L. de Galan, J. Chromatogr., 303 (1984) 29.

30 R. Giebelmann, Pharmazie, 40 (1985) 299.

31 R. Giebelmann, Pharmazie, 36 (1981) 857.

32 R. Giebelmann, Pharmazie, 40 (1985) 108.



Journal of Chromatography, 462 (1989) 293-301
Elsevier Science Publishers B.V., Amsterdam — Printed in The Netherlands

CHROM. 21 003

ION CHROMATOGRAPHY METHOD FOR IMINODIACETIC ACID
DETERMINATION IN BIOLOGICAL MATRICES IN THE PRESENCE OF
NITRILOTRIACETIC ACID

RENE P. SCHNEIDER, FRITZ ZURCHER, THOMAS EGLI* and GEOFFREY HAMER

Institute of Aquatic Sciences, Swiss Federal Institute of Technology (ETH) Ziirich and Swiss Federal
Institute for Water Resources and Water Pollution Control, Uberlandstrasse 133, CH-8600 Diibendorf
(Switzerland)

(First received July 29th, 1988; revised manuscript received September 27th, 1988)

SUMMARY

A sensitive ion chromatographic method for the determination of iminodiacetic
acid in the presence of nitrilotriacetic acid in cell-free extracts is described using a
mixture of carbonate, sodium hydroxide and 4-cyanophenol as the eluent. The eluent
conductivity was chemically suppressed with a membrane suppressor and a conduc-
tivity detector was used for subsequent detection. The membrane was continuously
regenerated with a sulphuric acid solution. Using a 20-ul injection loop, the detection
limit for iminodiacetic acid was 230 ug/l. The influence of the eluent composition on-
the chromatography of iminodiacetic acid and interference by compounds present in
biological matrices are discussed.

INTRODUCTION

The widespread eutrophication of lakes and rivers can be related to phosphate-
containing discharges and run-off. A significant part of the phosphates in discharges
from municipal sewage treatment works, which frequently are not equipped for effec-
tive phosphate elimination, is derived from household washing powders. In order to
reduce phosphate loads in municipal sewage there is a trend towards replacement of
the polyphosphates in washing powders by other chelating agents, e.g., nitrilotriace-
tate (NTA). Hence, it has become essential to determine the fate of NTA in aqueous
environments.

NTA has been shown to be biodegraded under both oxic and anoxic condi-
tions'~>. The first enzyme involved in the metabolic pathway of NTA degradation in
obligately aerobic bacteria was shown to be a monooxygenase which cleaves NTA
into glyoxylate and iminodiacetic acid (IDA)>~". However, the correct stoichiometry
of this reaction has not yet been established and the metabolic fate of IDA still has to
be elucidated®.

Methods for the determination of NTA and glyoxylate in cell-free extracts are
available®'°. Existing techniques for the determination of IDA have been evaluated

0021-9673/89/%$03.50 © 1989 Elsevier Science Publishers B.V.
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and found to be ineffective for the problem cited above. The spectrophotometric
method proposed by Bhattacharyya and Saha'' was subject to interference by NTA,
whilst gas chromatographic procedures'®!? are both tedious and of poor reproduc-
ibility in cell-free extracts. Therefore, it became necessary to develop the new method
described herein.

EXPERIMENTAL

Chemicals
All chemicals used were either of reagent grade or better and were obtained
from either Fluka (Buchs/SG, Switzerland) or Merck (Darmstadt, F.R.G.).

Apparatus

The chromatographic system consisted of a Dionex DQP-1 pump, a Rheodyne
7125 injection valve fitted with an actuator position sensing switch {Rheodyne, Cota-
ti, CA, U.S.A)), a 50-mm precolumn (Omnifit, Cambridge, U.K.) packed with a
mixture of three parts of neutral precolumn material and two parts of macroporous
cation-exchange resin (both from Sykam, Gauting, F.R.G.), an HPIC-AS3 ion chro-
matography column and an AMMS-1 anion micromembrane suppressor from Dio-
nex (Sunnyvale, CA, U.S.A.). The eluent and regenerant were degassed under vacu-
um in collapsible containers (Cole-Palmer Instrument Company, Chicago, IL,
U.S.A.). The regenerant was delivered to the suppressor with a minimicro 2/6 peri-
staltic pump (Ismatec, Zirich, Switzerland). With the exception of manufacturer
fitted steel capillaries associated with the pump and the injection system and for
Tygon tubing employed in the peristaltic pump, all connections were made of PTFE.
The conductivity of the eluent was measured with a Sykam S3110 conductivity detec-
tor. The chromatogram was recorded on a W + W 600 recorder (W + W, Basle, Swit-
zerland).

Reagents

Pure water was obtained from a NANOpure system (Barnstead, Boston, MA,
U.S.A.). Eluent was delivered at 1 ml/min with a pressure of 4.4 MPa. A 0.05 M
sulphuric acid solution was used as the regenerant at a flow-rate of 3.3 ml/min.

Solutions used for calibration

Pure water + IDA. Samples were prepared from a stock solution containing 30
mg/l IDA.

Tris-HCl + IDA. A 30 mM Tris solution containing 30 mg/l IDA was pre-
pared and pH was adjusted to 7.5 with hydrochloric acid. Samples were obtained by
appropriate dilution in 30 mM Tris—-HCI pH 7.5.

Determination of IDA in cell-free extracts

The culture, harvest and disruption of cells from Pseudomonas sp. ATCC 29600
were performed as described by Schneider ef al.®. Samples for calibration were pre-
pared by diluting a cell-free extract stock solution containing 30 mg/l IDA in cell-free
extract. Protein was precipitated by boiling of samples for 5 min. The precipitate was
removed by centrifugation at 18 000 g for 5 min and the supernatant was used for
IDA determination. Protein was determined by the method of Bradford',
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Ion-exclusion chromatography (IEC)
IEC was performed as described by Schneider et al.’.

RESULTS AND DISCUSSION

A primary problem in ion chromatographic analysis of IDA is its diprotic
nature, ie., it changes its speciation with pH. This requires definition of the most
appropriate of the three IDA species, IDAH,, IDAH-, IDA*~ (Fig. 1) for effective
analysis.

Chromatography of IDAH,

Under the acidic conditions (pH 2.8) prevalent in IEC, which was successfully
employed for analysis of the structurally similar NTA®, IDAH, is the predominant
species. However,injection of this compound into the IEC system resulted in no peak,
indicating a very strong affinity of IDAH, for the matrix material (IDA would have
been detected as IDAH, as the pH of the eluent after passage through the suppressor
was 7.0). Therefore, for analysis of IDA to be successful the pH of the eluent has to be
increased to values where IDAH™ or IDA % exist. This is the ideal operating range of
standard ion chromatography, where IDA is detected as IDAH™.

Chromatography of IDAH

First chromatography of the IDAH™ species was evaluated using 0.5 mM bicar-
bonate, pH 8.3. Under these conditions no IDA peak was detected (Fig. 2, curve A).
As only one carboxylic group is deprotonated at this pH, a large part of the IDAH™
molecule containing the nitrogen-atom and the neutral carboxylic group might inter-
act non-ionically with the resin matrix. This non-ionically adsorbed IDAH ™~ might
not be efficiently displaced by HCO;™ and therefore no IDA peak was observed.
Addition of 0.8 mM 4-cyanophenol to this eluent (pH maintained at 8.3) resulted in a
broad, near symmetrical IDA peak (Fig. 2, curve B). This clearly demonstrates the
ability of 4-cyanophenol to act as a modifier by reducing the column’s capacity for
non-ionic interaction. Even so, this column modification failed to give satisfactory
chromatographic elution, suggesting that IDAH™ is unsuitable for analysis.

Chromatography of IDA*~

The alternative was to promote formation of the IDA?~ species by operation at
even higher pH values. This was achieved by using different carbonate solutions as
eluents. For an eluent containing 0.20 mM carbonate and 0.84 mM 4-cyanophenol
(pH 9.5) a sharp peak with extensive tailing resulted (Fig. 2, curve C). In order to
reduce the tailing, which was caused by the remaining IDAH™, the carbonate concen-

_ pk,=298 o oK = 989 P

- <CH2 cooH Pk e cooy 3% <CH2 00
CHz—COOH \CHZ— c00~ CHz~C00~
IDAH, DAH" - DAZ”

Fig. 1. Structures of the three possible IDA species and the respective pK, values.
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Fig. 2. Effect of different eluent compositions on chromatography of IDA: (A) 0.5 mM bicarbonate, pH
8.3; (B) 0.5 mM bicarbonate + 0.84 mM 4-cyanophenol, pH 8.3; (C) 0.2 mM carbonate + 0.84 mM
4-cyanophenol, pH 9.5; (D) 1.15 mM carbonate + 0.84 mM 4-cyanophenol, pH 10.2. A 20-ul volume of
IDA standard solution (120 mg/l) was injected.

Fig. 3. Effect of different eluent compositions on chromatography of IDA2 ™. Peak widths (in seconds) are
given. (A) 0.98 mM carbonate, pH 10.7; (B) 1.16 mA carbonate + 2 mM sodium hydroxide, pH 10.90; (C)
L.11 mM carbonate + 2 mM sodium hydroxide + 0.84 mM 4-cyanophenol, pH 10.84. A 20-p volume of
IDA standard solution (120 mg/l) was injected.

tration in the above mentioned eluent was increased to 1.15 mM (resulting in pH
10.2). With this eluent, tailing was almost climinated (Fig. 2, curve D), clearly in-
dicating that for effective chromatography it is essential to convert most of the IDA
into IDA?~.

In order to comprehensively investigate the chromatographic behaviour of
IDA?-, further experiments were conducted with carbonate eluents (Fig. 3). With an
eluent containing only carbonate (0.98 mM, pH 10.71) a broad peak (width 100.8 s)
and slight tailing resulted (Fig. 3, curve A). The tailing was virtually eliminated by
addition of 2.0 mM sodium hydroxide which increased the pH to 10.90 and also gave
increased sensitivity (peak width 88.8 s; Fig. 3, curve B). Addition of 0.84 mM 4-
cyanophenol to the carbonate-sodium hydroxide eluent résulted in a further im-
provement in sensitivity, the resulting peak width being 67.2 s with an eluent of pH
10.84 (Fig. 3, curve C).

From Figs. 2 and 3 it is clear that the eluent composition not only determines
the peak shape but also affects the retention time. As there are four ionic species, i.e.,
HCO;~, OH™, CO5*" and deprotonated 4-cyanophenol (cnp™) present in the eluent,
experiments were conducted with controlled eluent compositions to investigate the
impact of each ionic species on the residence time of IDA?~. As the pH must be kept
above 10.8 for efficient IDA chromatography (Fig. 3), changes in the species distribu-
tion in the HCO;7/CO;%~ (pK, 10.25) system have to be considered, whereas the
speciation of cnp~ (pK, 7.98) and OH™ are not affected at pH values above 10.8. In
Fig. 4 the relationship between the retention time and the actual carbonate concentra-
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tion is shown for a range of 4-cyanophenol concentrations in the eluent. The upper
line represents pure carbonate, achieved either with carbonate alone or with added
OH™. The pH increase due to addition of OH™ will cause the HCO3~/CO32~ equilib-
rium to shift towards CO3*". The points representing carbonate-sodium hydroxide
eluents fit on the same line as points representing pure carbonate eluents (Fig. 4).
Thus the carbonate concentration is the determining factor with respect to the reten-
tion time, whereas OH™ and HCOj3™ per se do not affect the elution strengths of the
eluents. The remaining lines in Fig. 4 represent increasing 4-cyanophenol concentra-
tions, 0.25, 0.50 and 0.84 mM, respectively, showing that 4-cyanophenol is, in addi-
tion to CO52", a retention time determinant.

It has already been shown that 4-cyanophenol functions as a modifier in the
case of IDAH ™ (Fig. 2), but it is important to determine whether its effect is the same
in the case of IDA?". In experiments where 4-cyanophenol-sodium hydroxide
eluents (pH 10.8) were used, retention times for IDA? ™~ were inordinately long even at
the highest 4-cyanophenol concentration tested, i.e., > 50 min for 1.25 mM 4-cya-
nophenol, showing these combinations to be extremely weak eluents. The marked
effect of 4-cyanophenol in carbonate eluents, as shown in Fig. 4, strongly suggests
that 4-cyanophenol interaction with the column material also plays a role in the case
of IDA2~. As shown in Fig. 3, 4-cyanophenol addition to an eluent where most of the
IDA is converted into IDA?~ does not dramatically affect the peak shape. This
means that the mechanism of 4-cyanophenol action in chromatography of IDA2~
differs from its effect on analysis of IDAH ~. In the former case, 4-cyanophenol acts
essentially as an accelerating agent, probably by blocking positively charged ion-
exchange groups inside the resin, thereby leaving only the easily accessible cationic
exchange groups on the resin surface to interact with IDA?~ and CO3?~, thus short-
ening diffusion pathways. Therefore, this mechanism should not be restricted to
IDAZ?™, as it is not based on a specific property of the IDA2~ molecule, but should
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Fig. 4. Influence of carbonate and 4-cyanophenol on the retention time of IDA. The following eluent
compositions are shown: <& = carbonate; ® = carbonate + 2 mM sodium hydroxide;

® = carbonate + 2 mM sodium hydroxide + 0.25 mM 4-cyanophenol; A = carbonate + 2 mM sodium
hydroxide + 0.50 mM 4-cyanophenol; B = carbonate + 2 mM sodium hydroxide + 0.84 mM 4-
cyanophenol. Carbonate concentrations given in the figure are actual concentrations in the eluent. Lines
connect eluents with constant 4-cyanophenol concentrations. '

Fig. 5. Effect of 4-cyanophenol on the retention of IDA%~ (A) and SO, (@). Dashed lines represent an
eluent containing 0.37 mM carbonate + 2 mM sodium hydroxide; continuous lines represent an eluent
containing 1.16 mM carbonate + 2 mM sodium hydroxide. Retention times are given relative to eluents
containing no 4-cyanophenol.




298 R. P. SCHNEIDER er al.

also apply to other typical anions such as SO4%~. In Fig. 5 the effects of the 4-
cyanophenol concentration on the retention time for both IDA2~ and SO42~ are
shown for two carbonate eluents (0.37 mM carbonate + 2 mM sodium hydroxide;
1.16 mM carbonate + 2 mM sodium hydroxide). The similar behaviour of IDA?"~
and SO,2~ strongly supports the postulate that the mechanism of 4-cyanophenol
action generaily applies for anions and that IDA?"~ behaves as a typical doubly
charged anion.

Precipitation of proteins

For the analysis of IDA in cell-free extracts, the protein must be precipitated
from the samples prior to chromatography. Protein precipitation with trichloroacetic
acid (TCA) was successfully employed in the determination of NTA?, but in the case
of IDA this simple procedure was impossible because interference occurred between
TCA and IDA during chromatography.

One possible solution to this problem is removal of TCA from samples prior to
analysis. If the pH of the sample is adjusted to 1.8, most of the IDA present will be
fully protonated (IDAH,), whereas TCA will remain predominantly in the anionic
state. As mentioned above, IDAH,; is effectively adsorbed on resin material. There-
fore, the use of a cationic exchange resin should allow efficient adsorption of IDAH,,
whereas negatively charged TCA anions should be excluded by the negatively
charged resin. Acidified samples (pH 1.8 with hydrochloric acid) were applied to a
50-mm column (Omnifit) packed with Dowex S0W-X4 (20-50 mesh) (Fluka) which
had been previously conditioned with hydrochloric acid, pH 1.8. The column was
washed with five volumes of hydrochloric acid, pH 1.8. IDA was totally retained on
the column and most of the TCA was removed in the waste. Elution of retained
substances with an eluent containing 0.56 mM carbonate + 0.84 mM 4-cyanophenol
+ 2 mM sodium hydroxide was retarded due to initially complete protonation of the
eluent ions by the excess of protons (H*) which were loaded on the column during the
conditioning and washing procedure. This caused the temporary build up of a pH
gradient along the column. Desorption of IDA started only when most of the H*
were neutralized such that the inlet composition of the eluent was progressively re-
established. The pH gradient caused IDA to elute as a very broad peak, similar to
that shown in Fig. 2 (curve B) but the residual TCA, which remained adsorbed on the
resin after the washing procedure, still caused strong interference with IDA. The
retardation effect and the pH gradient were almost eliminated by diluting the cationic
exchange resin in neutral material, 98% styrene + 2% divinylbenzene copolymer
(Fluka), but interference from TCA still remained prohibitive.

Another possibility for effective TCA removal is acidification to pH 0 with
hydrochloric acid followed by extraction of the sample with diethyl ether'’. IDA
remains in the aqueous phase probably because of its positive charge due to pro-
tonation at the nitrogen atom. As diethyl ether is soluble in water at this low pH and
as it decomposes the resin material, it had to be removed by extraction with tetra-
chloroethylene. The resulting solution could then be injected into the system without
affecting its integrity. Although TCA had been quantitatively removed, no analysis of
IDA was possible due to the high concentrations of inorganic anions introduced into
the sample by acidification with hydrochloric acid.

Therefore, alternative methods for removing protein from the samples to be
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Fig. 6. Influence of matrix components on chromatography of IDA. (A) Tris—HCI buffer, 30 mM; (B)
Tris—HC! buffer, 30 mM, containing cell-free extract; (C) same as (B) but containing 1 mg/l IDA. Protein
concentration 3.0 mg/ml. Peaks: A = PO,*"; B = §0,%7; C = IDA?"; D = unidentified compound. A
20-zd volume of sample was injected.

analysed were investigated. Filtration through protein-impermeable membranes
(MPS-1; Amicon, Danvers, MA, U.S.A.) proved unsuccessful because of poor recov-
ery of IDA in the filtrate. However, by boiling samples, protein could be denatured
and precipitated such that it could be effectively removed by subsequent centrifu-
gation with good recovery of IDA.

Analysis of cell-free extract

Final optimization of the eluent for use in the chromatographic analysis of IDA
in cell-free extracts resulted in the following eluent composition: 0.56 mM carbonate
+ 0.84 mM 4-cyanophenol + 2 mM sodium hydroxide. In Fig. 6 three chroma-
tograms are illustrated: (A) 30 mM Tris-HCI buffer; (B) cell-free extract in Tris—HCI
buffer and (C) cell-free extract with IDA in Tris—HCI buffer. Several predominant
peaks were associated with the Tris—HCI buffer employed, especially SO,%~ (peak B)
and an unidentified substance (peak D). The presence of 4-cyanophenol in the eluent
was essential to move IDA (peak C) away from peak D. In the absence of 4-cya-
nophenol, peak D and IDA (peak C) overlapped irrespective of the carbonate con-
centrations employed. -

Interferences

In the analysis of specific compounds in complex biological matrices, numerous
materials that are generally present in variable concentrations frequently interfere
with analytical procedures developed with artificial systems. To evaluate the extent of
such potential interference, retention times for a wide range of possible interfering
substances were determined in the system proposed (Table I). In general, interference
was minimal, provided relatively low concentrations of the various compounds eval-
uated were present in the samples to be analysed.
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TABLE I

RETENTION TIMES OF SOME POTENTIALLY INTERFERING COMPOUNDS COMMONLY
FOUND IN BIOLOGICAL MATRICES

The concentrations tested were 200 mg/l and the injection volume was 20 ul. The eluent was 0.5 mM
carbonate + 2.0 mM sodium hydroxide + 0.84 mM 4-cyanophenol.

Compound Retention Compound Retention
time (min) time (min)
Water 24 IDA 14.7
Propionate 24 Succinate 16.5
Acetate 24 Malonate 17.7
Butyrate 2.7 Maleate 18.9
Glycolate 3.0 NTA 22.0
Pyruvate 33 SO,2~ 222
Cl™ 5.7 Oxalate 25.8
EDTA 8.4 PO, 3~ 28
NO,~ 8.4 Fumarate 39
N-Methyl-IDA 123 Glycine —*
TCA 12.3 Sarcosine -*
Malate 14.4

* Compound not detected.

Calibration curves and sensitivity

In order to evaluate the efficacy of the proposed chromatographic method,
analyses were performed for known concentrations of IDA in three different matri-
ces: distilled water, 30 mM Tris—HC] buffer and cell-free extract. The results obtained
are shown in Fig. 7. The calibration plots are parallel indicating no influence of the
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Fig. 7. Calibration plots obtained for IDA in different matrices. ® = IDA in pure water; M = IDA in
Tris-HCl buffer, 30 mM; A = IDA in cell-free extract (protein concentration in 300 mM Tris—-HCI buffer,
pH 7.5, was 30 mg/ml). To clearly distinguish between the different calibration plots shown in the figure, 5
cm and 10 cm were added to peak height values obtained from IDA in 30 mM Tris-HCl, pH 7.5 and for
IDA in pure water, respectively. Three experiments were performed for each concentration tested. Cali-
bration plots were obtained from linear regression analysis. A 20-ul volume of sample was injected.



IC OF IMINODIACETIC ACID 301

matrix on the peak response. Replicate analyses were reproducible to within 2.8%.
The calculated limit of determination'® using a 20-ul injection loop was 230 ug IDA
per litre for samples containing cell-free extract; it was considerably below 50 pg/l in
distilled water, but no attempts were made to extensively characterize the system
performance in this range. As the eluent pH has to be kept above 10.8 and in-
terferences by other compounds in chromatography of IDA have to be avoided, very
little flexibility with respect to modification in eluent composition exists. Such minor
possible modification will not affect the sensitivity because a very small change in the
ionic composition of the eluent will cause only a slight shift in eluent pH after sup-
pressor passage such that neither background conductivity nor IDA protonation will
change considerably. The sensitivity for determination of IDA in cell-free extract can
be improved by utilizing off-line concentration columns of the type used for removal
of TCA. If samples with low concentrations of IDA are to be analysed it is indispens-
able to use detectors equipped with well designed thermostated conductivity cells. In
our experience, electronic temperature compensation of poorly (thermally) insulated
detector cells produced unacceptable noise levels when high sensitivity measurements
were needed.
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MISE AU POINT D'UNE METHODE PAR CHROMATOGRAPHIE LIQUIDE
HAUTE PERFORMANCE ECHANGEUSE D’TONS EN DETECTION ULTRA-
VIOLETTE, POUR LE DOSAGE DES CATIONS DANS LES SEVES XYLE-
MIQUES

BRUNO SARROBERT, PHILIPPE BRUNET et NICOLE PARIS-PIREYRE*

Laboratoire de Physiologie Végétale, Université des Sciences et Techniques du Languedoc, Place E. Batail-
lon, 34060 Montpellier Cedex ( France)

(Regu le 3 octobre 1988)

SUMMARY

Determination of cations in xylem sap by ion-exchange high-performance liquid chro-
matography with ultraviolet detection

An high-performance liquid chromatographic method is described for the si-
multaneous determination of cations in xylem sap without pretreatment. In order to
reduce analysis time and to improve peak separation we calculated the mobile phase
velocity and the Ce** concentration in the mobile phase using the capacity factor, the
separation factor and the peak width at half height. Xylem sap was analyzed under
optimal conditions. The reproductibility of this method was determined and com-
pared with that of flame spectrophotometric methods. No significant differences were
found between the two methods described. Advantages of the new method and its
application to a wide range of biological samples are discussed.

INTRODUCTION

Durant ces dix derniéres années, de nombreuses recherches ont été effectuées
sur Putilisation de I’analyse par chromatographie liquide haute performance (HPLC)
pour la séparation et la quantification d’ions inorganiques. Les premiers travaux dans
ce domaine furent réalisés par Small et al.' qui utilisaient un systéme de séparation a
double colonne couplé & un conductimétre. Depuis, ce dispositif a été amélioré. En
effet, la mise au point de nouvelles phases stationnaires avec des polyméres échan-
geurs d’ions a faible capacité greffés sur des résines de faible granulométrie, ainsi que
de nouvelles méthodes de détection, a permis une réduction du temps d’analyse et un
gain de sensibilité?.

St la détection par conductimétrie reste encore la plus employée, la détection
par chromatographie par détection photométrique indirecte (IPC) devient de plus en
plus populaire”. Son principe est basé sur la mesure en UV, a une longueur d’onde

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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appropriée, de la diminution de I'absorbance initiale de I'éluant due au passage d’ions
dans la cellule de détection®®. Ainsi, il est possible de doser selon le type de colonnes
et d’éluants, soit les anions!®!! soit les cations'?.

Si, dans le domaine de I’analyse cationique de ’eau, cette méthode a été immé-
diatement pressentie et employée’#, seuls quelques rares travaux portent sur I'ana-
lyse d’extraits biologiques, tel le sérum humain®?® ou différents jus de 1égumes*®. Pour
les séves xylémiques, 'emploi des méthodes classiques de dosages par spectrophoto-
métrie de flamme reste prépondérant!’-2°. Dans notre laboratoire, la méthode de
dosage au microanalyseur & sonde électronique selon la technique de Roinel?!, a été
adaptée avec succés par Gartner et al.?***. Mais a notre connaissance aucune ap-
proche utilisant les technique d’analyses par HPLC n’a ét€ réalisée.

En conditions de cultures normales, les cations présents et analysés dans les
séves xylémiques sont le sodium, le potassium, le magnésium, le calcium, et selon
apport d’azote dans le milieu de culture, Pammonium. Les méthodes classiques
d’analyses cationiques nécessitent souvent un volume de prise d’essai trop important
par rapport aux volumes exsudés limitant trés souvent les dosages, particuliérement
pour des plantes mises en conditions de stress (salin, froid ...).

Conscients des avantages que procure I’emploi de PHPLC pour I'analyse des
séves xylémiques2#, nous nous sommes inspirés des travaux de Sherman et Daniel-
son'* pour mettre au point une méthode adaptée a notre matériel en vue de dosages
répétitifs et rapides.

MATERIEL ET METHODES

Instrumentation

L’appareil d’HPLC utilisé est un Varian LC 5000, équipé d’une boucle d’injec-
tion de 10 ul, et couplé a un détecteur Varian UV 100. Un intégrateur Varian 4270 est
utilisé pour le tracé des chromatogrammes et le calcul des concentrations. Les sépara-
tions sont réalisées sur une colonne JON 210 (Interaction Chemicals, Mountain View,
CA, U.S.A), de dimension 100 x 3,2 mm I.D., & température ambiante. La phase est
constituée de particules de 5 um de résine de polystyréne-divinylbenzéne gréffée de
ponts sulfoniques.

Notre dispositif étant prévu pour des analyses de séves par injection directe sans
purification préalable, une pré-colonne (Interaction GC-200) est montée afin de preé-
server la colonne.

Pour la vérification de la méthode par HPLC, nous avons dos¢ en paralléle les
cations des différents types de séves sur un spectrophotometre de flamme IL 4000, en
émission pour K™ et Na* et en absorption pour Ca?* et Mg?*.

L’ion NH, " est dosé selon la méthode de Solarzano?® par colorimétrie sur un
spectrophotométre Lambda 3 (Perkin-Elmer, Norwalk, CO, U.S.A.). Les spectres
d’absorption sont réalisés sur le méme appareil couplé a un intégrateur Shimadzu
C-R4A (Shimadzu, Kyoto, Japan).

Réactifs

Les solutions étalons sont préparées & partir de produits Merck pour analyse
(Darmstadt, F.R.G.). L’éluant est une solution de Ce®* [Ce,(SO4)3 - 8H,0, Aldrich,
Gold Label]. Nous utilisons de I'eau bidistillée et dé-ionisée sur un appareil Waters.
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Les solutions sont filtrées sur filtres Millipore (Millipore, Bedford, MA, U.S.A.)
HATF (hydrosol analysis triton free) de 0,45 pm.

Préléevements des séves xylémiques

Les conditions de culture et de prélévements des séves xylémiques sont celles
décrites par Lakhdari®®. Le matériel végétal choisi est la tomate (Lycopersicon es-
culentum Mill.). Les analyses sont effectuées a partir d’un mélange prélevé sur huit
plantes poussant dans les mémes conditions de culture. Les stress appliqués sont le
froid (10°C) ou un apport de chlorure de sodium (50 mM) dans la solution de culture
durant 14 jours avant la récolte.

RESULTATS

Partant des travaux de Sherman et Danielson'4, nous avons défini les condi-
tions chromatographiques pour P’analyse simultanée des cations majeurs présents
dans les séves xylémiques de tomate.

Détermination des conditions chromatographiques

Choix des paramétres de détection

Détermination de la longueur d’onde optimale. L’origine et la qualité du solvant
d’élution pouvant intervenir sur le profil du spectre d’absorption en UV, et de ce fait
nuire a la qualité de la détection par IPC, nous avons jugé nécessaire de fixer la
longueur d’onde ou la différence d’absorption entre I’éluant pur et en présence d’une
solution de chlorure de sodium est maximale. La Fig. 1 nous montre que, dans notre
dispositif, c’est & 254 nm que cette différence est la plus grande.

Sensibilité du détecteur. La détection en UV, par rapport a d’autres détections
telle la fluorimétrie, entraine des fluctuations et parfois des dérives de lignes de bases
importantes malgré I’emploi d’un solvant en condition isocratique. Ces fluctuations
peuvent étre autant de sources d’erreurs pour le calcul des surfaces des pics détectés.
Les travaux de Sherman et Danielson'* ont montré que 'emploi du Ce,(SO4)3
comme solvant d’élution en IPC par rapport au CuSO, permet d’abaisser les limites
de détection pour un grand nombre de cations. De plus, les différentes analyses de
seves xylémiques que nous avons effectuées (Tableau 1), montrent que les teneurs des
différents cations sont bien au-dela du seuil de sensibilité défini par ces auteurs. Cela
nous permet de diluer par dix les exsudats et de constituer pour la suite des travaux
la solution étalon suivante: NaCl, 1 mM; KNOs;, 1 mM; MgSO,, 0,25 mM;
CaSOy, 0,5 mM.

En faisant varier la sensibilité du détecteur (0,002, 0,005, 0,01, 0,02 et 0,05 A.U. -
mV ~!), nous avons constaté qu’au fur et 4 mesure que la sensibilité augmente, la ligne:
de base devient de plus en plus instable. Afin d’obtenir une ligne de base qui fluctue
peu, tout en conservant une bonne intégration, nous avons retenu une sensibilité de
0,01 A.U. mV ™! pour la suite des experiences.

Choix des parameétres sur 'HPLC
Afin de pouvoir analyser un grand nombre d’échantillons, il était important
pour nous de reduire le plus possible la durée de I’analyse sans nuire 4 sa qualité. Pour
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Fig. 1. Spectres d’absorption d’une solution Ce,(SO,),-8H,0 (0,2 mAM) sans (——) et avec (- —-) NaCl (1
mM).

cela, nous avons étudié d’une part le flux du solvant, d’autre part la concentration en
Ce3* dans le solvant. L’influence de ces paramétres a été mesurée par le calcul des
facteurs suivants: (i) le facteur de capacité du soluté, k' = (fr—to)/to (fr = temps de
rétention du soluté; 7, = temps de rétention du pic négatif); (ii) le facteur de sépara-
tion entre deux pics consécutifs, « = k'y/k'y; (iii) la largeur du pic 4 mi-hauteur:
PW,,,, mesurée en secondes.

Détermination du flux. Nous avons testé differents flux pour une concentration
en Ce® ™ de 0,05 mM. Pour évaluer le temps maximum d’analyse, nous considérons le

TABLEAU I

COMPOSITION CATIONIQUE (mM) DES SEVES XYLEMIQUES DE TOMATE SELON DIFFE-
RENTES CONDITIONS CULTURALES.

Analyses par spectrophotométrie de flamme. Les valeurs entre parenthéses donnent les limites de détection
(mM) selon Sherman et Daniclson’®.

Na+ K+ Mg2+ Caz+

(0,175-1073) (0,5107%) (0,25.1073) (0,2.1073)
Témoin Traces 17 1,66 2,05
Froid (10°C) Traces 8,75 1,25 3,87
NaCl (50 mM) 25,80 . 21,03 4,42 10,52
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TABLEAU II
EVOLUTION DES FACTEURS &’ ET « EN FONCTION DU FLUX
[Ce*] = 0,05 mM. o« = k', Jk',.

Flux K, K, K K, @
(mi min™!) (Na*) (K*) (Mg**) (Ca®™)

0,5 0,70 2,31 6,19 16,23 3,30
0,6 0,71 2,27 5,80 15,21 3,20
0,7 0,73 2,29 5,20 12,83 3,13
0.8 0,69 1,79 4,80 12,70 2,60
0,9 0,58 137 4,30 11,30 2,35
1 0,49 1,10 3,81 10,80 2,25

k' du calcium qui est le dernier cation élué. Le Tableau [T montre qu’on peut réduire le
temps d’analyse d’environ 40% en passant de 0,5 ml min~* & 1 ml min~!. Cependant
ce gain de temps se fait au détriment de la qualité de la séparation entre K* et Na*.
En effet, le calcul des « donné par le Tableau 11, montre qu’a partir de 0,8 ml min !,
les valeurs o passent de 2,60 a 2,35 ce qui indique une baisse sensible du pouvoir de
separation de la colonne. De plus, dans le cas de plantes poussant sur des solutions
salines, les fortes concentrations en sodium attendues (¢/. Tableau ) ne peuvent que
nuire 4 la séparation Na*/K*. Nous choisissons donc de nous placer 4 un flux de 0,7
ml min " qui, tout en réduisant la durée de "analyse (env. 20%), permet de conserver
une distance entre les pics Na™ et K™ garantissant une bonne séparation ainsi qu’une
pression raisonnable (72 atm) au niveau de la colonne.

Détermination de la concentration en Ce**. En chromatographie échangeuse
d’ions, I’élution des cations divalents nécessite, par rapport aux monovalents, un
solvant de force ionique supérieure. La Fig. 2 montre que le profil d’élution des pics
de Mg?* et de Ca®" est peu satisfaisant (base trop large donnant un aspect de pic
trainant) 4 une concentration en Ce** de 0.05 mM. Nous avons augmenté la concen-
tration en Ce®* dans la phase mobile. Pour en estimer Iinfluence, nous mesurons
PW 5. :
Le Tableau III montre qu’au fur et 4 mesure que la concentration en Ce®™
augmente, le facteur PW,;, diminue, signe d’une meilleure élution. Mais le calcul des
k' (¢f. Tableau IV) d’aprés les chromatogrammes obtenus, dénote, pour les concen-
trations €levées (0,3 et 0,4 mM), une mauvaise séparation entre les monovalents. Par
contre, la durée de I'analyse est fortement ré&duite. Devant cette alternative, nous
retenons comme concentration en Ce*™ dans la phase mobile, 0,2 mM, qui représente
un bon compromis (¢f. Fig. 2).

La solution consistant a faire varier les conditions chromatographiques (flux et
[Ce>*]) entre le pic de K * et celui de Mg? ™, a été examinée. Mais, dans notre disposi-
tif, le temps de stabilisation de la colonne s’est avéré trop important pour que 'élution
du pic de Mg>* ne soit pas perturbée.

Choix des paramétres d’intégration
. . g
L’experience acquise avec notre matériel, nous a permis de fixer la plupart des
parametres d’intégration sans avoir recours a une mise au point. Ainsi nous avons
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Nat  K*

Temps, min

Fig. 2. Chromatogrammes d’une solution étalon pour une concentration en Ce** de 0,05 mM (—) et de 0,2
mM (- --).
TABLEAU 111

EVOLUTION DU PW,,, POUR Ca’* ET Mg?* EN FONCTION DE LA CONCENTRATION EN
CERIUM '
1

Flux = 0,7 ml min~ 1,

[Ce3+] Mg2+ Ca2+
(mM}

0,05 36 96
0,10 30 84
0,20 24 60
0,30 24 54
0,40 23 53
TABLEAU 1V

EVOLUTION DES FACTEURS k' ET o SELON LA CONCENTRATION EN CERIUM

Flux = 0,7 ml min™'. « = k',/k’,

[Cet] K K, k' Ky x
(mM) (Na*) (K*) (Mg**) (Ca*™)

0,05 0,73 2,29 5,20 12,83 3,13
0,10 0,74 231 4,60 11,60 3,12
0,20 0,76 2,52 4,08 10,00 331
0,30 0,73 2,04 3,90 9,70 2,79

0,40 0,73 .84 3,60 9,50 2,52
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programmé: atténuation, AT = 0,5; vitesse de déroulement du papier, CS = 0.5 cm
min~!; pics marqueurs, PM = 1; rapport hauteur/largeur pics, PW = I; auto-zéro,
AZ = 1; méthode de calcul, MN = 0.

Cependant, la présence d’un pic négatif due a I’élution des anions d’accompag-
nement, nous a conduit 4 examiner 'influence du paramétre NP (negative peak) sur le
calcul des aires. En effet, la programmation de ce paramétre (NP = 1) ne fait débuter
le calcul de Iaire qu’une fois la ligne de base franchie. Par contre, en NP = 0 (valeur
par défaut), Vintégration commence au départ du pic, méme si celui-ci n’est pas visible
sur le trace. :

Afin d’évaluer I'importance de ce facteur, pour chacun des cations, nous avons
effectué une régression linéaire du type: aire du pic = f (concentration). Les coeffi-
cients de corrélation obtenus (cf. Tableau V) nous montrent que la progammation
NP = 1 ne peut pas étre utilisée dans le cas du sodium.

Application au dosage des séves

Etude qualitative

Nous avons examiné trois types d’exsudats xylémiques, récoltés a partir: de
plantes témoins, de plantes soumises au froid (7" = 10°C) et de plantes soumises 4 un
stress salin ([NaCl] = 50 mM). Les exsudats sont dilués par dix avec de ’eau bidistil-
lée, et injectés directement. La Fig. 3 montre que les tracés obtenus 4 partir des séves
sont de qualité comparable a celui de la solution étalon. De plus dans le cas des
plantes stressées (Fig. 3 ¢ et d), il apparait un pic nouveau que nous avons identifié
comme étant de Pammonium, preuve d’une modification du métabolisme azoté en
relation avec le stress. Nous avons donc modifi¢ la solution étalon en incorporant 1
mM de NH4NO; et vérifié que les réglages définis précédemment sont valables. Le
chromatogramme de la solution étalon définitive est donné par la Fig. 4. Nous remar-
quons également (¢f. Fig. 3b) la présence d’une pic de Na™ dans des séves de plantes
cultivées en absence de NaCl, due en partie 4 Pajustement du pH des solutions
nutritives avec de la soude. D’autre part des contaminations semblent inévitables au
cours des différentes étapes de la culture.

Validité de la méthode

Pour vérifier la reproductibilité d’une analyse sur "autre, nous avons procédé a
trois injections consécutives de la solution étalon définitive. Les pourcentages de
déviation standart relative pour chacun des cations sont: Na*, 2,85%; NH,*, 0,95%,

TABLEAU V

COEFFICIENTS DE CORRELATION ENTRE DIFFERENTES CONCENTRATIONS EN
CATIONS ET LEURS AIRES AVEC OU SANS LE FACTEUR NP

NP =0 NP =1
Na* 0,997 0,754
K* 0,999 0,996
Mg?* 0,993 0,994

Ca®* 0,998 0,997
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Fig. 3. Chromatogrammes d’une solution étalon et de différents échantillons de séves. (a) Etalon; (b)
témoin; (c) froid, 10°C; (d) NaCl, 50 mM.

K™, 2,42%; Mg?™, 1,25%; Ca%*, 2,56%. Ces valeurs, toutes inferieures a 3%, nous
assurent d’une bonne reproductibilité des analyses, ce qui nous permet de comparer,
sur nos différents échantillons de séves, des dosages effectués par cette nouvelle mé-
thode avec ceux réalisés par les méthodes classiques. Celles-ci nécessitant des volumes
de prise d’essai importants, nous avons melange les séves de plantes d’un méme milieu
de culture. Chaque échantillon ainsi obtenu est dosé a la fois sur HPLC et par spec-
trophotométrie avec trois répétitions.

Nous avons comparé les deux méthodes en utilisant le Test de Moyenne de
Student?”. Les résultats consignés dans le Tableau VI montrent que les deux mé-
thodes sont comparables au seuil de 5%.

DISCUSSION

Nous venons de démontrer que I'utilisation de 'HPLC pour le dosage des
cations dans les séves xylémiques donne des résultats équivalents en qualité a ceux
obtenus par les méthodes spectrophotométriques. De plus, la méthode que nous
venons de décrire possede certains avantages qui, dans le cas de I’analyse des seves,
nous semblent prépondérants. Ce sont: (i) une injection directe de I’échantillon sans
préparation; (ii) un volume d’injection faible (10 ul); (iii) le dosage simultané des cinq
principaux cations au cours d’une méme analyse. Grace 4 cela, des bilans cationiques,
plante par plante et sur un grand nombre d’individus, sont réalisables, ce qui est d’un
grand intérét pour des études physiologiques.
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Fig. 4. Chromatogramme de la solution étalon définitive.
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COMPARAISON STATISTIQUE SELON UN TEST “t” DE STUDENT ENTRE LES DEUX TECH-

NIQUES DE DOSAGES CATIONIQUES UTILISEES

Les valeurs entre parenthéses représentent les écarts types.

HPLC (IPC) Spectrophotométrie

Teémoin Froid NaCl Témoin Froid NaCl

(10°C) (50 mM) (10°C) (50 mM)
Na* Traces Traces 29,06 Traces Traces 25,80
0,33) 2,07
NH,* Traces 1,53 4,89 Traces 1,40 4,54
0,07 (0,35) 0,10) 0,37)
K* 16,98 8,72 20,53 17,00 8,75 21,03
(0,60) 0,13) (1,00) (0,75) 0,31) (1,67)
Mg?* 1,70 1,30 4,48 1,66 1,25 4,42
(0,05) (0,05) (0,07) (0,05) (0,08) 0,19)
Ca** 2,13 3,82 10,95 2,05 3,87 10,52
(0,08) 0,11) (0,24) (0,08) (0,30) (0,55)
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Cependant la détection par IPC en UV, méme si elle est plus sensible que la
conductimétrie, est plus délicate & maitriser et plus onéreuse®. En effet, le systéme est
parfois long a se stabiliser. Aussi, plutét que des utilisations ponctuelles, nous re-
commandons de travailler par grandes séries. Ceci est d’autant plus concevable que le
dispositif d’analyse peut étre aisément automatisé. Nous avons également remarqué
que la phase employée, résine avec des ponts sulfoniques, est plus fragile que les
phases classiques a base de silice greffée, d’ou une durée de vie de la colonne plus
courte, malgré de nombreuses précautions.

CONCLUSION

La méthode que nous venons de décrire, posséde les avantages requis pour se
substituer aux méthodes classiques d’analyses cationiques, notamment dans le cas des
échantillons de faible volume. Bien que I'analyse des séves xylémiques au micro-
analyseur a sonde électronique nécessite des volumes d’échantillons trés faibles (de
Pordre du nl) et se préte également a des analyses en série, la préparation est trop
complexe et trop longue pour envisager son application dans le cas d’analyses de
routine. De plus, les récents travaux que nous avons effectués dans notre laboratoire
sur I’analyse par HPLC des anions et des acides organiques des séves xylémiques
(résultats non publiés), ainsi que nos précédents travaux sur ’analyse des acides
aminés®*, nous permettent maintenant de réaliser des bilans ioniques complets avec
une prise d’essai minimale. D’autre part, ces techniques ne se limitent pas aux séves,
mais leur emploi peut-étre envisagé dans d’autres domaines (analyse des eaux, de
liquides biologiques entre autres).

RESUME

Nous décrivons une méthode pour ’analyse simultanée par chromatographie
liquide haute performance des cations majeurs des séves xylémiques. Pour réduire le
temps d’analyse et améliorer la séparation entre les pics, nous avons déterminé le flux
et la concentration en Ce®* dans la phase mobile en utilisant les grandeurs fonda-
mentales: k', o et PW ;. Nous avons testé ces nouvelles conditions dans le cas de
I’analyse des séves xylémiques. La reproductibilité de cette méthode a été vérifice. La
comparaison avec les méthodes classiques de spectrophotométrie de flamme ne donne
aucune différence significative. Les avantages et les applications possibles de cette
technique sont discutés.
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SUMMARY

Isocratic high-performance liquid chromatographic (HPLC) systems were es-
tablished for analytical and preparative separation of the components of the anti-
biotic preparation bacitracin (BC). The best analytical results were obtained using a
C1s modified silica gel column (Capcell Pak C,g) with a solvent system of 0.04 M
disodium hydrogenphosphate buffer and methanol (4:6), pH 9-10. The calibration
graphs showed good linear relationships between 50 and 1000 ng for BC-A and
between 65 and 1000 ng for BC-F. With respect to the preparative HPLC, a Capcell
Pak C,5 column with methanol-0.05 M aqueous sodium sulphate sotution (6:4) as a
mobile phase gave satisfactory results. The isolation of BC-A and -F was readily
achieved without decomposition of the components by using the present preparative
HPLC followed by desalting on a prepacked C,g cartridge.

INTRODUCTION

Bacitracin (BC) is one of the most commonly used antibiotics in the world as an
animal feed additive’->. A large consumption of BC may increase the risk of residues
of BC in food, so a simple, rapid and reliable method for the analysis of BC is
required to monitor BC in food and feed. Although conventional microbiological
assay procedures have good sensitivity, they are time consuming and cannot identify
the individual components of BC. Therefore, a number of chemical analysis methods
have been reported using high-performance liquid chromatography (HPLC)*=5 and
thin-layer chromatography (TLC)%!3. A

BC consists of more than twenty components with different antimicrobial activ-

* For Part X1V, see ref. 17.

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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o-Phe  L-His
L-lle p-Asp
\ / Bacitracin A
D-O{\ ;Asn 7/?J
N
L-Lys R = N
|y \Qs NH,
L-lle
D-(;;‘-Iu Bacitracin F
L-Leu N
| R = AN C\\
COR \&57/ °

Fig. 1. Structures of bacitracin A and F.

ities. The main antimicrobial components are BCs A and B; the main degradation
product is BC-F, which is devoid of antimicrobial activity and has nephrotoxicity!®.
The structures of the components have been determined only for BC-A and -F (Fig.
1). Therefore it is important to separate BC-A and -F from other components.

In the previous report!”?, we established a combinational technique using nor-
mal-phase and reversed-phase (RP) high-performance thin-layer chromatography
(HPTLC) for the identification of the components of BC. Although TLC can identify
the various BC components, the advantages of HPLC are that it is useful in both the
quantitation as well as the preparation of the individual components. All of the
previously reported RP-HPLC methods used complicated gradient elution systems
having long analysis times3~>. We could not obtain reproducible results under these
chromatographic conditions. Additionally, ion-exchange HPLC gave low resolution
of the BC components®. Therefore, we would like to establish a simple and reliable
HPLC method for the analysis and preparative separation of the components of BC
using isocratic elution.

According to preliminary studies, BC appears as tailing peaks on a convention-
al octadecylsilyl (C,3g) silica gel column, probably due to interaction between the
amino group of BC and residual silanol groups on the column. Use of a silanol-free
stationary phase would prevent tailing of solute peaks. Capsule!® and polymer!? type
RP-HPLC columns are made from silica gel coated with a silicone polymer and a
porous polymer gel modified with hydrophobic materials such as C, g, respectively, so
they are free from silanol groups. Accordingly, we decided to investigate the sep-
aration of the components of BC on capsule and polymer type RP-HPLC columns. In
this paper, we report techniques for the analytical and preparative HPLC of the
components using an isocratic system.

‘EXPERIMENTAL

Materials

Methanol, sodium hydroxide, phosphoric acid, disodium hydrogenphosphate,
potassium phosphate, sodium sulphate, potassium sulphate, sodium chloride and
potassium chloride were analytical grade reagents. Bacitracin was obtained from P-L
Biochemicals (Milwaukee, WI, U.S.A.).

A Baker 10 C;g cartridge (7020-3) was obtained from J. T. Baker (Phillips-
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burgh, NJ, U.S.A.). Capcell Pak Cg (5 um, 150 mm x 4.6 mm I.D., Lot No. 30006)
and Cyg (5 pm, 150 mm x 4.6 mm L.D., Lot No. 20138) columns were obtained from
Shiseido (Tokyo, Japan). TSK gel Octadecyl-4PW (7 um, 150 mm X 4.6 mm LD,
Lot No. OPWD0061) and Asahipak ODP-50 (5 um, 150 mm x 6.0 mm I.D., Lot No.
8706439) columns were obtained from Tosoh (Tokyo, Japan) and Asahi Chemical
Industry (Kawasaki, Japan), respectively.

High-performance liquid chromatography

A chromatograph equipped with a constant-flow pump (LC-5A; Shimadzu,
Kyoto, Japan) was used with a variable wavelength UV detector (Shimadzu
SPD-2AM) operated at 234 nm. The separations were performed on Capcell Pak C;g
with methanol-0.04 M aqueous disodium hydrogenphosphate solution (6:4) and with
methanol-0.05 M aqueous sodium sulphate solution (6:4) as the mobile phases for

analytical HPLC and for preparative HPLC, respectively, at a flow-rate of 1.3 ml/
min,

RESULTS AND DISCUSSION

Analytical HPLC conditions for the components of BC

The best result was obtained by elution with methanol-0.04 M aqueous dis-
odium hydrogenphosphate solution (6:4) on a Capcell Pak C,g column. This is the
first time that the components of BC have been completely separated into 22 peaks
using an isocratic solvent system. A typical separation under the optimum conditions
is illustrated in Fig. 2.

Various experimental results are discussed below using chromatographic beha-
viour of ten main components (peaks 11-18, 20 and 22 in Fig. 2).

Comparison of HPLC columns. We expected that capsule type and polymer type
columns would give satisfactory results because their residual silanol groups are ei-
ther covered with silicone polymer or essentially absent. The suitability of Capcell

min
Fig. 2. Separation of the components of bacitracin using analytical HPLC conditions. Column: Capcell

Pak C 4 (5 pm, 150 mm x 4.6 mm 1.D.). Mobile phase: methanol-0.04 M aqueous disodium hydrogen-
phosphate solution (6:4). Flow-rate: 1.3 ml/min. Detection: 234 nm. Peak identity: 18, BC-A; 22, BC-F.
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Fig. 3. Influence of disodium hydrogenphosphate concentration on the capacity factor. Column as in Fig.
2. Mobile phase: methanol-aqueous disodium hydrogenphosphate solution (pH 9.4) (6:4). Flow-rate and
detection as in Fig. 2. Symbols: O = peak 11; © = peak 12; © = peak 13; O = peak 14,0 = peak 15;
A = peak 16; A = peak 17, A = peak 18 (BC-A); ¥ = peak 20; * = peak 22 (BC-F).

Pak Cg and C; g as capsule type columns, and Asahipak ODP-50 and TSK gel Octa-
decyl-4PW as polymer type columns, for the analysis of the components was exam-
ined using methanol-0.04 M aqueous disodium hydrogenphosphate solution (6:4) as
the mobile phase. Among these four columns, Capcell Pak C, yielded 22 peaks with
excellent resolution, whereas Capcell Pak Cg and Asahipak ODP-50 columns pro-
duced 20 peaks, and TSK gel Octadecyl-4PW produced one broad peak. On the basis
of these findings, we considered Capcell Pak Cys as the best choice in subsequent
experiments.

Addition of disodium hydrogenphosphate. Because use of a mobile phase con-
taining inorganic salt sometimes improves peak resolution in RP chromatography?°,
we added disodium hydrogenphosphate to various mobile phases. Using methanol-x
M aqueous disodium hydrogenphosphate solution (pH 9.4) (6:4) the influence of the
concentration of the salt on the separation and resolution was investigated. Low
resolution peaks of the components appeared on the chromatogram using disodium
hydrogenphosphate-free mobile phase; however, the components were clearly
resolved above 0.01 M. The capacity factors (k’), of the components show (Fig. 3)
that the separation, especially among peaks 11-17, is improved with increasing salt
concentration. Optimum separation is obtained above 0.04 M, but when 0.05 M is
used the retention time of BC-F is too long. Accordingly, we chose 0.04 M aqueous
disodium hydrogenphosphate solution in this study.

Influence of pH of aqueous disodium hydrogenphosphate solution. The influence
of the pH of the aqueous disodium hydrogenphosphate solution on k" and the peak
resolution of the components of BC were investigated using methanol-0.04 M aque-
ous disodium hydrogenphosphate solution (6:4). In general, conventional C,g silica
gel is used under acidic conditions, because it is unstable under basic conditions.
However, since the Capcell Pak C;g column can be used under basic conditions'®, the
pH was varied between 2.0 and 10.0. The pH of the aqueous solutions was adjusted
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Fig. 4. Influence of pH of aqueous disodium hydrogenphosphate solution on the capacity factor. Column:
as in Fig. 2. Mobile phase: methanol-0.04 M aqueous disodium hydrogenphosphate solution (6:4). Flow-
rate and detection as in Fig. 2. Symbols as in Fig. 3.

with 0.04 M aqueous phosphoric acid and 0.04 M aqueous sodium hydroxide solu-
tions. The k' of the components show that peak separation is improved with in-
creasing pH of the mobile phase (Fig. 4). Satisfactory separation and resolution occur
between pH values of 8.0 and 10.0. Peak 22 has too long a retention time below pH
9.0. Because the pH of 0.04 M aqueous disodium hydrogenphosphate solution is 9.4,
we did not adjust the pH value in our subsequent work.

Proportion of methanol and aqueous disodium hydrogenphosphate solution. The
ratio of the organic solvent and aqueous solution is one of the most important param-
cters in RP chromatography?!. As the organic solvent we used methanol which pro-
duced better separations than acetonitrile. Various ratios of methanol and 0.04 A
aqueous disodium hydrogenphosphate solution as mobile phases were examined to

40,
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Fig. 5. Effect of the ratio of methanol and aqueous disodium hydrogenphosphate solution on the capacity
“factor. Column as in Fig. 2. Mobile phase: mixtures of methanol and 0.04 M aqueous disodium hydrogen-
phosphate solution. Flow-rate and detection as in Fig. 2. Symbols as in Fig. 3.
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obtain the optimum proportion. Concentrations of methanol higher than 60% in the
mobile phase result in unsatisfactory separation of BC components. The best sep-
aration was obtained below 60% (Fig. 5). Because a long analytical time was needed
to elute all components using 57.5% methanol in the mobile phase, we recommend
methanol-0.04 M aqueous disodium hydrogenphosphate solution (6:4) as the mobile
phase.

Determination of BC-A and -F. 1t was reported that BC-A is unstable in solu-
tion'®, so we investigated the stability of components of BC during chromatography
under the present HPLC conditions. After standing of BC in the mobile phase at 25°C
for 30, 60, 90, 120, 150, 180 and 210 min, these samples were injected into the HPLC
system and the peak heights of the components of BC were compared. No change in
peak heights was observed within 90 min. Therefore, we used the present HPLC
system for the quantitative analysis of BC-A and -F obtained as described in the next
section. With purified samples, linear relationships were found between 50 and 1000
ng (y = 0.055x + 2.76) for BC-A and between 65 and 1000 ng (y = 0.015x + 4.02)
BC-F.

Preparative HPLC conditions for the components of BC

In order to isolate the components, preparative HPLC was attempted using the
above analytical HPLC conditions. However, it was impossible to concentrate the
chromatographic fractions, because BC-A was decomposed by disodium hydrogen-
phosphate during evaporation. Therefore, we tried to develop preparative HPLC
conditions using a suitable mobile phase which can preserve all components of BC
during evaporation as judged by the changes in peak height. As mentioned above, if
disodium hydrogenphosphate is eliminated from the mobile phase, the chromatogra-
phy produced low resolution peaks, probably due to dissociation of amino groups in
BC. Addition of neutral and inert inorganic salt to the solvent system is sometimes
effective for control of the dissociation of analyte??, so mobile phases containing
several neutral and inert salts (potassium and sodium chloride or sulphate) instead of
disodium hydrogenphosphate were tried on a Capcell Pak C,g column using metha-
nol-0.05 M aqueous salt solution (6:4). With sodium and potassium chloride there
were no clearly resolved peaks. We could not make a mixture of methanol and 0.05 M
potassium sulphate (6:4) because of precipitation of the latter. However, addition of
sodium sulphate to the mobile phase resulted in good separation. As shown in Fig. 6,
although it shows lower resolution in comparison with that with the mobile phase
“containing disodium hydrogenphosphate, we consider that a mobile phase containing
sodium sulphate is the most suitable for the preparative HPLC of the components,
because the components were not decomposed in the mobile phase during evap-
oration.

Finally, we isolated the major peak (peak 18) and one of minor peaks (peak 22)
using the present preparative HPLC conditions followed by chromatography on a
prepacked C,g cartridge. Peaks 18 and 22 were fractionated, and after concentration
below 30°C, the desalting was carried out using a prepacked C,g cartridge. The
solution was applied to a Baker 10 C;g cartridge activated with methanol and water,
and the cartridge was washed with 10 ml of water. The components were eluted with
10 ml of methanol and were evaporated under vacuum below 30°C. Purified peaks 18
and 22 were analysed using the analytical HPLC described above, which showed that
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Fig. 6. Separation of the components of bacitracin using preparative HPLC conditions. Column as in Fig.
2. Mobile phase: methanol-0.05 M aqueous sodium sulphate solution (6:4). Flow-rate and detection as in
Fig. 2.

both components were isolated without any decomposition. Peaks 18 and 22 were
finally identificd as BC-A and -F, respectively'®, by secondary ion mass spectrometry
which produced a strong protonated molecule, (M+H)" (m/z 1422 for BC-A and
m/z 1419 for BC-F) indicating that minor decomposition products are not coeluted
with intact BC-A or -F in this HPLC system. Therefore, we recommend a combina-
. tion of a Capcell Pak C;5 column and methanol-0.05 M aqueous sodium sulphate
solution (6:4) for the preparative HPLC of the components of BC.

CONCLUSIONS

The analytical and preparative HPLC methods for the identification and isola-
tion of BC components were first established using an isocratic mobile phasc on a
capsule type C,g modified silica gel column (Capcell Pak C,g). These HPLC methods
have the following characteristics. The best separation was obtained by the combina-
tion of a Capcell Pak C,g column and a methanol-0.04 M aqueous disodium phos-
phate solution (6:4) as a mobile phase. By this system the components of BC were
successfully separated within 25 min and the calibration graphs showed good linear
relationships between 50 and 1000 ng for BC-A and between 65 and 1000 ng for
BC-F. With respect to the preparative HPLC, optimum conditions were found on a
Capcell Pak C,5 column using methanol-0.05 M aqueous sodium sulphate solution
(6:4) as the mobile phase. The isolation of BC-A and -F was readily achieved without
any decomposition of the components by the preparative HPLC conditions. There-
fore, we recommend these HPLC methods for analytical and preparative separation
of BC. At present we are attempting to characterize the structures of the components
of BC and to develop a sample preparation system using a prepacked cartridge for
detection of BC in feed and biological samples. These results will be reported else-
where in the near future.
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SUMMARY

A sensitive method for the determination of water in the presence of common
interferents is presented. An ion-exchange column in the Li* form and acetonitrile—
methanol (60:40) as eluent are used to separate water from other sample components.
The detection system is based on the effect of water on the equilibrium which results
from the reaction of cinnamaldehyde (added to the eluent) and methanol in the eluent
to form cinnamaldehyde dimethylacetal plus water. This equilibrium is shifted in the
catalytic atmosphere of an H*-form post-column reactor. The extent of the shift and
the resulting change in absorbance at 310 nm are proportional to the amount of water
present. The method is rapid, sensitive, relatively free from interferences and gives
a linear calibration graph over approximately three orders of magnitude difference in
water concentration.

INTRODUCTION

The determination of water in organic and inorganic materials is one of the most
important and frequently encountered analytical problems. The Karl Fischer method
has long been the most widely used method for the determination of water. However, it
requires some skill to carry out and cannot be used for samples that contain oxidizing
or reducing substances, or certain other chemicals. A number of gas chromatographic
(GC) methods have been proposed for the determination of water'. The actual method
chosen is dependent on the sample matrix. GC method are slow for samples containing
late-eluting compounds. Decomposition of samples leading to contamination of the
column can also be a problem. GC methods often cannot be used at all for samples
containing non-volatile constituents.

The determination of water can be based on the reaction of phenyl isocyanate
with water to produce N,N'-diphenylurea, which can then be determined by liquid
chromatography?. However, the total reaction time prior to the chromatography is 45
min.

* A US.A. Patent Application has been filed covering the work presented in this study.

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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Ton-exclusion chromatography is a fast and efficient way to separate and
determine compounds such as carboxylic acids, carbon dioxide (as carbonic acid)® and
neutral substances such as alcohols and sugars*. The determination of water by
ion-exclusion chromatography should also be possible provided a suitable detection
method is available. Stevens et al.® recently published a chromatographic method for
water using a hydrogen-form cation-exchange column in conjunction with a methanol
eluent containing a low concentration of sulfuric acid. A conductivity detector was
employed, giving a decreased conductivity for the water peak. Their data indicated
a response factor that varied widely with changing water concentration.The average
response factor (us per 1% water) was 240 in the 0.02-0.12% water range, 105 in the
0.22-0.42% range, 50 in the 0.42-0.80% range and 6.7 in the 1.6-3.1% range.

A method for the chromatographic determination of water is presented here that
combines separation by ion-exclusion chromatography with a novel and sensitive
method of detection. The eluent is a low concentration of cinnamaldehyde in methanol
or in a mixture of methanol and acetonitrile. In one mode of operation, the separation
column contains a cation-exchange resin in the H* form which causes the cinnam-
aldehyde and methanol to react to produce water plus an acetal that has a much lower
absorbance at an appropriate wavelength than the free cinnamadehyde. In another
mode of operation the chromatograpic separation of water takes place on a cation-
exchange column in the Li* form. An H*-form catalytic column placed just after the
separation column then catalyses the reaction of cinnamaldehyde with methanol. In
both modes, water in the sample partially reverses this reaction, giving an increase in
absorbance for detection of the water peak. The method is fast and sensitive; it is highly
selective for water and has a large, linear dynamic range.

EXPERIMENTAL

Apparatus

The instrument consisted of a Gilson Model 302 single-piston pump, a Rheo-
dyne Model 7125 injector quipped with either a 20-ul or a 100-ul sample loop,
a Scientific Systems Model LP-21 Lo-Pulse pulse damper, either a glass 10cm x 8 mm
1.D. or a stainless-steel 5 cm x 4.6 mm 1D. column packed with Bio-Rad Aminex
Q-1508S in the Li* form (separation column), a 10 cm x 2 mm L.D. stainless-steel
column packed with Bio-Rad Aminex Q-150S in the H* form (catalyst column),
a Kratos Spectroflow 783 absorbance detector and a Curken strip-chart recorder. The
one-column method used either a stainless-steel 10 cm x 4.6 m I.D. or a glass 10 cm
x 8 mm I.D. column packed with Aminex Q-150S in the H* form. The columns were
packed using upward slurry packing. However, a balanced density method was not
used. Owing to the large degree of shrinking and swelling that occurs in poly-
styrene-divinylbenzene resins when a change in solvent occurs, it was necessary to
pack the column in the solvent used in the mobile phase.
Eluent and sample solution

trans-Cinnamaldehyde, 99% (Aldrich Chemical), was used without purification.
Analytical-reagent grade methanol (Mallinckrodt) and HPLC-grade acetonitrile
(Fisher Scientific) were dried by storing over activated 3 A molecular sieves (Aldrich)
for at least 1 week. 3-Mercaptopropionic acid (Aldrich) was 99+ % pure. All other
samples were of analytical-reagent grade and used without purification.
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For maximum sensitivity and reproducibility, the eluent and all samples were
prepared in a nitrogen-filled glove-bag. Once prepared, the eluent was protected from
atmospheric moisture by bubbling nitrogen through the solution using a drying tube
filled with anhydrous calcium sulfate (Drierite). All sample solutions were placed in
vials equipped with Mininert valves (Supelco) prior to removal from the glove-bag.
The valve and septum of the Mininert caps allowed the removal of an aliquot without
exposing the remainder of the sample to atmospheric moisture.

Titrations

Karl Fischer reagent (titer 2.8 mg/ml) was purchased from Aldrican and
standardized. The buret was flushed with nitrogen prior to being filled and then
blanketed with nitrogen during the titration. A large (50-ml) buret was used so that
a standard and three samples could be titrated without refilling the buret. Samples
were titrated in volumetric flasks blanketed with nitrogen to minimize exposure to
atmospheric moisture. A visual end-point was used.

Chromatographic conditions

For the two-column method, chromatography was performed at flow-rate of
either 1 ml/min (with the long separation column) or 0.8 mi/min (with the short
separation column). A detection wavelength of 310 nm was used. The eluent was 0.79
mM trans-cinnamaldehyde in acetonitrile-methanol (60:40). This concentration of
trans-cinnamaldehyde gave the best signal-to-noise ratio for water determination.

When only one column in the H* form was used, the eluent was 0.32 mM
trans-cinnamaldehyde in methanol. With the 4.6 mm I.D. column a flow rate of
1 ml/min was used and with the 8 mm I.D. column a flow-rate of 1.2 ml/min was used.
Detection was at 310 nm.

RESULTS AND DISCUSSION

Detection system

A column packed with a cation-exchange resin in the H* form has been shown to
separate water chromatographically using dilute sulfuric acid in methanol as the
eluent®. The separation is probably based on an ion-exclusion mechanism in which
ions and most organic sample components pass rapidly through the column, but water
can enter the resin beads and therefore is eluted later as a well resolved peak.

A stable and sensitive detection system is critical to the success of any
chromatographic method for the separation and determination of water. Our method
is based on the shift in chemical equilibrium caused by low concentrations of water.
This shift in equilibrium causes an increase in absorbance that is proportional to the
amount of water.

A detection system is set up by adding a low concentration (0.8 mM) of
trans-cinnamaldehyde to the eluent. Cinnamaldehyde can react with methanol in the
eluent to form an acetal plus water. However, spectral evidence indicates that reaction
only occurs when a catalyst is present, such as when the eluent passes through
a cation-exchange column in the H* form:

H+

C¢HsCH=CHCHO + 2 CH;0H - C4HsCH=CHCH(OCH,), + H,0 (1)
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The cinnamaldehyde absorbs strongly at the detection wavelength of 310 nm, while the
acetal of cinnamaldehyde shows little absorbance at this wavelength (see Fig 1). When
a solution of cinnamaldehyde in methanol (with no catalyst present) was allowed to
stand for 2 days, the absorbance at 310 nm remained unchanged. Although the
spectrophotometric data presented in Fig. 1 indicate that a wavelength lower than 310
nm should be used for maximum sensitivity, the optimal signal-to-noise ratio was
obtained at 310 nm, where the background absorbance is low.

Water in a sample injected into the chromatographic column forces the
equilibrium in the reverse direction when an acid catalyst is present:

H+

Usually the amount of water from the sample will be substantially greater than the
background water. The shift in equilibrium is measured by the increased absorbance at
310 nm, which is proportional to the amount of water in the sample.

Separation—detection systems

One-column method. In this method a single column is used that contains Aminex
Q-150S in the H* form. In the presence of the H*-form resin in the column, water in
the sample reacts with the cinnamaldehyde dimetylacetal, pushing the equilibrium in
eqn. 2 further to the right. As cinnamaldehyde absorbs more strongly than the acetal at
the detection wavelength used, the chromatogram shows a positive peak that is
proportional to the amount of water in the sample. This peak appears a short time after
the initial injection peak on the chromatogram and is well resolved from the injection
peak.

The reason why the water peak has a longer retention time than the injection
peak is not entirely clear. Perhaps the reaction of water with cinnamaldehyde
dimethylacetal is not instantaneous in the column and water therefore moves at

1.00

0.78

ABSORBANCE

0.34

0.12

1 1 1 1 —
190 220 250 280 310 340

WAVELENGTH, nm

Fig. 1. Spectra of 0.0318 mM trans-cinnamaldehyde in methanol. (A) Spectrum immediately after the
solution was prepared; (B) spectrum after the solution had been shaken with Aminex Q-150S in the H*
form. )
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a slower rate through the column until reaction 2 is complete. Also, other retention
experiments indicate that cinnamaldehyde moves at a slightly slower rate through the
column than the acetal.

Water can be determined with excellent sensitivity using the one-column method
of separation with spectrophotometric detection at 310 nm. An injection of a 20-ul
sample of methanol containing only 10 ppm of water yielded an easily measured peak.
A calibration graph of standard solutions of water in methanol was linear from 0.0051
to 2.40% water (correlation coefficient for linear regression 0.9995).

Many types of organic sample components either do not absorb at the detection
wavelength (310 nm) or else are sufficiently well separated from water not to interfere.
However, aldehydes and ketones are likely to interfere by virtue of their retention on
the column (see Table I) or by reacting with methanol to produce additional water.

Two-column method. Interference from aldehydes and ketones, and possibly
from other types of sample components, can be avoided by using a cation-exchange
column in the Li*form for the chromatograhic separation of water, followed by
a short cation-exchange column in the H* form to catalyze the reaction needed for
detection. No reaction occurs in the first column (Li* form); the water itself is
separated from organic and inorganic components in the sample. When the eluent
enters the second, catalytic column, the reaction in eqn. 1 takes place and gives a low
background absorbance. However, when the water peak enters the catalytic column,
the equilibrium is shifted to the formation of more aldehyde in proportion to the
amount of water injected.

The system described here is an example of a post-column reaction system which
uses a solid-phase reactor. The set-up is simple and works very well. The reactants are
already present in the mobile phase. The reaction simply does not occur until the
catalyst column is reached. No additional reagents are mixed with the effluent stream.
There is no need for the additional hardware (second pump, mixing tee or reaction
chamber) commonly used in post-column reaction systems. Consequently, the
problems inherent in a typical post-column reaction system are avoided. These include
mixing problems, excess dead volume in the tee and reaction coil and baseline noise due
to the reagent pump.

This method for the determination of water is so powerful because it combines
a selective detection method with the selectivity of chromatography. Because the
reaction occurs after the separation, water can be determined in the presence of
substances which would interfere if the separation column were not employed, i.e.,
aldehydes and ketone, which react with methanol in the presence of an acid catalyst to
form water. This was tested by determining water in acetone (Fig. 2). Acetone would be
expected to react with methanol to form water (plus a ketal) when it entered a catalytic
column. However, it is already separated chromatographically from the water in the
sample before it reaches the second, catalytic column and no interference is
encountered.

The same reasoning holds for sample components that absorb at the detection
wavelength. They do not interfere with the determination of water provided they are
separated chromatographically before entering the catalytic detection system. Cin-
namaldehyde works better than many aldehydes in the detection system because the
wavelength of 310 nm is above the UV cut-off for many organic solvents.

Although good results were obtained with the one-column method for water
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Fig. 2. Spectrum of 0.321% water in acctone. Sample loop, 20 ul; separation column, 10 cm x 8§ mm LD
flow-rate, | ml/min. Other conditions are given in the text.

determination, fewer interferences were encountered with the two-column method.
The remaining discussion therefore focuses on the latter method for water deter-
mination.

Column length

Many of the separations were performed on a fairly long column (10 cm x 8 mm
I.D. witha 10 cm x 2 mm I.D. catalyst column) in order to obtain good resolution of
the water peak in some difficult samples. The separation of water from acetone shown
in Fig. 2 and the separation of water from a sample of 3- mercaptoproplomc acid in Fig.
3 are examples.

In many instances a shorter column can be used and the chromatographlc
separation of water greatly speeded up. Using a short column (5 cm x 4.6 mm 1.D.
with a 10 cm x 2 mm I.D. catalyst column), good separations were obtained for 367
ppm of water in isopropyl alcohol (Fig. 4) and for 184 ppm of water in toluene (Fig. 5).

Calibration graphs

Calibration graphs were obtained with both the long and short columns using
methanol containing varying amounts of water as standards. For the long column
a plot of points ranging from 0.00128 to 3.40% of water had a linear regression
correlation coefficient of 0.9998. Slight curvature was observed at the higher



LC DETERMINATION OF WATER 329

H,0

|

I0.001 6 AU

| E— i i J
¢} 6 12 18

TIME IN MINUTES

Fig. 3. Spectrum of 0.138% water in a methanolic solution of 1.15 M 3-mercaptopropionic acid. Sample
loop, 20 ul; separation column, 10 cm x 8 mm L.D.; flow-rate, 1 ml/min. Other conditions are given in the
text.

concentration end of the plot (above 3.0%). The lower end of the plot appeared to be
strictly linear with a correlation coefficient of 0.999996 for 0.00128-0.0800% water.
For the short column, similar results were obtained for calibration graphs ranging
from 0.0064 to 0.50% of water.

The respons factor (RF) of the chromatographic detection system for water was
measured in the following units: '

RF = signal (absorbanc.e) at 310 nm | 3)
0.1% water in sample

Response factors of 0.012 and 0.071 were obtained for the long column with a 20-ul
sample loop and the short column with a 100-ul sample loop, respectively. These are

H0

10.0032 AU

il

I -
0O 3 6 9
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Fig. 4. Spectrum of 367 ppm water in isopropanol. Sample loop, 100 pl; separation column, Scm x 4.6 mm
LD.; flow-rate, 0.8 ml/min. Other conditions are given in the text.



330 N. E. FORTIER, J. S. FRITZ

I0.004 AU

H20

J

—L 1
03 6 9
MINUTES

Fig. 5. Spectrum of 184 ppm water in toluene. Sample loop, 100 ul; separation column, Sem x 4.6mm LD
flow-rate, 0.8 ml/min. Other conditions are given in the text.

fairly good, considering that the baseline noise with this system was approximately
2 - 1073 absorbance.

The limit of detection for water will depend on the response factor, the size of
sample loop use and the amount of water in the eluent. The water content of the eluent
can be determined by extrapolating a linear plot of peak height vs. water concentration
in standards to zero peak height. Such an extrapolation of data from the short column
gave approximately 30 ppm as the water content of the eluent. Injections of samples
containing less water than the eluent give negative peaks at the retention time for
water. This effect was previously noted with a different chromatographic system for
water®. In principle, these negative peaks could be used to determine lower sample
concentrations of water than those in the eluent, but we did not obtain a reasonable
calibration graph for the negative peaks.

The most critical factor in obtaining extremely low detection limits for water is to
prepare and use an eluent of exceptionally low water content. Because of the possibility
of obtaining negative peaks when the sample contains less water than the eluent, it is
not legitimate to take a positive water peak of substantial height and calculate the
limits of detection by dividing the peak height (and concentration) by 2.5 times the
noise’. By injecting 20-ul samples of decreasing water concentration on to the long
column, we were able to obtain a detection limit of approximately 12.5 ppm of water
(260 ng absolute) at a signal-to-noise of 3 (see Fig. 6).
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Fig. 6. Spectrum showing the limit of detection obtained with the long separation column (10 cm x 8 mm
1.D.) to be 260 ng of water. Sample injected, 12.8 ppm of water in methanol; sample loop, 20 ul; flow-rate,
1 ml/min. Other conditions are given in the text.

Scope and quantitative results

The utility of this method was demonstrated by separating and determining
water on the long column in each of the following samples: toluene, ethyl acetate,
acetone, 3-mercaptopropionic acid, ascorbic acid (dissolved in methanol) and
copper(II) chloride dihydrate (dissolved in methanol). Samples analyzed for water on
the short column included isopropyl alcohol, toluene, ethyl acetate and absolute
ethanol. Analysis of the mercaptan, ascorbic acid and copper(Il) chloride samples by
the Karl Fischer method would not be possible. Likewise, aldehydes and ketones
interfere in a liquid chromatographic method that uses a different detection system?®.

Results are shown in Tables I and II. The results in Table I, for toluene, ethyl
acetate and acetene, were compared with those obtained by the Karl Fischer method.
Water was also determined in an ethyl acetate sample which was spiked with 0.100%
water. The recovery was excellent. Table II shows results for samples for which a Karl
Fischer titration would have yielded erroneous results®. The water content of these
samples was determined by analyzing a blank, then spiking the sample and
re-analyzing. With 3-mercaptopropionic acid, owing to the small amount of mer-
captan available, a 10.00% solution of the mercaptan in methanol was spiked. The
recoveries were again very good.

Another application of this method is the determination of water of hydration in
inorganic salts. A sample of copper(II) chloride dihydrate was analyzed and found to
contain 1.99 mol of water per mole of copper(II) chloride. This determination could
not be effected with a Karl Fischer titration as the copper(Il) would be reduced to
copper(I) by the reagent®.

TABLE I
LIQUID CHROMATOGRAPHIC DETERMINATION OF WATER IN ORGANIC SOLVENTS

Sample Water Water found (% )
added (%)

This method Karl Fischer method

Toluene 0 0.0253 0.0251
Acetone 0 0.321 0.325
Ethyl acetate 0 0.0950 —
Ethyl acetate  0.100 0.196 0.198
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TABLE 11

LIQUID CHROMATOGRAPHIC DETERMINATION OF WATER IN THE PRESENCE OF
COMMON INTERFERENTS

Sample Water Water calculated ~ Water
added (spike plus blank) found
(%) (%) (%)
3-Mercaptopropionic acid 0 NA* 0.494
Methanolic solution of
10.00% 3-mercaptopropionic acid  0.200 0.249 0.246
Méthanolic solution of
0.057 M ascorbic acid 0 N.A. 0.0080
Methanolic solution of
0.057 M ascorbic acid 0.100 0.108 0.104

* N.A. = Not available.

Interferences

Of the organic samples tested, only dimethyl sulfoxide (DMSQO) was found to
interfere. DMSO produced a very large peak that obscured the water peak. Inorganic
metal hydroxides were also found to interfere, possibly by reaction with H* to produce
additional water.

Samples containing large amounts of ionic materials can pose a problem by
displacing more and more Li* from the separation column. The Li* removed from the
separator column will exchange with the H* of the catalyst column, decreasing its
ability to catalyze the reaction. Likewise, a large number of acidic samples will convert
much of the separation column to the H* form and thereby cause a change in the
retention time of the water peak. Periodic regeneration or the use of a replaceable
Li*-form precolumn should alleviate these difficulties.
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SUMMARY

A high-performance liquid chromatographic method was devised for the qual-
itative and quantitative analysis of lupine alkaloids in plants. The separation of 22
naturally occurring lupine alkaloids was performed by adsorption chromatography
(silica gel) with three solvent systems consisting of diethyl ether, methanol and ammo-
nia solution and reversed-phase chromatography (octadecylsilica) with a buffered
aqueous solution containing acetonitrile. The elution of alkaloids was monitored by
UV absorption at 220 and 310 nm. Lupine alkaloids containing a 2-pyridone ring
were detected by UV absorption at both wavelengths, while the alkaloids that do not
possess this unsaturared heterocyclic ring lack UV absorption at 310 nm. The deter-
mination of lupine alkaloids was carried out by an external standard method using
(—)-cytisine as the standard. The peak area for 1 ug of each alkaloid detected at 220
nm was measured and normalized for that of (- )-cytisine, and these relative factors
were used for the determination of the alkaloids. The qualitative and quantitative

analysis of lupine alkaloids in plants of the genus Thermopsis was performed by this
method.

INTRODUCTION

Lupine alkaloids occur particularly in several Leguminosae genera and are also
found sporadically in other plant families’-2. All contain one or two quinolizidine
ring systems and are therefore called quinolizidine alkaloids. Their carbon skeleton is
built up from two or three Cs units of cadaverine derived from lysine>*. Lupine

* Presented at the 23rd International Symposium on Advances in Chromatography, Chiba, October
7-9, 1986. The majority of the papers presented at this symposium have been published in J. Chromatogr.,
Vols. 399 and 400 (1987).

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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alkaloids are well known as constituents of poisonous plants because of their toxicity
towards mammals. Some of them exhibit potentially useful pharmacological activ-
ities®.

The most important methods for the determination of lupine alkaloids in bio-
chemical and chemotaxonomic studies have hitherto been gas chromatography (GC),
gas chromatography-mass spectrometry (GC-MS) and thin-layer chromatography
(TLC)®. These methods, however, have some disadvantages with regard to resolution
and involatile samples. High-performance liquid chromatography (HPLC) is expect-
ed to be superior for the determination of lupine alkaloids in plant extracts, but no
systematic investigation of its application has been reported so far.

In this study, we devised a qualitative and quantitative HPLC method for
lupine alkaloids.

EXPERIMENTAL

Chemicals

The 22 natural lupine alkaloids used as standard samples were isolated and
identified in the course of our recent studies®='*. Their structures are shown in Fig. 1.
Diethyl ether, methanol and water were used immediately after all-glass distillation.
Ammonia solution and acetonitrile of the highest grade available were used without
further purification.

HPLC

LiChrosorb Si 60 (5 um) was purchased from Kanto Chemicals (Tokyo, Japan)
and Inertsil ODS (5 pm) from Gaschro-Kogyo (Tokyo, Japan). HPLC was carried
out with a Senshu HPLC system constiting of an SSC-3100 pump, an SSC-3110 pump
controller and SSC-EIE005 manual injector, equipped with a 4- or 20-u sample loop,
an SASC-3510 column oven, an SSC Y-1000 variable UV detector and a Sekonic
SS-250F recorder. As highly volatile diethyt ether is used as a component of the
eluent, the temperature of the column oven was maintained at 20°C. The eluents were
sonicated for 1 min before use. The sample was dissolved in methanol and filtered
through a Shodex DT filter (ED-03, 0.45 um) prior to injection.

Plant extracts

The aerial parts of Thermopsis lupinoides Link and T. chinensis were collected in
the Medicinal Plant Gardens of Chiba University in May 1986. Fresh plant tissues
were homogenized and extracted with 75% ethanol. The neutral and acidic materials
were removed by extraction with dichloromethane (twice) after acidification (pH 1)
with hydrochloric acid. The basic fraction was extracted with dichloromethane
(twice) from the saturated solution made alkaline with potassium carbonate. The
basic fraction were analysed by HPLC after filtration.

RESULTS AND DISCUSSION

The HPLC conditions for the separation of lupine alkaloids are summarized in
Table I. The separation of the alkaloids was performed satisfactorily in both the
normal-phase (silica gel) and reversed-phase (octadecylsilica) modes.
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Fig. 2. HPLC profile of standard alkaloids with solvent system B. HPLC was carried out according to
Table I. The sample consisted of (—)-lusitanine (3) (0.4 pg), (+)-matrine (4) (2.0 ug), (- )-baptifoline (15)
(2.0 pg), (—)-cytisine (16) (2.0 pg) and (+)-matrine N-oxide (2.0 pug). UV detection: (A) 220 nm; (B) 310
nm.

The chromatographic patterns of standard alkaloids are shown in Figs. 2 and 3
(normal-phase mode) and in Fig. 4 (reversed-phase mode). Table II summarizes the
retention times of lupine alkaloids in four chromatographic systems and the cytisine
constants (see below). The N-oxides of lupine alkaloids, such as matrine N-oxide (7)
and sophoridine N-oxide (10), were not eluted from the LiChrosorb Si 60 column by
solvents A and B, but they were eluted by solvent C. The N-oxides were also chroma-
tographed on the ODS column with slight tailing.

For the qualitative analysis of lupine alkaloids, their elution was monitored by

(A) (B)
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Fig. 3. HPLC profile of standard alkaloids with solvent system C. Conditions and samples as in Table I and
Fig. 2.
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Fig. 4. HPLC profile of standard alkaloids solvent with system D. Conditions and samples as in Table 1
and Fig. 2.

UV absorption at 220 and 310 nm. The alkaloids that contain a 2-pyridone ring, such
as (—)-cytisine, (— )-baptifoline and (+ )-mamanine, were detected by their UV ab-
sorption at both wavelengths!>. On the other hand, the alkaloids that do not possess
this unsaturated heterocyclic ring, such as (+)-matrine and its N-oxide (+ )-lupanine,
(— )-lusitanine and ( — )-sparteine, lack UV absorption at 310 nm. From these charac-
teristic UV properties and the retention times in four chromatographic systems, we
were able to identify the alkaloids in plant extracts with the known lupine alkaloids.

In order to determine the amount of each alkaloid in the plant extracts, the
alkaloids were analysed by adsorption chromatography with the solvent systems B
and C. The lupine alkaloids were determined by the external standard method, using
(—)-cytisine as the standard. The peak area of 1 ug of each alkaloid at 220 nm was
measured and normalized to that of (~—)-cytisine as 1.00. Hence the “cytisine con-
stant” is the relative absorbance at 220 nm of 1 ug of each alkaloid with respect to
cytisine. The area of the cytisine peak varies linearly with its concentration. The
cytisine constants of lupine alkaloids are summarized in Table II. From these data,
the 22 lupine alkaloids can be determined. The limit of detection was 0.01-0.2 pg for
each alkaloid.

We applied this HPLC method to the qualitative and quantitative analysis of
lupine alkaloids in the aerial parts of plants of the genus Thermopsis growing in
Japan. We were able to identify the five major alkaloids in the basic fraction prepared
as described under Experimental. As shown in Table III, these plants accumulated
alkaloids of the sparteine, anagyrine and cytisine types and not those of the lupinine
and matrine types. The main base in T. chinensis is N-methylcytisine, as reported
previously'®. It is assumed to be biosynthesized from cytisine by a cytisine-specific
N-methyltransferase' 7'8. The main alkaloid in T lupinoides, in contrast, is lupanine,
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TABLE I1
RETENTION TIMES AND CYTISINE CONSTANTS OF LUPINE ALKALOIDS

The retention times were determined in four chromatographic systems. Cytisine constants were obtained
by normalizing the peak area of 1 ug of each alkaloid to that of (—)-cytisine as 1.00. Determinations were
carried out by adsorption chromatography.

Alkaloid Absorption Retention time in four Cytisine
No.* at 310 nm solvent systems** (min) constant
A B C D
1 - 8.03 7.90 5.83 9.50 0.10
2 - 2.56 2.70 1.93 — *hx 0.65
3 - 6.72 6.90 352 4.30 2.84
4 - 3.42 3.12 2.10 7.01 0.64
5 - 5.20 4.03 2.61 8.51 0.59
6 - 13.0 6.15 2.73 4.28 0.36
7 - - - 16.9 8.80 0.53
8 - 6.31 6.45 3.58 5.90 0.48
9 - 9.72 10.7 5.42 4.95 0.47
10 - - - 214 9.32 0.31
i1 - 3.26 3.20 2.43 8.30 0.14
12 - 21.3 35.0 - - 0.39
13 - 5.17 5.40 3.20 4.90 0.33
14 + 3.83 3.75 2.46 7.02 0.44
15 + 13.2 8.40 3.52 4.71 0.55
16 + 23.8 17.1 5.86 2.73 1.00
17 + 5.97 4.62 2.86 5.90 0.80
18 + - 18.4 1.88 2.68 1.21
‘19 + 4.25 3.38 2.43 8.30 0.86
20 + 11.7 7.73 3.34 4.20 0.74
21 + - 26.7 5.47 2.62 0.60
22 - 9.30 8.16 4.14 5.14 0.40
* See Fig. 1.

** See Table 1.
*** The sample was not eluted from the column.

TABLE III
LUPINE ALKALOIDS IN PLANTS OF THE GENUS THERMOQPSIS

The fresh aerial parts of 7. chinensis and T. lupinoides were extracted and the basic fractions were analysed
by HPLC as described under Experimental.

Alkaloid Concentration (mg[g fresh weight)
T. chinensis T. lupinoides
Anagyrine (14) 0.017 0.141
N-Methylcytisine (17) 0.212 0.164
Lupanine (13) 0.004 1.273
Baptifoline (15) 0.010 0.082

Cytisine (16) 0.048 0.003
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which is regarded as the precursor of alkaloids of the anagyrine and cytisine types'®.
Hence it is suggested that the ability to oxidize lupanine to anagyrine and cytisine is
low in the aerial parts of T. lupinoides compared with that in T. chinensis. Biosynthetic
and stereochemical relationships of these alkaloids are further problems to be solved.

Tsukushinamine-type alkaloids are new cage-type lupine alkaloids isolated
from Sophora franchetina Dunn, which is a native and very rare shrub in Japan®. As
far as we know, alkaloids of this type have not so far been found in other plant
species. Our HPLC method should be useful not only for screening lupine alkaloids in
plants but also for biochemical, physiological, and chemotaxonomic studies of these
atkaloids.
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COLLAGEN BANDS FROM POLYACRYLAMIDE GELS USING HIGH-
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SUMMARY

A procedure is described for the determination of the amino acid composition of
stained collagen bands separated by sodium dodecyl sulphate polyacrylamide gel
electrophoresis using high-performance liquid chromatography and post-labelling
with o-phthalaldehyde. Six a-chain bands from collagens I, III and V were analysed
directly after gel electrophoresis, Coomassie blue staining and destaining. It was
shown that good accuracy and reproduciblity can be attained using this method, which
makes it possible to determine simultaneously nineteen amino acids: Asx, Thr, Ser,
Glx, Pro, Cys, Gly, Ala, Val, Met, Ile, Leu, Tyr, Phe, His, Lys and Arg together with
4-Hyp and Hyl, specific amino acids found in collagen.

INTRODUCTION

The procedure described previously! for amino acid analysis with o-phthalal-
dehyde (OPA) of stained protein bands, in which the stained gel slices were directly
hydrolysed with hydrochloric acid, was suitable for the determinaton of the amino
acids aspartic acid, threonine, serine, glutamic acid, proline, cysteine, glycine, alanine,
valine, methionine, isoleucine, leucine, tyrosine, phenylalanine, histidine, lysine and
arginine. However, there was a “buffer-change” peak having the same retention time
as histidine, so subtraction of its peak value in the determination of histidine was
necessary. Also, one could not determine the amino acid compositions of collagen
samples by this method because (1) the hydroxylysine content might be slightly above
its true value, (2) the arginine peak was eluted as a shoulder on the ammonia peak and
(3) the resolution of 4-hydroxyproline from aspartic acid was not always satisfactory.
The method described here served for the analysis of nineteen amino acids, including
4-hydroxyproline and hydroxylysine, by a single-step procedure without any correc-
tion, using six a-chain bands derived from collagens I, IIT and V.

0021-9673/89/%03.50 © 1989 Elsevier Science Publishers B.V.
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EXPERIMENTAL

Chemicals

Amino acid standard CH was purchased from Pierce (Rockford, IL, U.S.A.)and
acrylamide and N,N’-methylenediacrylamide were from Merck (Darmstadt, F.R.G.).
Coomassie Brilliant Blue R (CBB) and sodium dodecy! sulphate (SDS) were obtained
from Sigma (St. Louis, MO, U.S.A.), thioglycolic acid, super special grade constant-
boiling hydrochloric acid, OPA and sodium citrate buffer solution (pH 2.2) for sample
preparation from Wako (Osaka, Japan), 10% sodium hypochlorite solution from
Yoneyama Yakuhin Kogyo (Osaka, Japan) and distilled water for injection from
Otsuka Pharmaceutical (Tokyo, Japan).

Sample preparation

Human collagens I, IIT and V were obtained from post-burn granulation tissues
by pepsinization and salt fractionation®. The surgically obtained tissues were provided
by Dr. H. Aoyama of Aichi Medical College. Sodium dodecyl sulphate polyacrylamide
gel clectrophoresis (SDS-PAGE) was carried out by the method reported by
Laemmli®. About 40 ug of each type of collagen sample were subjected to slab gel (1
mm thick) electrophoresis to separate a-chains. The gel was visualized by staining with
CBB. The Coomassie blue-stained gel slices, washed with destaining solution and
acetone and then dried by flushing with nitrogen gas were directly hydrolysed under
reduced pressure at 110 + 1°C for 20 h with 5 ul of thioglycolic acid and 0.5 ml of
6 M constant-boiling hydrochloric acid. The hydrolysate was evaporated and
dissolved in 50 ul of 0.067 M sodium citrate buffer (pH 2.2) (stock sample solution);
after centrifugation to remove the insoluble material, an aliquot of the stock sample
solution was subsequently diluted with the same buffer to give a concentration of
20-40 ug/ml of protein (diluted sample solution). Then, 25 ul of the sample were
injected into the column.

Apparatus _

The chromatographic equipment was obtained from Shimadzu (Kyoto, Japan).
An LC-4A high-performance liquid chromatography (HPLC) apparatus was con-
nected to an RF-540 spectrofluorimeter and a Model C-R3A recording integrator.
Detection was accomplished by post-column reaction with OPA at 55°C using a Model
PRR-2A minipump post-column reactor.

Chromatography

A sulphonated polystyrene cation-exchange resin column (150 x 4 mm 1.D.)
(Shimadzu gel ISC-07/S1504, particle size 7 ym), together with a Dowex 50W-16 resin
column (250 x 4 mm 1.D.) (Shimadzu gel ISC-50 45 the precolumn, were used for the
separation of amino acids. Amino acids wer%f%ated using a gradient programme of
the mobile phase (Fig. 1) in a Shimadzuw"Model LC-4A HPLC apparatus using
solutions A, B and C, where solution A was 7% (v/v) ethanol in 0.067 M sodium citrate
(pH 3.15), solution B was 0.2 M sodium citrate (pH 10.0) and the solution C was 0.2
M sodium hydroxide. The flow-rate was 0.3 ml/min at 55°C. The post-column labeling
method was essentially the same as that reported by Ishida ez al.?, except that the OPA
concentration was raised from 0.08 to 0.4%'. Sodium hypochlorite reagent was
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Fig. 1. Gradient profile of the mobile phase. The arrow indicates the switching point from solution B to
solution C.

prepared by adding 0.2 ml of 10% sodium hypochlorite to 500 ml of buffer solution
(pH 10.0) containing sodium carbonate (0.384 M), boric acid (0.216 M) and potassium
sulphate (0.108 M). A fluorescence reagent was prepared by mixing 2.0 g of OPA in 15
ml of ethanol and 1 ml of 2-mercaptoethanol and 2 ml of 10% Brij 35 in 500 ml of the
above alkaline buffer. The flow-rates of the sodium hypochlorite and OPA solutions
were set at 0.2 ml/min. The fluorescence intensity of the effluent was measured at
excitation and emission maxima of 348 and 450 nm, respectively.

RESULTS AND DISCUSSION

Fig. 2 (lanes a, b and c¢) shows the SDS-PAGE patterns of collagens I, IIl and V,
respectively, obtained by the Laemmli method?, which uses Tris-glycine buffer as the
electrode buffer. These six a-chains were analysed. Typical chromatograms of each
al-chain collagen hydrolysate, which was derived from collages I, I1T and V, are shown
in Fig. 3b, c and d, respectively. One sample analysis took about 80 min.

a b £

Fig. 2. SDS-PAGE of about 40 ug each of type I (lane a), type II1 (lane b) and type V (lane c) collagens by the
Laemmli method®. Acrylamide concentrations were 8% for lanes a and b and 5% for lane c.
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Fig. 3. Elution chromatograms showing relative fluorescence of each amino acid of the empty gel and those
of al-chains derived from collagens I, IIT and V. a-1, empty gel + CBB (2 ug); a-2, buffer alone; b, a1 (I)
chain; ¢, a1 (ITT) chain; d, 1 (V) chain. Peaks: (1) 4-Hyp; (2) Asx; (3) Thr; (4) Ser; (5) Glx; (6) Pro; (7) Cys; (8)
Gly; (9) Ala; (10) Val; (11) Met; (12) Ile; (13) Leu; (14) Tyr; (15) Phe; (16) Hyl; (17) His; (18) Lys; (19) NH3;
(20) Arg.

One could not determine the amino acid compositions of collagen samples by the
method reported previously’, for the following reasons: (1) the hydroxylysine content
might be slightly above its true value, because methionine sometimes decomposes into
an unidentified compound which elutes just after histidine and overlaps with the
hydroxylysine peak®; (2) as the ratio of gel to each a-chain of collagen was high, the
arginine peak was eluted as a shoulder on the ammonia peak, so another run was
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needed in order to obtain better resolution of arginine by switching the buffer system
from the pH gradient type to one at pH 5.28%; and (3) the resolution of 4-hydroxy-
proline from aspartic acid was not always satisfactory. The method described here was
able to overcome these disadvantages by changing the gradient programme of mobile
phase.

Fig. 1 shows the gradient programme used for the mobile phase. When the
concentration of solution B gradually rose from 30% to 65%, the peak of
hydroxylysine separated from that of the breakdown product derived from methionine
decomposition (16 and X in Fig. 3b, ¢ and d), and the “buffer-change” peak
disappeared (Fig. 3a-2). When solution B was maintained at 65% for 5 min (Fig. 1), the
arginine peak was separated well from the ammonia peak without eluting as a shoulder
on the ammonia peak (19 and 20 in Fig. 3b, cand d). After washing in solution C for 30
min and equilibrating in solution A for another 30 min, analysis was performed in
accordance with the gradient. In this way the 4-hydroxyproline and aspartic acid could
be separated consistently (1 and 2 in Fig. 3b, cand d). Under these conditions, the
hydroxylysine, both in the hydrochloric acid-hydrolysed sample and the L-hydroxy-
lysine standard, showed two neighbouring peaks, for unknown reasons (16 in Fig. 3b,
c and d).

The electrode buffer components, Tris and glycine, were reportedly removed by
simply washing the gel slices several times with destaining solution and then five times
with 3 ml of acetone following the destaining procedure’. As shown in Fig. 3a-1, the
empty gel and CBB (2 ug) used showed negligible contamination, if any, by amino
acids, and they were free from glycine in particular.

The amino acid compositions of the six a-chain samples are summarized in Table
L. Fairly satisfactory results were obtained for the amino acid compositions of the six
a-chains derived from collagens I, IIT and V. Every collagen sample has high glycine,
proline and hydroxyproline contents, and collagen Il has the highest levels of glycine
and hydroxyproline and contains cysteine. Table I indicates that the mean values of the
glycine, proline and hydroxyproline contents in the six a-chain collagens were about
34%, 11% and 10%, respectively. These concentrations are virtually the same as the
reported values, indicating that they are all collagenous. The data are reasonably
consistent with the previously reported values. Thioglycolic acid provided effective
protection against the decomposition of tyrosine, cysteine and methionine; however,
the recovery of methionine was inconsistent!.

Amino acid analysis with the OPA reagent is fairly sensitive, and one must be
very careful to minimize background contaminants through all the steps of the
preparative procedure. Contamination by serine and glycine has been traced to
fingerprints and micron-size particles of skin®, and glass tubes sometimes contain
glycine and other amino acids (> 10 pmol per tube)*°. Most of the above problems can
be solved by protecting the gels from fingerprints by wearing rubber gloves and
pyrolysing the glassware, especially the hydrolysing and evaporating tubes, in a flame
before use?.

CONCLUSIONS

A method has been developed for amino acid analysis with a single-stained
collagen band directly hydrolysed with a polyacrylamide gel slice using HPLC and
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a post-labelling method with OPA. By this method, it is possible to determine nineteen
amino acids, including 4-hydroxyproline and hydroxylysine, by a single-step proce-
dure. This method will be very useful for the amino acid analysis of collagens
composed of heterogeneous a-chains, especially those which can be resolved only by
PAGE.
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SUMMARY

Domoic acid, the recently discovered toxic substance found in contaminated
mussels from an area in eastern Prince Edward Island (Canada) was extracted from
mussel tissue using the procedure of the Association of Official Analytical Chemists
for paralytic shellfish poisons. This involved a 5-min boiling of the sample with 0.1
M hydrochloric acid then cooling and centrifuging. An aliquot of the supernatant was
diluted ten to one-hundred times with water, filtered and analysed by reversed-phase
liquid chromatography with a mobile phase consisting of acetonitrile-water (12:88) at
pH 2.5 and an absorption wavelength of 242 nm. The detection limit was about 0.5
mg/kg domoic acid in seafood samples. The technique was successfully applied to
a variety of commercially purchased shellfish and shellfish products.

INTRODUCTION

Domoic acid (Fig. 1) was recently isolated and identified as the toxic substance
found in contaminated blue mussels (Mytilus edulis) from eastern Prince Edward

CH,
-, ~—COOH
/I/(i

N COOH

I

H

Fig. 1. Structure of domoic acid.
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Island (Canada)'. This neurotoxic amino acid is a naturally-occurring metabolite first
isolated from the red alga, Chondria armata, by Japanese workers®>. The substance
has been synthesized* and evaluated for its insecticidal properties*®. The source of the
domoic acid found in the mussels is still under investigation, but results to date indicate
that the marine pennate diatom Nitzschia pungens, is the most likely candidate’.

The Association of Official Analytical Chemists (AOAC) mouse bioassay
method for paralytic shellfish poisons (PSP) was found to be applicable to the
detection of domoic acid®. About 40 mg/kg in wet mussel tissue may induce some
characteristic symptoms of domoic acid intoxication while levels near 150 mg/kg
produce repeatable time-to-death values. The method proved to be very useful since
both types of shellfish toxins could be monitored by a single bioassay method, rather
than by specific methods for each. However, domoic acid positive samples must be
confirmed by an independent technique capable of accurately quantitating the
substance. Trace analytical methodology for domoic acid in mussels was first
developed employing a boiling water extraction followed by liquid chromatography
(LC) with ultraviolet absorption detection as the determinative step®. This approach
was simple and could detect less than 1 mg/kg domoic acid in mussel samples. The
purpose of the work described in this report is to evaluate the application of LC to the
detection and quantitation of domoic acid in shellfish using the AOAC PSP extraction
procedure employed for the mouse bioassay. In this way both analytical and biological
tests can be performed on the same extract.

EXPERIMENTAL

Reagents

Domoic acid was isolated from contaminated mussel tissue, purified (>95%
purity) and characterized as described elsewhere’. Water was twice deionized (Milli-Q,
Millipore, Bedford, U.S.A.), acetonitrile was HPLC-grade. All other solvents and
chemicals were analytical-reagent grade materials. Standard solutions of domoic acid
were prepared in water and diluted as required. All domoic acid standard and sample
solutions were refrigerated when not in use.

Liguid chromatography

The system consisted of a Model 110B pump (Beckman), a 20-ul loop injector
(Beckman), a Supelcosil LC-18 column (15 cm x 4.6 mm LD., 5 um), a variable-
wavelength UV detector (Micromeritics) set to 242 nm (wavelength maximum for
domoic acid) and 0.02 absorbance units full scale (a.u.f.s.), and a Varian 4270
integrating recorder. The mobile phase was acetonitrile-water (12:88, v/v) adjusted to
pH 2.5 with 2% (v/v) orthophosphoric acid, degassed and filtered before use. The
flow-rate was 1.0 ml/min.

Sample extraction

The sample preparation and extraction were carried out exactly as described
earlier!®. Briefly, 100 g of homogenized shellfish tissue was mixed thoroughly with 100
ml of 0.1 M hydrocloric acid in a 500-m beaker. The contents were heated with stirring
on a hot plate and allowed to boil gently for a period of 5 min. The mixture was then
removed and permitted to cool in a refrigerator (4°C) for 30 min. The contents were
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then quantitatively transferred to a graduated cylinder and diluted to exactly 200 ml.
The contents were returned to the beaker, stirred and an aliquot of about 50 ml was
removed and centrifuged for Smin at ca. 3000 rpm (700 g). A 0.5-ml portion of the clear
supernatant was diluted to 25 ml with water in a volumetric flask and mixed
thoroughly. About 2 ml of the solution were filtered (Millex HV, 0.45 um, Millipore)
for analyis by LC.

For comparison purposes, the above procedure was repeated using water instead
of 0.1 M hydrochloric acid for the extraction.

RESULTS AND DISCUSSION

Chromatography

Fig. 2 shows typical chromatograms obtained for domoic acid in a mussel
sample. A number of C,s reversed-phase columns (including, Ultrasphere 5-um,
Spherisorb 5-um, pBondapak 10-um, Vydac 5-um, Lichrosorb 5-um) were evaluated
and all functioned well for the determinations. The only change necessary was an
adjustment of the acetonitrile concentration (usually 12-18%) in the mobile phase to
produce an acceptable retention time for domoic acid We have found that 6-10 min
was optimal with the columns studied. At acetonitrile concentrations greater than 18%
in the mobile phase, domoic acid was not completely resolved from other co-extrac-
tives in the samples. This was particularly a problem at low concentrations (<20
mg/kg) of domoic acid in the tissue where more concentrated sample extracts had to be
injected. lon-exchange chromatography employing a Vydac 302 IC column with

DOMOIC ACID CONTAMINATED CONTAMINATED
STANDARD W MUSSEL, 218 ppm MUSSEL, 507 ppm
12 ng injected 0.1 mg sample injected 0.06 mg sample injected

RESPONSE (cm)
3
1

T T
4 8

T T
12 0
TIME (min)
Fig. 2. Typical chromatograms of standard domoic acid and contaminated mussel samples. Mobile phase,
acetonitrile-water (12:88) (pH 2.5). Supelcosil LC-18 (15cm x 4.6 mm I.D.) column. UV detection at 242
nmand 0.02 a.u.fs. Arrow indicates domoic acid retention time. Quantity of sample injected is equivalent to
0.1 and 0.06 mg, as indicated (ppm= mg/kg).
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MUSSEL, 200 ppm 50 mg sample injected

CONTAMINATED BLANK MUSSEL
6 mg sample injected

RESPONSE {cm)

T T T T
5 10 15 20
TIME (min)

Fig. 3. Chromatograms of contaminated and blank mussel samples. Vydac 302 IC column. Mobile phase,
5% (v/v) acetonitrile in 0.008 M KH,PO, (pH 6.9) at 2.0 ml/min. UV detection at 242 nm and 0.02 a.u.fs.
Arrow indicates domoic acid retention time. Quantity of sample injected is equivalent to 6 and 50 mg, as
indicated (ppm = mg/kg).

a mobile phase of 5% acetonitrile in 0.008 M potassium dihydrogenphosphate (pH
6.9) at 2.0 ml/min was also successful in quantitating domoic acid in mussel extracts.
Fig. 3 shows typical chromatograms obtained with the system. The peak corre-
sponding to about 1 mg/kg in the blank sample was an interfering substance and not
domoic acid since no peak was observed for domoic acid in this sample when
reversed-phase chromatography was used. The ion-exchange system is useful for
confirmation of reversed-phase results for domoic acid at high levels (e.g. > 10 mg/kg)
in shellfish.

From earlier work® it was observed that a mobile phase pH of 2.5 gave
a symmetrical peak for domoic acid. We found that changing the pH to 2.0 or 3.0
caused a slight shift in retention time (more acidic, shorter retention) but peak
symmetry and efficiencty remained essentially the same. A pH of 2.5 was selected for
routine work.

Sample analysis .

The AOAC PSP extraction procedure!® was compared to the water
extraction method reported earlier®. It was found that the PSP procedure consistently
yielded lower domoic acid values for both spiked and naturally contaminated mussel
tissue. In order to study this in more detail, boiling time studies were carried out with
both acid and water extraction procedures. It was found that at 200 mg/kg in mussel
tissue, domoic acid steadily decreased with increased boiling time resulting in a 7%
decrease after 10 min and a 16% decrease after 20 min compared to the 5-min value.
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TABLE I

COMPARISON OF PSP AND WATER EXTRACTION PROCEDURES FOR DOMOIC ACID IN
MUSSELS

Sample* Domoic acid found (mglkg) Ratio
PSP:water (%)
PSP Water
extraction extraction
Blank mussel <1 <1 —
Blank mussel + 19 mg/kg 14.3 16.3 88
Contaminated mussel 1 103 112 92
Contaminated mussel 2 202 231 87
Contaminated mussel 3 417 576 72
Contaminated mussel 4 156** 198** 79
Contaminated mussel 4 171** 193** 89

(refrigerated after
heating and before
centrifugation)

* Samples cooled at room temperature for 30 min after heating and before centrifugation; boiling
time, 5 min.

** Average of duplicates.

For the water extraction no change was observed up to 10 min while at 20 min a 12%
decrease was observed. Although the actual fate of domoic acid during the heating is
not known, the boiling time was kept at exactly 5 min, in accordance with the AOAC
collaboratively studied PSP procedure.

Table I shows results obtained comparing acid and water extractions with
boiling times of 5 min for samples containing different levels of domoic acid. It can be
seen that acid extraction produced 72-92% of the water extraction values when
extracts were permitted to cool on the bench at room temperature. This is not
attributed to a poorer extraction efficiency but to a degradation of domoic acid during
the extraction and subsequent cooling. If the extracts were refrigerated for 30 min
immediately after heating to cool them to room temperature before centrifugation, the
amount of domoic acid recovered increased from 79 to 89% relative to the water
extraction (see Table I, contaminated mussel 4). Refrigeration of the acid extracts was
found to markedly improve the long term stablity of domoic acid. Mussel extracts that
were permitted to sit at room temperature for five days showed a 30-50% decrease in
domoic acid content, whereas when refrigerated (4°C), there was no significant change
after three weeks. As a result of these studies, all sample extracts were refrigerated
immediately after heating as well as during storage. Stability can also be improved by
passing the extracts trough a reversed-phase C, 5 solid phase extraction cartridge as
demonstrated earlier®.

The repeatability of the method using the above conditions was quite acceptable.
Coefficients of variation for replicate determinations ranged from 2.9 to 6.8% for
mussel samples containing 4.0-500 mg/kg domoic acid. The detection limit was
estimated to be about 0.5 mg/kg (signal-to-noise ratio of 3: 1) depending upon quantity
and type of sample injected. Fig. 4 shows a typical result for an extract of a blank



354

RESPONSE (cm)

1

A

BLANK MUSSEL
2 mg injected

B

BLANK MUSSEL plus 19 ppm
Domoic Acid
1 mg injected

TIME {min}

J. F. LAWRENCE et al.

Fig. 4. Chromatograms of (A) blank mussel and (B) blank mussel plus 19 mg/kg domoic acid. Conditions as
in Fig. 1. Arrow indicates domoic acid retention time. Quantity of sample injected is equivalent to 2 and

1 mg, as indicated (ppm = mg/kg).

RESPONSE (cm)

DOMOIC ACID
STANDARD
24ng

NEW BRUNSWICK
OYSTERS

g

MAINE (USA)
MUSSELS

MAGDALEN ISLANDS
MUSSELS

P

T
4 8 12 16

T | T T
4 8 12 4]

TIME (min}

Fig 5. Chromatograms of oyster and mussel samples from the Atlantic region of Canada and a mussel
sample from Maine, U.S.A.; 0.2 mg of equivalent sample injected. Conditions as in Fig. 1 except that the
mobile phase contained 12.5% acetonitrile. Arrow indicates domoic acid retention time.
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| SMOKED SMOKED SEAFOOD CHUNK
il BABY CLAMS r“ OYSTERS CHOWDER CRABMEAT

RESPONSE (cm}

0 4 8 12 1% 0 4 8 12 % 0 4 8 12 % 0 4 8 12 16
TIME (min)

Fig. 6. Chromatograms of different seafood products; 0.5 mg of equivalent sample injected. Conditions as in
Fig. I except that a Spherisorb ODS [5cm x 4.6 mm 1.D. column was employed. Arrow indicates domoic
acid retention time.

mussel which was obtained from the Atlantic coast of Nova Scotia. When spiked with
19 mg/kg domoic acid before acid extraction, good recovery was observed (Table I).

Fig. 5 shows results obtained with oysters and mussels from the Atlantic coast
outside the area of eastern Prince Edward Island. No domoic acid was found in any of
the samples. The broad tailing peak in the mussels from Maine, U.S.A., and the
Magdalen Islands in the Gulf of St. Lawrence was not observed in mussels from Prince
Edward Island nor Nova Scotia (blank, Fig. 3).

Fig. 6 shows chromatograms of various seafood products obtained using the
acid extraction procedure. The method worked well for all shellfish products tested
including oysters, mussels and clams (canned, pickled and smoked), as well as shrimp,
crab, lobser and seafood chowders. Recoveries were verified by regularly including
spike samples in the analysis scheme. No domoic acid was found in any of 44 different
retail products analysed.

CONCLUSION

The PSP extraction procedure employing 0.1 M hydrochloric acid was found to
provide reproducible results with sufficient sensitivity to detect domoic acid in shelifish
down to less than 1 mg/kg. This level is far more than adequate to confirm positive
results employing the mouse bioassay procedure. Although the recoveries and stability
of the acid extracts are not as good as extracts obtained using boiling water extraction,
reliable results may be obtained with certain precautions such as keeping the boiling
time to exactly 5 min and refrigerating the samples immediately after extraction and
during long term storage. The advantage of the acid extraction is that both PSP toxins
and domoic acid can be screened using the mouse bioassay on the same sample extract
and confirmation of domoic acid by LC can also be done using the same extract.
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SUMMARY

An high-performance liquid chromatography (HPLC) method utilizing a
uBondapak NH, column was developed for the simultaneous measurement of the
cis-glycoalkaloids a-solanine and a-chaconine present in 1 g of potato tissue. Shoot
tissue was extracted twice with methanol and the extract purified on an acetic
pretreated silica gel column and a Sep-Pak C cartridge. Alkaloids were separated by
HPLC with a uBondapak NH, column and a mobile phase of ethanol-acetonitrile-
potassium dihydrogenphosphate (3:2:1). The recoveries of a-solanine and «-chaconine
were 91.4 + 6.5 (n=3) and 98.8 + 12.2% (n=3) respectively when spiked to potato
shoot material (100 mg/100 g) prior to extraction. The contents of a-solanine and
a-chaconine in in vitro plantlet material of Solanum tuberosum (Danshyaku) were
13.1 £ 1.2 mg/100 g (n=3) and 5.2 + 0.5 mg/100 g (7 =13) respectively.

INTRODUCTION

Many analytical methods have been reported for glycoalkaloid quantification in
potato tissues'. These include titrimetry, dye binding colorimetry?, gas chromato-
graphy?, high-performance liquid chromatography (HPLC)*’, radioimmunoassay
and enzyme-linked immunosorbent assay3°. These have, however, often required
large amounts of material or do not discriminate between a-solanine and a-chaconine,

The cis-glycoalkaloids, a-solanine and a-chaconine, account for 95% of the total
glycoalkaloids in potato, but differ in structure only in two of their three sugar
moieties. This, coupled with the fact that their absorption maxima are 205 nm, which
limits the choice of HPLC mobile phase to those with low UV absorptions, makes it
difficult to separate them.

Some success in separating these two compounds has been reported. A
uBondapak NH, column and a tetrahydrofuran—potassium dihydrogenphosphate
(1.7 g/100 ml)-acetonitrile (50:25:25) mobile phase were able to separate a-solanine
and a-chaconine in standard solutions*. However, when potato tuber tissue was
analysed, contamination of the a-solanine peak with unknown substances was

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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observed. A Cg or C;s column and a solvent system of acetonitrile-water—
ethanolamine (55:45:0.1 or 45:55:0.1 respectively) were able to resolve the two
cis-glycoalkaloids'® but UV absorption by ethanolamine could sometimes be
a problem.

There is an increasing need for a rapid determination method for the above
glycoalkaloids. New biotechnological approaches to plant breeding and selection can
produce many plantlets through a variety of procedures. Although selections may be
for a variety of beneficial traits, e.g., disease resistance, temperature stress resistance,
secondary product production, it is necessary to determine alkaloid levels to ensure
that the synthetic apparatus has not been perturbed during the selection process.
Rapid and accurate measurements are paramount in those projects, e.g., ref. 11, where
alkaloid levels are specifically being selected for. Greatest efficiency will be achieved
when plant material can be analyzed at the earliest stage possible, so analytical
procedures using small tissue samples are also essential.

This paper outlines the development of a new HPLC method to determine
a-solanine and a-chaconine in as little as 1 g of potato shoot material.

EXPERIMENTAL

Apparatus

A 880 PU pump, 7125 injector, 870-UV detector (Japan Spectroscopic, Tokyo,
Japan) and a Chromatopac C-R3A integrator (Shimadzu, Kyoto, Japan) were used.
Two columns, an Hypersil ODS (10 cm x 2.1 mm 1.D.) and a uBondapak NH, (30
cm x 3.9 mm LD.) (Waters Assoc., Milford, MA, U.S.A.), were employed.

Mobile phase

Methanol-water—phosphoric acid (95:30:0.1) was used with the Hypersil ODS
column, while ethanol-acetonitrile—0.005 M potassium dihydrogenphosphate (3:2:1)
was used with the uBondapak NH, column.

Reagents

All chemicals were of special grade with the exception of acetonitrile which was
of HPLC grade, and were obtained from Wako (Osaka, Japan). a-Solanine and
a-chaconine were supplied by Sigma (St. Louis, MO, U.S.A)).

Plant material

In vitro Solanum tuberosum (Danshyaku) plantlets were obtained from the
National Center for Seeds and Seedlings and propagated by single node cutting in MS
(Murashige and Skoog) salts’? and vitamins, 3% sucrose and 0.15% gellan gum at
20°C under a 4000-Lux fluorescence light source.

Extraction of wa-solanine and a-chaconine

A 1-g amount of shoot tissue was chopped into small pieces and 5 ml methanol
were added prior to homogenation. The homogenized sample was filtered under
suction using Toyo No. 5C filter-paper and the residue reextracted as above. The
filtrates were pooled and made up to 10 ml with methanol.



HPLC OF «-SOLANINE AND «-CHACONINE 359

Purification of the extract and alkaloid content determination

A 2-ml volume of extract solution was concentrated to dryness by rotary
evaporation at 50°C, redissolved in 2 ml methanol and purified on a silica gel column.
The silica gel was washed twice with methanol-water—acetic acid (70:30:0.15), three
times with methanol and, after drying, activated at 140°C for 24 h. A 3.5-g amount of
the treated silica gel was suspended in 20 ml methanol, and packed into a glass column
to a height of 8 cm. The packed column was washed with methanol-water—-acetic acid
(10 m1:0.3 ml:5 ul) and then 15 ml methanol. The 2-ml sample was loaded and allowed
to drain until the surface of the gel was just covered. A 1-ml methanol rinse of the
sample flask was also applied in this way. The column was left for 15 min and then
washed with 12 ml methanol at a flow-rate of ca. 0.5 ml/min. Alkaloids were eluted
with 20 ml methanol-water—acetic acid (80:20:0.1). The eluate was concentrated
almost to dryness, dissolved in 10 ml water and purified on a Sep-Pak C, 5 cartridge
column, which was washed first with 10 ml methanol, then 10 ml 1% acetic acid and
finally 20 mi water. The 10-ml sample was loaded and the column washed with 2 ml
water and then 5 ml 30% methanol. Alkaloids were eluted with 5 ml methanol. The
eluate was concentrated to dryness and dissolved in | ml ethanol-acetonitrile—0.005

M potassium dihydrogenphosphate (3:2:1). An aliquot was then applied to the HPLC
column,

RESULTS AND DISCUSSION

Extraction of a-solanine and a-chaconine from young potato plantlets

The poor solubility of ¢-solanine and a-chaconine limits the choice of extraction
solvent, however aqueous acetic acid solutions and aqueous ethanol or methanol
mixtures with, or without, the addition of 5% acetic acid are most commonly used®.
The methanol extraction procedure of Kajiwara et al.'® was used in this study.

Purification by silica gel column chromatography

When a-solanine and a-chaconine (in standard solution) were loaded onto
a silica gel column they were bound tightly and elution was poor. If the column was
pretreated with a mixture of 10 ml methanol, 0-0.3 ml water and 0-5.0 ul acetic acid
prior to elution with 20 ml of methanol-water-acetic acid (80:20:0.1), recovery was

TABLE 1

EFFECT OF PRETREATMENT ON RECOVERY OF a-SOLANINE FROM A SILICA GEL
COLUMN

Solvent systems for pre-treatment of silica gel column  Recovery of

a-solanine
Methanol (ml) Water (ml)  Acetic acid (ul) (%)
10 0.0 0.0 41
- 10 0.3 0.0 70
10 0.3 1.0 85
10 0.3 2.5 92

10 0.3 5.0 100
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Fig. 1. Stepwise elution of a-solanine from a silica gel column. An 150-ug amount of a-solanine was loaded
onto a pre-treated silica gel column. Eluents were used in the following order: a, 12 ml methanol; b, 10 ml
methanol-water—acetic acid (99:1:0.005); ¢, 10 ml (95:5:0.025); d, 10 ml (80:20:0.1); e, 10 ml (70:30:0.15).
Each column in the figure represents recovery of a-solanine from a fraction, and the closed circles represent
total recovery.

Fig. 2. Isocratic elution of a-solanine from a silica gel column with methanol-water—acetic acid (80:20:0.1).
The loaded column was washed with methanol (fraction 1) and eluted (fractions 2-6). Each fraction was
5 ml. Other conditions as in Fig. 1.

improved. Recovery percentages for a-solanine are shown in Table I. Maximum
elution efficiency was achieved when a pretreatment with 10 ml methanol, 0.3 ml water
and 5 pl acetic acid was included.

The most effective elution solvent was then investigated. An 150-ug amount of
a-solanine in 1 ml methanol was loaded onto a pretreated column. The column was
washed with 12 ml methanol and eluted with mixtures of methanol, water and acetic
acid in the ratios and order 99:1:0.005; 95:5:0.25; 80:20:0.1 and 70:30:0.15. The elution
profile is shown in Fig. 1. The second and third solutions eluted most a-solanine but
total recovery was achieved only after addition of the fourth (80:20:0.1) mixture.

An isocratic elution with the 80:20:0.1 mixture was carried out to try to simplify
the elution procedure. Fig. 2 shows that three 5-mi elution fractions were effective in
the elution of 100% of the a-solanine. A total volume of 20 ml was utilized for elution
in later experiments to allow for variability in column conditions.

Purification on a Sep-Pak C,g cartridge
Further purification was carried out on a Sep-Pak C,g cartridge. Elution of
a standard amount of a-solanine was performed in steps using the water-methanol

100
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Z 40 & 20
S
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Fig. 3. Stepwisc elution of a-solanine from Sep-Pak C,3. An 150-ug amount of a-solanine was loaded onto
a pre-washed Sep-Pak C, 5 cartridge column. Eluents were used in the following order: a, 2 ml water; b, [0 ml
30% methanol; ¢, 10 ml 50% methanol; d, 10 ml 75% methanol; e, 10 ml methanol.

Fig. 4. Isocratic elution of a-solanine from Sep-Pak C,s. The loaded column was washed with water and
30% methanol, then eluted with methanol. Each methanol fraction was 1 ml. Other conditions as in Fig. 3.
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min
Fig. 5. Chromatogram of a-chaconine and w-solanine standard solution. HPLC conditions: column:

1Bondapak NH; (30 cm  x 3.9 mm); mobile phase, ethanol-acetonitrile-0.005 M potassium dihydrogen-
phosphate (3:2:1); detector sensitivity, 64 mV a.u.f.s. Peaks: | = a-chaconine; 2 = «-solanine.

mixtures outlined in Fig. 3. a-Solanine was eluted with solutions ¢, d and e (50, 75 and
100% methanol respectively). It was decided to use a 30% methanol wash of the
Sep-Pak cartridge followed by 100% methanol to elute the a-solanine. A 2-ml volume
of 100% methanol was effective in totally removing the a-solanine from the Sep-Pak
cartridge (Fig. 4).

Similar investigations were carried out with cx-chaconme standard solutions, and
the silica gel column and Sep-Pak C, 5 procedures were found to be equally effective in
purification and recovery.

HPLC conditions

Resolution of a-solanine and «-chaconine was first attempted using an ODS
column and mobile phase which included tetrahydrofuran or ethanolamine. It was not
possible to separate the glycoalkaloids however, because of the instability of the
baseline. A methanol-water—phosphoric acid mobile phase was also unable to resolve
the two glycoalkaloids, with retention times of 4.4 and 4.9 min for a-chaconine
and a-solanine respectively (data not presented). A modification of Bushway’s
method* utilizing uBondapak NH, was then used. Ethanol was substituted for
tetrahydrofuran in the mobile phase because of its low UV absorption. This column
and a mobile phase of ethanol-acetonitrile—0.005 M potassium dihydrogenphosphate
(3:2:1) was able to separate a-solanine and a-chaconine (Fig. 5). Retention times of

TABLE 11

EFFECT OF COMPOSITION OF MOBILE PHASE ON THE RETENTION OF «-SOLANINE AND
«-CHACONINE

HPLC conditions: column pBondapak NH; (30 cm x 3.9 mm L.D.); flow-rate, 1.5 ml/min; wavelength,
205 nm.

Ethanol-acetonitrile— Retention time (min)
0.005 M KH,PO,

a-Solanine a-Chaconine

1:2:1 3.6 2.4
2:2:1 S.1 2.8
3:2:1 73 3.2
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Fig. 6. Chromatogram of the eluate from Sep Pak C; 4 of an extract from young S. tuberosum plantlets first
separated on a silica gel column. This figure represents sample 2 in Table IV.

a-solanine and a-chaconine could be increased by increasing the proportion of ethanol
in the mobile phase (Table II).

The contents of a-solanine and a-chaconine in potato plantlet material could
also be determined using this column and mobile phase provided the silica gel and
Sep-Pak C,g chromatography purification procedures outlined earlier were followed
(Fig. 6). Previous methods of extracting from large amounts of plant material
precipitated alkaloids from methanol extracts by ammonium hydroxide addition*®.
This, however, could not be used in the present studies as only | g of material was used
and insufficient precipitation occurred. The two clean-up procedures of the extracts
eliminated the need for such a precipitation. Sensitivity was also increased because the
substitution of tetrahydrofuran by ethanol in the HPLC mobile phase allowed the use
of a detection wavelength of 205 nm rather than the 215 nm utilized with a
tetrahydrofuran-containing mobile phase’. The former wavelength corresponds to the
maximum absorption of these alkaloids.

TABLE 111

RECOVERIES OF «-SOLANINE (100 mg/100 g) AND «-CHACONINE (100 mg/100 g), SPIKED TO
YOUNG S. TUBEROSUM PLANTLETS ‘

Sample No.  Recovery (%)

a-Solanine a-Chaconine

1 973 90.7
2 84.5 112.8
3 924 93.0

Av. £ SD. 914 + 65 98.8 + 122
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TABLE IV
a-SOLANINE AND «-CHACONINE OF YOUNG S. TUBEROSUM PLANTLETS

Sample No.  a-Solanine (mg/100 g) a-Chaconine (mg/100 g)
1 14.3 5.4

2 13.1 5.6

3 1.9 4.6

Av. £ SD. 131t 12 52 4+ 05

Analysis of a-solanine and a-chaconine in in vitro potato plantlets

Table III shows recoveries of o-solanine and a-chaconine from Solanum
tuberosum (Danshyaku) plantlets cultured in vitro, each spiked at 100 mg/100 g.
Recovery was 91.4 + 6.5 (n=3) and 98.8 +12.2% (n=3) for a-solanine and
a-chaconine respectively. No binding of glycoalkaloids to plant components appears
to occur. The detection limits were 2 mg/100 g for a-solanine and 1 mg/100 g for
a-chaconine.

Table IV shows the glycoalkaloid content in young in vitro plantlets. The
a-solanine content was 13.1 + 1.2 mg/100 g and that of a-chaconine was 5.2 + 0.5
mg/100 g. Previous reports have noted glycoalkaloids contents in the range of 10-100
mg/100 g but comparison with the data presented here is difficult. As culture
conditions play an important role in the accumulation of glycoalkaloids, it is
appropriate only to make comparisons when more data are collected from material
cultured in vitro. Nonetheless, this work is an important step towards the rapid
screening of in vitro material since these compounds can be determined in tissue
samples as small as 1 g.

ACKNOWLEDGEMENTS

We thank Dr. Y. Tashiro in the National Center of Seeds and Seedlings for his
gift of young plantlets of S. tuberosum (Danshyaku), and Dr. Y. Irikura in the
National Institute of Agrobiological Resources for his advice on tissue culture
procedures. This work was conducted while Dr. A. D. Powell held a Japan Health
Sciences Foundation Visiting Scientist Fellowship. The research was supported by
a grant from Japan Health Sciences Foundation.

REFERENCES

D. T. Coxon, Am. Potato J., 61 (1984) 169.

. T. Coxon, K. R. Price and R. G. Jones, J. Sci. Food Agric., 30 (1979) 1043,

. J. Bushway, D. F. McGram and A. A. Bushway, J. Agric. Food Chem., 32 (1984) 548.

. J. Bushway, E. S. Barden, A. W. Bushway and A. A. Bushway, J. Chromatogr., 178 (1979) 533.
. J. Bushway, E. S. Barden, A. M. Wilson and A. A. Bushway, J. Food Sci., 45 (1980) 1088.

. J. Bushway and R. Ponnampalam, J. Agric. Food Chem., 29 (1981) 814.

. J. Bushway, J. Chromatogr., 247 (1982) 180.

M. R. A. Morgan, R. McNerney, J. A. Matthew, D. T. Coxon and H. W.-S. Chan, J. Sci. Food Agric., 34
(1983) 593.

mmI™ I I I

1
2
3
4
5
6
7
8



364 K. KOBAYASHI et al.

9 M. R. A. Morgan, D. T. Coxon, S. Bramham, H. W.-S. Chan, W. M. J. van Gelder and M. J. Allison,
J. Sci. Food Agric., 36 (1985) 282.

10 S. C. Morris, T. H. Lee, J. Chromatogr., 219 (1981) 403.

IT1 S. L. Sinden, L. L. Sanford and K. L. Deahl, J. Agric. Food Chem., 50 (1986) 372.

12 T. Murashige and F. Skoog, Physiol. Plant, 15 (1962) 473.

13 N. Kajiwara, T. Ninomiya, H. Kawai and Y. Hosogai, J. Food Hyg. Soc. Jpn., 25 (1984) 256.



Journal of Chromatography, 462 (1989) 365-375
Elsevier Science Publishers B.V., Amsterdam — Printed in The Netherlands

CHROM. 21 050

Note

Characterization of the direct-probe open-tubular liquid chromato-
graphy-mass spectrometry interface parameters
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and
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Department of Chemistry, University of North Carolina at Chapel Hill, Chapel Hill, NC 27514 (U.S.A.)
(First received July 19th, 1988; revised manuscript received September 19th, 1988)

We recently reported the design of an interface coupling open-tubular liquid
chromatography (OTLC) (using columns of 2-10 ym 1.D.) and mass spectrometry
(MS)". Coupling of OTLC and MS presents several advantages over other methods of
LC-MS coupling. The low flow-rates utilized in OTLC (<0.1 ul/min) permit
introduction of the entire effluent into the mass spectrometer. The resultant source
pressures are low enough for the production of electron impact (EI) spectra.

The direct-probe OTLC-MS interface that we developed! has several advan-
tages over previous OTLC-MS interface designs®*. The direct liquid introduction
(DLI)-OTLC-MS interface requires additional liquid flow for proper operation which
prohibits operation of the mass spectrometer in the EI mode?-. In the capillary vapor
Jetinlet interface, complete vaporization of the solvent takes place inside the capillary
tubes™ 6. This can lead to precipitation of less volatile analytes in the capillary tube®.
Our direct-probe OTLC-MS interface (a capillary vapor-jet variation) uses a tapered
column tip which decreases the evaporation surface and increases the effluent’s linear
velocity. This causes the vaporization to take place very near the orifice which
eliminates the deposition of less volatile analytes in the capillary column!.

A variety of parameters such as the orifice diameter, mobile phase velocity and
temperature can influence the performance of the interface. The orifice diameter can
be viewed as a non-variable interface parameter, while the mobile phase velocity and
temperature can be varied during operation. We have recently reported several
applications of OTLC-MS to the separation and analysis of pesticides!, PNAs!,
pesticide metabolites” and herbicide metabolites®. Here we report the results of our
study of the optimization of these parameters for the direct probe OTLC-MS interface
and the results of our study of the range of compounds for which this interface is
applicable. For this study we have used flow injection analysis in order to remove any
effects of the chromatographic process on the behaviour of the interface.

* Also at the Department of Chemistry, University of North Carolina at Chapel Hill, Chapel Hill,
NC 27514, US.A.

0021-9673/89/803.50 © 1989 Elsevier Science Publishers B.V.
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EXPERIMENTAL

OTLC :

The OTLC system used in this work has been described previously'. A brief
description follows. The mobile phase is kept under helium pressure in a 70-ml
reservoir. Flow-rates are varied by varying the head pressure and linear velocities are
determined from the column volume and measurement of the dead time of the column.
The reservoir is connected to a stainless-steel tee with {s-in. stainless-steel tubing
through a 4-port injection valve and an in-line filter. This tee holds the OTLC column
with a Vespel ferrule. Since no mechanical pumps are used, the flow-rate is pulse free.
Injection are made by introducing a plug of sample solution onto the column!’. The
amount injected is controlled by the injection time; at a typical flow-rate of I nl/s,a 1-s
injection results in a 1-nl injection volume. For this work only untreated fused-silica
columns (1 m x 10 ym LD.) (Polymicro Technologies, Phoenix, AZ, U.S.A.)
containing no stationary phase are employed.

MS

Two Finnigan 3300 quadrupole mass spectrometers were used for this work:
a chemical ionization mass spectrometer, previously modified for negative ion
detection, and an electron ionization mass spectrometer. A Finnigan/Incos 2300 data
system is interfaced to both mass spectrometers.

OTLC-MS interface

The interfacce probe has been described previously'. A description follows. The
probe is constructed from an 8 in. long hollow stainless-steel shaft, on which a copper
tip is silver soldered. The temperature of this tip is controlled and monitored by
a cartridge heater and a thermocouple connected to an Omega 4001 temperature
controller (Omega Engineering, Stamford, CT, U.S.A.). A 12-in. long piece of {5-in.
stainless-steel tubing goes through the entire probe and protrudes 2 mm beyond the
copper probe tip. The OTLC column goes through this t5-in. stainless-steel tubing and
it protrudes beyond the stainless-steel tube an additional 2 mm.

Tapering

Tapering of the fused-silica tubing was achieved by quickly drawing the tubing
out in a hot methane—air flame. This was done with 800 p.s.i. air flowing through the
column. In case of coated columns the heat and air served to pyrolyze the stationary
phase and to remove it from the column end to avoid plugging. The air flow also
allowed one to determine whether or not the column was still open by immersing the
column tip in water, and observing the formation of bubbles. Examination by electron
microscopy (Model DS-130 electron microscope, International Scientific Instruments,
Milpitas, CA, U.S.A.) of twelve tapered column ends with outer diameters varying
from 150 to 20 um and inner diameters varying from 10 to 1.5 um showed that the ratio
of the I.D. to the O.D. of the capillary did not change, even at the smallest diameters. Tt
is therefore possible to calculate the taper orifice by measuring the outer diameter
using a 100 x optical microscope. A comparison of the twelve orifice diameters
calculated from the O.D. and directly measured with an electron microscope resulted
in a maximum of 5% difference between these two methods. To obtain accurate I.D. to
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0O.D. ratios, the O.D. and 1.D. of the capillary need to be measured (with the optical
100 x microscope) prior to tapering, but with the polyimide coating removed. This is
more reliable than using the manufacturer’s data on 1.D., O.D. and thickness of the
polyimide coating.

Sample injection .

To evaluate the performance of the interface, 10-s long injections were made,
which ideally should result in the formation of broad flat-topped peaks. This allows
study of the vaporization process over an extended period of time.

Reagents

The mobile phases used were water, methanol, acetonitrile (HPLC-grade,
Fischer) and mixtures thereof. Cholesterol, isoleucine, adenine and adenosine were
obtained from Sigma (St. Louis, MO, U.S.A.). Epinephrine, naphthalene, acridine,
nitropyrene, pyrene, and perylene were obtained from Aldrich (Milwaukee, WI,
U.S.A)). The pesticides were obtained from the U.S. Environmental Protection
Agency (EPA Pesticides & Industrial Chemicals Repository, Research Triangle Park,
NC, US.A).

RESULTS AND DISCUSSION

The purpose of this study was to investigate the effect of the three main
parameters (orifice diameter, mobile phase velocity and temperature) on the per-
formance of the capillary interface. The acquired knowledge can be used to optimize
operating conditions and expand the limits of application to compounds of lower
volatility.

Selection of test compounds

To avoid effects due to other influences, such as chemical ionization (CI) reagent
gas, the experiments were done under El conditions. To further eliminate effects due to
molecular ion fragmentation, we selected naphthalene as a relatively volatile standard
compound (mol.wt.=128, b.p.=218°C) and perylene as a standard compound of
lower volatility (mol. wt. =252, b.p. =400°C) since these compounds do not fragment
appreciably. Preliminary tests have indicated that perylene could be detected with
- acceptable peak shape only under optimum interface conditions'. Toluene was used as
the internal standard since, under all testing conditions, it was easily vaporized and
detected, resulting in ideal peak shapes.

Goodness of fit

For a variety of compounds the long injections resulted in badly spiking and
tailing peaks. We devised a quantitative means to evaluate such peak shapes by
comparing the peak shape of an easily vaporized compound with that of a compound
of lower volatility. The compounds were coinjected. The degree of overlap gives an
indication of the effectiveness of vaporization of that compound. The goodness of fit
(GOF)® is direct measure of this degree of overlap. For the interface evaluation
experiments, the GOF between the square topped peak from the internal standard
(toluene) and the peak of the test compound (perylene or naphthalene) was calculated.
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As the interface performance degrades, the amount of overlap decreases, which results
in a larger number for the goodness of fit. A perfect peak will overlap entirely with the
internal standard and have a GOF value equal to 1. The GOF is calculated as follows:

Ic I

GOF =% |- -

N

Where S'is the scan number, I is the intensity for the compound at that scan, Acis the
total area of the square topped peak, I is the intensity of the internal standard, and Ag
is the area of the internal standard. The values of the GOF for several different peak
shapes are shown in Fig. 1.

Absolute area and relative area

The absolute peak areas are calcuated for all three compounds. These peak areas
indicate a high transfer efficiency for the interface. The relative areas are calculated for
perylene and naphthalene with respect to toluene in order to closely examine the results
due to differences in vaporization. All values are the average of five replicates.

Effect of orifice diameter

In this experiment seven different taper orifice diameters were evaluated: 1.5, 2.0,
3.0,4.1, 4.9, 6.0 and 10 um (no taper). Taper diameters smaller than 1.5 um required
mobile phase head pressures in excess of that which can safely be used with this OTLC
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Fig. 1. Values for the GOF values calculated for increasingly degraded peak shapes.
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system. The probe tip temperature for these experiments was 300°C, at which
temperature a stable vapor-jet is formed resulting in constant source pressure, and the
mobile phase linear velocity was held at 1 cm/s (a normal OTLC linear flow-rate for
these diameters).

The effect of the orifice diameter on peak shape is shown in Fig. 2A. For the
volatile compound, naphthalene, the effect is small, and little variation in the GOF as
a function of diameter is observed. This is not the case for perylene for which peak
shapes become unacceptable for taper diameters above 2 um. At taper diameters of
4 um and larger, perylene could not be detected.

The transfer efficiency as a function of orifice diameter and expressed by the
absolute peak areas (Fig. 2B) is the highest at smaller diameters for both test
compounds and the internal standard. It decreases and then becomes constant for
naphthalene and toluene above 3 um. For perylene no signal can be obtained at the
larger diameters.

The difference in volatality between the two test compounds and the resulting
effect of interface parameters is shown in Fig. 2C. The relative peak area for
naphthalene does not change with orifice diameter, while the relative peak area for
perylene drops rapidly to zero for orifice diameters of 3 ym or greater.

Effect of mobile phase velocity

The effects of mobile phase velocities from 0.25 to 3.4 cm/s have been evalnated
at a probe tip temperature of 300°C and at a taper diameter of 1.5 um (Fig. 3).

The effect of the mobile phase velocity on peak shape is shown in Fig. 3A. Even
at low velocities the GOF indicates acceptable peak shapes, and the GOF remains
relatively constant throughout the range of velocities evaluated.

Above a linear mobile phase velocity of 0.5 cm/s there is a significant increase in
peak area as a function of mobile phase velocity (Fig. 3B), as would be expected due to
the increase in the mass flux of the analyte. At lower velocities, however, there is very
little increase in area as a function of eluent velocity. Apparently there is a critical
minimum linear velocity required for the formation of a vapor jet which allows
efficient introduction and detection of the analytes. The relative areas (Fig. 3C) show
a decrease as a function of mobile phase velocity. This effect is more pronounced for
perylene than for naphthalene.

Effect of temperature

Two processes can take place as a function of temperature; vaporization and
thermal degradation. High probe tip temperatures are needed to vaporize compounds
of lower volatility, but excessive temperatures can lead to thermal degradation of
analytes. Ideally, the minimum probe tip temperature which satisfactory vaporizes
analytes is the optimum probe tip temperature. This temperature, however, is
compound dependent.

Naphthalene, for example, gives a peak shape that is chromatographically
acceptable above 200°C, and the GOF remains constant at the- good value of
approximately 0.15 (Fig. 4A). Perylene, in constrast, requires temperatures above
275°C. '

The effect of temperature on efficiency of vaporization (i.e. the absolute peak
area) has also been examine (Fig. 4B). The absolute area for the volatile toluene and
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naphthalene remain constant from 200 to 300°C. Perylene can not even be detected at
200°C, but the perylene peak area is constant from 250 to 350°C. The relative areas for
both test compounds also remains constant above 250°C (Fig. 4C).

Thermal degradation

Cholesterol was used to examine the effect of probe tip temperature on thermal
degradation. It is well known that cholesterol readily undergoes dehydration as a result
of thermal degradation. A comparison was made between a mass spectrum obtained
with a solid probe (Fig. 5A), under which conditions little thermal degradation takes
place, a mass spectrum obtained from 100 ng by direct probe (Fig. 5B) (the lowest
amount of analyte which gave a useful spectrum by direct probe on this system) and
a mass spectrum obtained with the OTLC system from a 50-ng injection at a probe tip
temperature of 325°C (Fig. 5C). More water loss (m/z 368) is observed under OTLC
conditions. The remainder of the spectra compare well. The degree of thermal
degradation was further studied by examining the relative intensities of M**
(m/z = 386)and [M —H,0]* " (m/z = 368) as a function of probe tip temperature (Fig.
6). It is clear that the thermal degradation reached a maximum at 225°C and that the
amount of degradation is limited. We can conclude that, although some thermal
degradation of labile compounds can occur, it does not preclude their analysis.
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Fig. 5. (A) EI mass spectrum of cholesterol obtained on 100 #g with solid insertion probe. (B) EI mass
spectrum of 100 ng of cholesterol obtained with solid insertion probe. (C) EI mass spectrum of cholesterol
obtained on 50 ng by OTLC. Probe tip temperature was 325°C, solvent was methanol.



NOTES

374

800
N - a aH20)" miz = 368
g
- 600 1
- g
[72]
=
=
4 400 +
‘g M miz=386
<
w 200+
24

00 + } + ] ¢
150 200 250 300 350

TEMPERATURE (C)

Fig. 6. Effect of probe tip temperature on loss of water in cholesterol. Relative intensity of parent ion
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TABLE 1

RANGE OF APPLICABILITY

Experimental conditions: probe tip temperature was 300°C; orifice diameter was 1.5 ym; mobile phase
velocity was | cm/s. All data obtained with selected ion monitoring and EI ionization (except trifluralin,
which was done under methane negative CI conditions).

Compounds Molecular bp. (°C) MDQ*  GOF
weight
Isoleucine 131 — —** -
Adenine 135 - - —
Adenosine 267 — — -
Epinephrine 183 — I ng 0.6
Benzene 78 80 10 pg 0.05
Naphthalene 128 218 10 pg 0.10
Anthracene 178 342 10 pg 0.10
Pyrene 202 404 10 pg 0.15
Perylene 252 400 20 pg 0.25
Nitropyrene 247 - 50 pg 0.10
Catechol 110 245 50 pg 0.15
Acridine 179 346 20 pg 0.10
Propazine 229 — 10 pg 0.15
Trifluralin 335 — 1 pg 0.15
Cholesterol 384 360 Sng 0.4

* MDQ = minimum detectable quantity defined as a signal-to-noise ratio of 3:1 under selected ion
monitoring.
** No mass spectral peaks observed.
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A comparison of Fig. 5B and C indicates that the OTLC system provides
approximately a ten-fold increase in sensitivity over the direct probe since the capillary
injection can deliver a higher sample flow into the source than does the direct probe.

CONCLUSION

The parameters controlling the performance of this capillary interface for
OTLC-MS have been systematically investigated. The importance of tapering and
temperature had previously been demonstrated'. Without a tapered tip most
compounds used with this interface could not be detected. For the OTLC system used
in our laboratory, and orifice diameter of approximately 1.5 um, mobile phase
velocities above 0.25 cm/s, and temperatures around 300°C will give optimal operating
conditions.

For the OTLC system we used, a 1.5-um L.D. orifice diameter is a practical lower
limit allowing safe helium head pressures, but the experiments show that smaller orifice
diameters might give better results. With high pressure pumps these smaller diameters
should not present a problem.

As is illustrated with the EI spectra of cholesterol, the thermal degradation
introduced by the interface is limited. This is probably due to the short residence time
of the compound at the hot column tip.

Since the interface requires vaporization of the analytes, its applicability is
limited to non-polar to moderately polar compounds, with molecular weight below
approximately 400 g/mol. This is demonstrated in Table 1. The compounds examined
were selected to cover a wide range of boiling points and polarities. While this
limitation poses somewhat of a restriction on its utility, it should prove useful for the
analysis of compounds such as pesticides’.

A similar probe is being developed in our laboratory for use with a magnetic
sector mass spectrometer. From results published by Alborn and Stenhagen!© the high
electrostatic fields may improve the performance of the interface ad increase its range
of applicability.
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Pyrolysis—gas chromatography (PGC) is now universally accepted as a powerful
method in organic and polymer analysis. In recent years, pyrolysis—capillary gas
chromatography (PCGC), known as high-resolution PGC!, has been used in a variety
of applications** and was demonstrated to be more efficient than packed column
PGC, and even IR and NMR spectroscopy in special cases. Nevertheless, when
a pyrolyser is attached directly to a gas chromatograph, the vaporizer of the
chromatograph forms a dead volume, which results in a loss of resolution. On the other
hand, column contamination is a serious problem affecting the separating capacity in
PCGC, because tarry components, which are produced to various extents by the
pyrolysis of high polymers, and residues of the sample may enter the capillary column.

To overcome these problems, several modified interfaces and techniques have
been studied3~®. Sugimura and Tsuge* used a glass tube with a splitter and precolumn,
which protected the capillary column from contamination. However, the chro-
matographic vaporizer constituted a dead volume and, morever, an additional module
was needed to control the precolumn temperature. In the pyrolysis system employed
by Raynor et al.’, the injection port, fitted with a precolumn glass frit insert, was still
empty although it was loosely packed with silanized glass-wool to prevent non-volatile
material from entering the capillary column. Whiton and Morgan® utilized a modified
capillary inlet with small dead volume, but the column contamination was not
eliminated and the vertical positioning of the probe precluded the use of a coil filament
probe with a quartz sample tube. Another technique, reported by Liebman et al.?,
cannot be used with a glass capillary column, in addition to the column contamination
problem.

In this work, a modified column system was designed and constructed for
PCGC, involving a precolumn placed in the injection port of the gas chromatograph.
The system was applied to different polymers.

EXPERIMENTAL
Materials

Polystyrene (PS), poly(vinyl chloride), (PVC), isotactic polypropylene (Iso-PP),
poly(methyl methacrylate) (PMMA), methyl methacrylate-styrene copolymer (MS),

acrylonitrile-styrene copolymer (AS), butadiene—styrene copolymer (BS), acrylo-

0021-9673/89/%03.50 © 1989 Elsevier Science Publishers B.V.
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nitrile-butadiene-styrene terpolymer (ABS) and methyl methacrylate-butadiene-
styrene terpolymer (MBS) were used in the PCGC experiments. A mixture of isomers
of mononitrotoluene (MNT), dinitrotoluene (DNT) and trinitrotoluene (TNT) was
separated in conventional capillary GC experiments. The mixture was dissolved in
toluene.

Instruments

A 150 Pyroprobe solid pyrolyser (Chemical Data Systems) was used consisting
of a heated interface, a platinum coil probe and an electronic control module. The
interface was connected to the chromatographic injection port via a thin stainless-steel
tube. One end of this tube pierced the silicone-rubber septum and the other end was
attached to the interface outlet by a tightly fitting septum and a nut. Fig. 1 is
a schematic diagram of the pyrolysis system. All polymer samples were pyrolysed at
750°C for 20 s with the heating rate “off”” and the interface temperature set at 250°C.

A GC-5A gas chromatograph (Shimadzu) with a flame ionization detector was
employed. The instrument was equipped with a modified column system as indicated
in Fig. 1. Its injection port was fitted with a stainless-steel precolumn, which was
packed with 8.3% OV-101 on Celite (60-80 mesh). The temperature of the precolumn
was controlled by use of the original controller of the gas chromatograph. Separations
were performed ona 50 m x 0.28 mm [.D. glass capillary column coated with OV-101
by the static method’. In order to compare PCGC with packed column PGC,
a3m x 4mm LD. stainless-steel column packed with 8.3% OV-101 on Celite (60-80
mesh) was also used in polymer pyrolysis. Nitrogen was used as the carrier gas; the GC
conditions are given in the figure captions.

PYROPROBE
PLATINUM COIL HEATED
AND QUARTS TUBE INTERFACE POWER
SUPPLY
CARRIER
GAS IN T lrSs——
STAINLESS .
STEEL TUBE ; ~— FID
RS W T L R
PRECOLUMN — I3 rNEJ’EEﬁ%R
' V ZONE
A A Y VA
QUARTS
wooL
MAKE UP
“— GAS IN

v'.".'&. Z
CAPIL'lv_'ﬁRY —_— (‘!".
L - a.oﬁtft‘.‘, GPr %Y

Fig. 1. Schematic diagram of the pyrolysis system.
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When the precolumn was not packed and the pyrolyser was removed, the
modified system was used for conventional capillary GC analysis, which was
performed ona 16 m x 0.31 mm L.D. glass capillary column coated with cross-linked
SE-548, The experiments were performed under the following conditions: carrier gas,
nitrogen at 25 ml/min; column temperature, programmed from 100°C (4 min) to 250°C
at 4°C/min,; splitting ratio, 40:1.

RESULTS AND DISCUSSION

Precolumn

It was reported* that a packed precolumn can prevent column contamination
and improve the separation efficiency of the pyrolysis system. This was also
demonstrated in these experiments. Some tarry substances were found in the
precolumn after a period of operation and the separation efficiency of the system
decreased. When the precolumn was repacked with fresh packing, the separation
capacity increased again. If the precolumn temperature was properly set, the
maximum molecular weight of pyrolysates eluted {rom the capillary column was
controlled. The packing material should be renewed regularly, with the result that the
precolumn can help to improve the separation power because the precolumn was
packed with the same stationary phase as that in the glass capillary column.

Compared with the other techniques mentioned above, this modified system has
additional advantages. First, it has a minimum dead volume because the precolumn is
placed in the chromatographic vaporizer and it is commensurate with a short packed
column. Second, it is simple and economic to construct because an additional module

o

0 % 20 24 28 32 36 40
Retention time , min

Fig. 2. Pyrogram of 1so-PP separated ona 50 m x 0.28 mm 1.D. glass capillary column coated with OV-101.
Experimental conditions: pyrolysis temperature, 750°C; pyrolysis interval, 20 s; heating rate, ““off”’; column
temperature, 90°C; detection temperature, 250°C; carrier gas, nitrogen at 25 ml/min.
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Fig. 3. Pyrograms of MS: separation on (a) the packed column and (b) the capillary column. Column
temperature, 110°C; other conditions as in Fig. 2. '

Fig. 4. Pyrograms 'of MBS: separation on a (a) the packed column and (b) the caf)illary column.
Experimental conditions as in Fig. 3.

is not needed to control the precolumn temperature, this being controlled by the
original controller of the injection port temperature. Finally, this system can also be
used in ordinary capillary GC if the precolumn is not packed.

Separation capacity
The high efficiency of the PCGC system can be seen in Figs. 24, which show
typical pyrograms of Iso-PP, MS and BMS, obtained under the conditions mentioned

TABLE I
REPRODUCIBILITY OF RETENTION TIMES OF PYROLYSATES OF MS

Experimental conditions as in Fig. 3; « = relative retention. The results were obtained by five repeated
experiments.

Parameter Methane Methyl methacrylate Styrene

tg (min) o tg (min) o tg(min) «
Mean retention 13.27 1.00 15.41 1.16 20.42 1.54
Standard deviation 0.0586  0.0000 0.0593 0.0045 0.0747  0.0084

Coefficient of variation (%) 0.4414  0.0000 0.3850 0.3855 0.3658  0.5413




380 NOTES

TABLE 11
QUANTITATIVE REPRODUCIBILITY OF PYROLYSIS OF PS

Experimental conditions as in Fig. 3; 4 = area percentage of chromatographic peak (normalization). The
results were obtained by six repeated experiments.

Parameter Toluene Styrene Methylstyrene

o A(%) « 4(%) A (%)
Mean 0.82 1.7303 1.00 96.3060 1.24 0.8384
Standard deviation 0.0041 0.0567 0.0000 0.2695  0.0000 0.0573
Coefficient of variation (%) 0.5000 3.2769 0.0000 0.2798  0.0000 6.8380

above. It is obvious that the separation capacity of PCGC is much higher than that of
packed column PGC at the same column temperature. These results show that the
modified column system is applicable to the PCGC analysis of high polymers.

Reproducibility

The reproducibility of the modified system was measured. Table I shows the
reproducibility of the retention times of the pyrolysates of MS. The standard deviation
of relative retention is not greater than 1%. Table IT illustrates the reproducibility of
the quantitative analysis of PS.

From these results, it can be concluded that the quantitative reproducibility of
the main pyrolysates can meet the needs of PCGC analysis. The yield of monomeric
styrene was greater than 95%, and the coefficient of variation was very small although
the standard deviation was slightly greater. Similar results were obtained for the other
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0 8 6 24 32
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Fig. 5. Chromatogram of a mixture of the isomers of MNT, DNT and TNT separated ona 16 m x 0.31 mm
I.D. glass capillary column coated with cross-linked SE-54. The column temperature was programmed from
100°C (4 min) to 250°C at 4°C/min. Detection temperature, 250°C; carrier gas, nitrogen at 25 ml/min;
‘'splitting ratio, 40:1. Peaks: 1 = 0-MNT; 2 = m-MNT; 3 = p-MNT; 4 = 2,6-DNT; 5 = 2,5-DNT; 6 =
2,3-DNT + 2,4-DNT; 7 = 3,5-DNT; 8 = 3,4-DNT; 9 = 2,4,6-TNT; 10 = 2,3,6-TNT; 11 = 2,4, 5-TNT;
12 = 2,3,5-TNT; 13 = 3,4,5TNT; 14 = 2,34-TNT.
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polymer samples. The reproducibility of the determination of the pyrolysates which
were produced in low concentrations was not very good because of variations in the
sample amounts and the power source. As for the modified system itself, the
experimental reproducibility was satisfactory.

Applications

The modified system was successfully applied to the PCGC analysis of various
polymers. It can also be used in conventional capillary GC analysis when the
precolumn is not packed. In the previous capillary column system of the GC-5A
chromatograph, there was a stainless-steel tube about 20 cm long between the injector
and the capillary column and therefore the dead volume was high. However, in the
modified system, the capillary column was directly linked with the vaporizer, and the
empty precolumn corresponded to a lining in the injection port. As a result, the dead
volume was greatly reduced and the separation efficiency was improved. Fig. 5 shows
the chromatogram of a mixture of isomers of MNT, DNT and TNT, from which the
high performance and thermal stability can be seen. Using a cross-linked glass
capillary column, the baseline drift was only 1.8 - 107'2 A when the column
temperature was as high as 320°C. In this experiment, the splitting ratio was
maintained essentially constant.

CONCLUSION

The modifted column system can be used for both PCGC and conventional
capillary GC analysis. The packed precolumn not only eliminates column contamina-
tion, but also reduces the dead volume and improves the separation efficiency of the
pyrolysis system. The separation capacity and the experimental reproducibility are
satisfactory. This system is simple to construct and easy to operate.
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In 1981 Pirkle and Finn'® developed the chiral stationary phase I, consisting of
(R)-N-(3,5-dinitrobenzoyl)phenylglycine ionically bonded to y-aminopropyl silanized
silica, which offers superior performance for the separation of arylalkylcarbinols by
high-performance liquid chromatography (HPLC). Soon it was clear that this phase
can also separate enantiomers of various compounds?. This phase contains a
dinitrobenzoy! group, which acts as a m-acceptor, and it was found that the
combination of the n—n donor—acceptor interaction with diastereomeric hydrogen
bonding is very effective for chiral recognition.

On the other hand, we have developed some 7-donor type chiral phases
consisting of (S)- or (R)-1-(a-naphthyl)ethylamine and showed that the naphthyl
group attached to the asymmetric carbon atom plays effective role in chiral
recognition®~>,

In this work, we prepared a chiral stationary phase II consisting of
(R)-N-(3,5-dinitrobenzoyl)-1-naphthylglycine ionically bonded to y-aminopropyl
silanized silica, which contains both a dinitrobenzoyl group and a naphthyl group
attached to an asymmetric carbon atom, and its chromatographic properties were
investigated.

0 _,NO,
ON] + = ® N
§O/Si—(CH2)3—NHaogc—g@H—NH—C@ 0

NO»

O 1 + () 9 N02

AN -

§ /Si—(CH2)3—NH3OgC-CH—NH—C@ m
N0 NO,

EXPERIMENTAL

Preparation of stationary phase Il
(R,S)-1-Naphthylglycine methyl ester was synthesized from 1-naphthylaceto-

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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nitrile (Wako, Osaka, Japan) according to the procedure described by Baumgarten et
al®. (R,S)-N-(3,5-Dinitrobenzoyl)-1-naphthylglycine methyl ester was prepared from
(R,S)-1-naphthylglycine methyl ester by reaction with 3,5-dinitrobenzoyl chloride in
dry tetrahydrofuran at room temperature. (R,S)-N-(3,5-Dinitrobenzoyl)-1-naphthyl-
glycine was isolated by the subsequent acid hydrolysis of (R,S)-N-(3,5-dinitro-
benzoyl)-1-naphthylglycine methyl ester. (R)-N-(3,5-Dinitrobenzoyl)-1-naphthyl-
glycine (m.p. 138.3°C) was obtained from the racemic compound by HPLC separation
with a SUMIPAX OA-4000 chiral column (250 x 8 mm L.D.) (Sumitomo Chemical,
Osaka, Japan). Elemental analysis: calculated for Ci9H3N;30,, C 57.73, H 3.31,
N 10.63; found, C 56.81, H 3.71, N 10.18%. NMR (acetone-ds): 6 6.58 (d, 1H),
7.40-8.30 (m, 8H), 9.00-9.14 (m, 3H). IR (potassium bromide): 3400-3080, 1725 (vs),
1650 (vs), 1530 (vs), 1340 (vs), 1180, 1075, 915, 780, 720 cm ~!. High-resolution mass
spectrum: calculated for C;9H;3N;0,, 395.0752; found, 395.0728. Treatment of
y-aminopropyl silanized silica (LiChrosorb NH,, 5 yum; E. Merck, Darmstadt, F.R.G.)
with (R)-N-(3,5-dinitrobenzoyl)-1-naphthylglycine affords ionically bonded chiral
stationary phase II.

Liquid chromatography

The experiments were carried out using a Shimadzu LC-5A high-performance
liquid chromatograph equipped with a UVD-2 ultraviolet detector (254 nm).
A stainless-steel column (250 x 4 mm I.D.) was slurry packed with stationary phase 11
using a conventional technique. The column packed with stationary phase I was
represented by SUMIPAX OA-20001 (250 x 4 mm I.D.) (Sumitomo Chemical). The
chromatographic conditions are given in Table 1. The solutes and solvents were of
analytical-reagent grade. Some compounds were provided by Sumitomo Chemical.
The structures of the components used are shown in Fig. 1.

S5-3308 S5-3307
cl cl
@m (l)H cry OH CHj
CH—C\—CH;; H—C—-CH3
,c=c CH3 c=c’ CH3
H N H/ N
g \ICH y"~cn
1
CH-N %H g
Fenpropathrin Terallethrin
CH3
CHa é CH2 CH»

0
b ot CH g
SC—~—CH-C~0—CH 3 L2 /N2
cus” N/ éN@ ciy” ST CHC0 ¢k T ch
VAR o) /C CHa—-C

CH3 CH3

Fig. 1. Structures of compounds used (see Table I).
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Fig. 2. Separation of the enantiomers of racemic [-phenylethanol on chiral stationary phases I and II.
Chromatographic conditions as in Table .

RESULTS AND DISCUSSION

The chiral stationary phase II is a modification of phase I. In order to investigate
the effect of the replacement of the phenyl group in phase I by a 1-naphthyl group, the
retention and enantioselectivity of several racemates were measured under identical
conditions on both chiral phases. The results of these measurements are givenin Table
I.

The capacity factors for these solutes do not differ greatly, but the enantio-
selectivity differs significantly on the two phases. All of the racemates in Table I show
larger o values on phase II than on phase I. It is emphasized that phase I can resolve
well some alcohol and ester racemates that can hardly be resolved in phase I. Typical
chromatograms are shown in Figs. 2 and 3. These results clearly show that the

(RY}[(S) (R)

e I

0 10 20 min 0 10 20 min
phase | phase 11

Fig. 3. Separation of the enantiomers of racemic fenpropathrin on chiral stationary phases 1 and 11.
Chromatographic conditions as in Table 1.
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naphthyl group in phase II plays a much more effective role in chiral recognition than
the phenyl group in phase I.

The enantiomeric solution orders of these solutes, including aromatic alcohols,
esters and amides, are identical on phase I and I1. This result suggests but does not
prove that a similar chiral recognition mechanism is operating on both phases. Various
interactions, such as hydrogen bonding, n~n donor—acceptor interactions, dipole—
dipole stacking and Van der Waals interactions seem to contribute for to the
enantiomer separation, as demonstrated by many workers’.

Prikle’s original stationary phase I is very well known and widely used, and the
modified chiral stationary phase II, which has excellent enantioselectivity, is very
promising for the separation of enantiomers of a wide range of classes of compounds.
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Plants that contain hepatotoxic pyrrolizidine alkaloids occur all over the world.
The pyrrolizidines may be of greater importance as a cause of human disease than the
presently known outbreaks of poisoning would indicate. Poisoning in man can occur
by the use of pyrrolizidine-containing plants as medicinal herbs, or by accidental
contamination of food by such plants!~3. Therefore reliable and accurate methods
for the quantitation of pyrrolizidine alkaloids are necessary. A titrimetric procedure*
and a spectrophotometric method based on a colour reaction®® have been described
for the estimation of the total pyrrolizidine alkaloid level in biological samples. In
recent years these methods have been replaced in many cases by quantitative 'H
nuclear magnetic resonance (NMR) spectroscopy’~'°. Several analytical techniques
have been described for the determination of individual pyrrolizidines in mixtures,
including relative densitometric estimations, which are not generally applicable be-
cause the differences in Ry values may be quite small*!!, high-performance liquid
chromatography (HPLC)'? and, more recently, quantitative >*C NMR spectrosco-
py”'®*3. In this work, "H NMR was compared with gas chromatography (GC) for
the determination of the total pyrrolizidine alkaloid level, and for the quantitative
analysis of the individual pyrrolizidines **C NMR was compared with GC. Senecio
vernalis Waldst. & Kit. (Asteraceae) was chosen as the pyrrolizidine-containing plant.
The pyrrolizidine alkaloids seneciphylline, senecionine, integerrimine, retrorsine,
senecivernine and senkirkine have been reported as constituents of Senecio verna-
lis'*='%_ With the exception of senkirkine, they are synthesized and accumulated as
N-oxides*®'”. In this study the alkaloid N-oxides were reduced during sample prep-
aration to give the respective tertiary alkaloids.

0021-9673/89/$03.50  © 1989 Elsevier Science Publishers B.V.
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EXPERIMENTAL

A voucher specimen of Senecio vernalis Waldst. & Kit. is kept at the Institut fir
Pharmazeutische Biologie, Braunschweig. Samples were prepared from freeze-dried
flower heads of Senecio vernalis according to a known procedure®.

'Hand '3C NMR

A Jeol FX 200 Fourier transform (FT) NMR system, exhibiting standard reso-
nance frequencies of 199.50 MHz for 'H and 50.10 MHz for *C, was used. Samples
were dissolved in [2H] chloroform (99.8%). Chemical shift values are reported on the
§ scale, relative to tetramethylsilane. 'H and '*C NMR recording conditions for
quantitative measurements were selected® %13, To perform quantitative '"H NMR
experiments, a precisely weighed amount of p-dinitrobenzene was added to the sam-
ple as an internal standard.

Gas chromatography—mass spectroscopy (GC-MS)

All GC-MS analyses were performed on an Hewlett-Packard 5890 A GC-5970
B quadrupole mass spectrometer, equipped with an Hewlett-Packard 12 m x 0.203
mm cross-linked methyl silicone fused-silica capillary column and a split/splitless
injection system, used in the split mode (20:1). The initial oven temperature was
150°C, and programmed to 275°C at 10°C/min (2-min solvent wait, isothermal). Heli-
um was used as the carrier gas at a flow-rate of 1 ml/min. The column was inserted
directly into the mass spectrometer. Data acquisition and reprocessing were carried
out on an Hewlett-Packard 9816 Workstation with a 15 MB Winchester disc. Elec-
tron impact (EI) (70 eV) mass spectra were recorded, scanning continuously from m/z
50 to 500. Retention times: senecivernine, 12.3 min (m/z 335, [M]*); senecionine, 12.4
min (m/z 335, [M]*); seneciphylline, 12.6 min (m/z 333, [M]%); integerrimine, 12.9
min (m/z 365, [M]*); retrorsine, 14.3 min (m/z 351, [M]™).

Quantitative analysis by capillary GC
The mixture of tertiary alkaloids prepared according to ref. 8 was dissolved in
methanol and was separated and evalutated quantitatively on wall-coated open tubu-
lar fused-silica columns (15 m X 0.25 mm; DB-1, J & W Scientific). Conditions:
injector, 250°C; temperature programme, 120-290°C, 6°C/min; splitting ratio 1:50;
" injection volume 1-2 ul; carrier gas, helium 0.7 bar; detectors, flame ionization detec-
tor, nitrogen selective detector. Senecionine or monocrotaline, obtained from Al-
drich, was used as the external standard. The retention indices of the individual
alkaloids are given in ref. 17.

RESULTS AND DISCUSSION” -

The 'H NMR spectrum of a mixture of pyrrolizidine alkaloids from Senecio
vernalis is very complex, and contains many overlappling signals. The vinylic C-2
hydrogen of macrocyclic diester pyrrolizidines, such as the alkaloids from Senecio
vernalis, always resonates at 6.2 ppm. A known amount of p-dinitrobenzene is added
to the sample as an internal standard, and the total pyrrolizidine alkaloid level is
calculated by comparing the integration value of this signal, occurring at 8.43 ppm,
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with the integration value of the signal at 6.2 ppm. The pyrrolizidine alkaloid content
was calculated as senecionine (molecular weight 335), which appeared to be the prin-
cipal alkaloid in our samples. The molecular weight of senecivernine and integerri-
mine are also 335. Because of the complexity of the 'H NMR spectrum, it is not
possible to estimate the individual alkaloids”-8.

13C NMR spectroscopy was used for the quantitation of the individual pyrroli-
zidine alkaloids. '>C NMR spectral data for all the pyrrolizidines from Senecio verna-
lis have already been published'®'*. The *3C NMR signals of pyrrolizidine alkaloids
are very sensitive to structural variation in both the diester moiety and the hetero-
cyclic ring system. The usefulness of '*C Fourier transform NMR as an analytical
technique stems from the potentially direct relationship between the area under a
NMR peak and the number of nuclei that give rise to the signal. Unfortunately,
extracting the desired quantitative information from a 3C NMR spectrum is ham-
pered by several experimental and instrumental limitations, which have been dis-
cussed'®*?. In addition, only carbon atoms having a relatively short spin-latice relax-
ation time, 7'y, can be used. A list of '*C resonance signals that are well resolved, that
are specific for one individual alkaloid or for the total alkaloid content and that have
a T; < L5 sis given in Table I. Because the minimal pulse delay for quantitative
measurements using '3C NMR is 6.5 Ty, a T, of 1.5 s corresponds to a pulse delay of
10 s, which is still an acceptable value for long accumulations.

Some specific and well resolved resonance signals, e.g., the C-8 carbonyl signal
of senkirkine, cannot be used for quantitative :3C NMR measurements because their
relaxation is very slow. More information about these relaxation times and related
problems can be found in refs. 9, 10 and 13. By integrating the resonance signals listed
in Table I, it is possible to obtain an integration value for each individual alkaloid and
for the total alkaloid content. ‘

TABLE |

SOME CHARACTERISTIC '*C NMR SIGNALS USEFUL FOR THE QUANTITATIVE ANALY-
SIS OF MIXTURES OF PYRROLIZIDINE ALKALOIDS FROM SENECIO VERNALIS

Carbon No.* Signal (ppm) Alkaloid

20 1203 - Senecivernine
19 113.9 Seneciphylline

9 63.7 Senkirkine

3 58.3 Senkirkine

5 52.7-52.9 Total
13 39.3 Integerrimine
14 374 Senkirkine

6 36.0 Senkirkine

6 335 Integerrimine
14 29.4 Integerrimine
8 259 Senecivernine
I8 25.0 Integerrimine

9 1.6 Integerrimine
19 10.8 Senecionine
19 5.4 Senecivernine

* Numbering of the carbon atoms of the pyrrolizidine alkaloids (senecane structure) according to
ref. 18.
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TABLE 11

QUANTITATIVE EVALUATION OF THE ALKALOID CONTENT AND PATTERN OF S. VER-
NALIS BY 'H AND 3C NMR IN COMPARISON TO CAPILLARY GC

Total alkaloid level Individual alkaloids

(%, dry weight) (%)

'HNMR GC 13C NMR GC

0.54 0.54 Senecionine 38.0 44.0
Integerrimine 6.2 5.9
Senecivernine 333 28.2
Senkirkine 10.6 1.3
Seneciphylline 9.6 10.6
Retrorsine 2.3 Traces

In order to obtain quantitative results, the same procedure as for Senecio vulga-
ris and Senecio jacobaea® %', was used. The results of the quantitative 'H and '*C
NMR analyses were compared with those obtained with GC (Table II). The results
for the total alkaloid level are in good agreement with each other. Both methods
produce reliable results, but the sensitivity of GC is higher. As far as the individual
alkaloids are concerned, there is a difference for senecionine and senecivernine. This
may be due to the fact that their retention times hardly differ, and that the signals may
not be completely resolved. There is a good agreement for the sum of the results for
senecionine and senecivernine. The results for the other alkaloids are in good agree-
ment with each other.

It appears that the two methods are equivalent for the quantitative analysis of
mixtures of pyrrolizidine alkaloids. Some characteristics of GC and quantitative '3C
NMR are summarized in Table III. The main disadvantage of !*C NMR when
compared with GC is that the sensitivity is rather low. The minimum sample size for
13C NMR is about 10 mg, and a long accumulation time is necessary. A quantitative
GC analysis is less time-consuming, but care must be taken that no overlapping of

TABLE III

COMPARISON OF GC AND '3C NMR FOR THE QUANTITATION OF PYRROLIZIDINE
ALKALOIDS

Characteristic GC 13C NMR
Reliability Good Good
Precision Good Good
Sensitivity High . Low
Interferences (impurities) Good Good
Manipulation time Short Short
Blocking of apparatus Slight Important
Adaption to other assays Easy Easy
Apparatus cost price High High
Reagent cost price Low High

Personnel qualifications Normal High




NOTES 391

peaks occurs. In order to perform a quantitative *3C NMR experiment, it is essential
that the '*C NMR spectral data and the most important relaxation times of all the
components of the mixture are known.

The detection and identification of an unexpected or new alkaloid in a mixture
by 'H and '*C NMR may be rather difficult, in particular if it is only a minor
component. If all the signals are completely resolved, a GC-MS experiment would
show a new peak providing additional information (retention time, mass spectral
data) for identification purposes. The same techniques can also be applied for other
plants containing pyrrolizidine alkaloids.
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Phenols are common pollutants in wastes arising from the petrochemical indus-
try or any other industry involving large amounts of kerosene?, oil, naphtha or coal.
Based on many years’ experience in this Laboratory, it has been observed that the
concentration of phenols in some of the samples coming from such industries exceeds
by several orders of magnitude the permitted level for liquid wastes.

A standard procedure? for the determination of phenols involves steam distil-
lation, extraction of the distillate with chloroform and spectrophotometric determi-
nation. The method is suitable for volatile phenols, i.e., phenol, cresols, xylenes,
guaiacol, thymol and some chloro derivatives. Some of the phenols, however, partic-
ularly nitro-substituted® derivatives, cannot be recovered by steam distillation. In
addition, phenols with para substituents do not give a colour reaction with the 4-
aminoantipyrine reagent used in spectrophotometric determination. As a conse-
quence, the results of such a determination might be low.

Incineration is the usual procedure for eliminating organic wastes composed of
deteriorated oil and emulsions used in metal manufacturing. However, burning
wastes containing significant amounts of phenols can result in dangerous gaseous
pollutants, so careful determination of phenol species prior to incineration is needed.
As the spectrophotometric determination of phenols in water—oil mixtures is difficult
and of low precision, and the complexity of the samples together with low individual
phenol concentrations prevents direct gas chromatographic (GC) determination, this
paper reports an attempt to solve the problem of the determination of phenol by
extraction and GC.

EXPERIMENTAL

A Spectra-Physics 7100 research gas chromatograph equipped with a flame
ionization detector, an autosampler adjusted to inject 2 nl and an integrator was
employed. A fused-silica 20 m x 0.23 mm I.D. Supelco SPB 5 capillary column and
purified hydrogen as carrier gas were used throughout. The following chromato-
graphic conditions provided a baseline separation of fourteen standard phenols: ini-
tial temperature 40°C for 10 min, increased at 5°C/min to 70°C, held for 1 min, a
second ramp at 8°C/min to 200°C and isothermal operation for the next 10 min. All

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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the phenols were eluted in 35 min, but the final ramp of 15°C/min and the hold of 10
min were necessary to elute heavy components from the oil extracts. The column head
pressure was maintained at 40 kPa and the injector was operated at 250°C in the
splitless mode for 0.5 min, then the splitting ratio automatically regained its original
value of 1/200.

Fig. 1a shows the separation of the standard phenol mixture. Depending on the
type of the phenol analysed, and with the instrument operating at maximum sensitiv-
ity, the detection limits varied from 2 to 5 mg/1 in direct determinations.

Materials

All the organic compounds were of analytical-reagent grade and used as re-
ceived. For recovery experiments, doubly distilled water was used. Phenols were used
without further treatment; the stock solutions in ethanol were kept refrigerated. No
noticable deterioration of the constituents was observed during a period of 4 weeks.

Stock standard solutions

A stock solution containing approximately 100 ppm of each of the phenols was
prepared by mass, and for detector calibration diluted portions (10, 20 and 50 ppm)
were used. The following phenols were used (in order of elution): 2-chlorophenol,
phenol, 2-methylphenol, 2-nitrophenol, 2,4-dichlorophenol, 2,4-dimethylphenol, hy-
droquinone, 4-chloro-3-methylphenol, 2.4,6-trichlorophenol, 2,4-dinitrophenol, 3-ni-
trophenol, 4-nitrophenol, 2,3-dinitropheno! and benzylphenol. The plot of detector
response vs. individual phenol concentration was linear, with a regression coefficient
exceeding 0.99. '

RESULTS AND DISCUSSION

Liquid wastes originating from a car engine factory contained two phases: a
grey aqueous layer, apparently a fine water-oil emulsion, and a dark oil overlayer. In
addition, considerable amounts of insolubles and graphite particles were present. The
existence of phenols in both phases seemed very probable, especially as the aqueous
phase was close to neutral, enabling water-soluble phenates to be formed.

Direct GC analysis of phenols present in such an oil sample is complicated for
several reasons. First, a specimen displaying several hundred partially resolved peaks
is too complex to permit confident component identification based on GC measure-
ments only. Second, it is likely that some of the heavy components of the wastes are
retained permanently in the capillary column, resulting in rapid column deteriora-
tion. Finally, the column might be easily clogged with particles from the used oil.
Obviously, prior to the determination of phenols, they must be extracted from the
complex sample such as a water-oil emulsion, various types of competitive adsorp-
tions may occur and cause interferences. As an alternative, we used an extraction—
concentration step and at the same time a clean-up procedure for treating the sam-
ples.

Extraction step
Extraction was performed in separating funnels as follows. (1) With the oil
layer, the phenols were transferred into the aqueous phase as phenates using equal
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volumes of oil and 2.5% sodium hydroxide solution, followed by phase separation.
(2) The aqueous water phase, either from the sample or oil extract produced as
indicated above was acidified using phosphoric acid. Phosphoric acid was selected
rather than hydrochloric or nitric acid. For acidification of the aqueous, as the latter
acids may cause oxidation or phenol degradation®*. (3) The final step consists in
phenol extraction with the chosen extractant, phase separation and drying of the
organic layer prior to GC analysis using a few pellets of calcium chloride.

To verify the procedure, fresh unused motor oil was employed. GC analysis
under the selected conditions (see Experimental) showed that all the phenols are
eluted well before the first component of the oil. Prior to the experiments, fresh motor
oil was washed with alkali to remove phenols possibly present. The purified oil was
then used to study the recovery of phenols from a new oil and the water—oil phase.

Recovery from the oil phase

New oil was doped with known amounts of phenols and the above extraction
scheme was followed.

Following step 1, the aqueous phase containing the phenols as phenates was
washed twice with equal volumes of light petroleum (b.p. 40-70°C) to remove any
residual oil hydrocarbon. In step 3, diethyl ether, benzene and butyl acetate were
selected as extractants. As the extraction of phenols with organic solvents is depen-
dent on the degree of dissociation, i.e., the pH of the aqueous phase, experiments on
the extraction of phenols with various acidities of the aqueous phase were performed.
In the pH range 1.2-5.2 the extraction of phenols with the above solvents was nearly
complete, with recoveries from 95 to 102%, except for 2-chlorophenol (78%) and
phenol (76%). The percentage extraction is independent of the extractant applied,
varying by only 2% about the average. This was calculated to be the overall precision
of the extraction—chromatographic procedure.

Recovery of phenols from water—oil emulsion

To prepare a synthetic water—oil emulsion, 10 ml of alkali-washed fresh oil was
added to 500 ml of distilled water and mixed vigorously with a mechanical stirrer
until an emulsion with slow phase separation was obtained. The prepared sample was
enriched with 5-10 ppm of 2-methylphenol, 2-chlorophenol, 2-nitrophenol, 2,4-di-
nitrophenol, 2,4-dichlorophenol, 2,3-dinitrophenol, 4-nitrophenol and benzylphenol,
made alkaline and washed three times with light petroleum to remove the added oil.
The first portion of the light petroleum wash was saved for subsequent GC analysis.
The water layer was acidified and extracted with 20 ml of diethyl ether (organic to
aqueous phase ratio 1 : 25 and the extract was analysed for phenols recovery.

The resulting chromatogram of the diethy! ether extract is shown in Fig. 1b,
revealing the absence of benzylphenol and the recovery of all other components with
95-102% efficiency. A similar efficiency was reported by Abrahamsson and Xie® for
the extraction of numerous phenols from water with n-hexane. A high recovery is
maintained provided that the phase ratio does not exceed approximately 1 : 30; at
higher phase ratios the extraction is poorer®.

Fig. 1c shows the chromatogram of the first light petroleum wash with an easily
recognized benzylphenol peak, the only phenol extracted with light petroleum from
aqueous alkali media.
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Fig. 1. Chromatograms of (a) standard phenols (50 ppm of each), (b) diethyl ether extract from synthetic
water-oil emulsion, (c) light petroleum wash and (d) diethyl ether extract of water—oil emulsion sample 1.
Detector, flame ionization, 1.107!2 a.u.f.s.; chart speed, 0.1 cm/min from 0 to 14 min, then I cm/min.
Phenols: 1 = 2-chloro-; 2 = phenol; 3 = 2-methyl-; 4 = 2-nitro-; 5 = 2,4-dichloro-; 6 = hydroquinone;
7 = 4-chloro-3-methyl-; 8 = 2,4,6-trichloro-; 9 = 3-nitro-; 10 = 4-nitro-; 11 = 2,3-dinitro-; 12 = benzy!-;
13 = 2,4-dimethyl-; 14 = 2. 4-dinitro-.
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TABLE ]

DETERMINATION OF PHENOLS (ppm) IN WASTE OIL-WATER EMULSION USING VARIOUS
EXTRACTANTS

Phenol Sample 1 Sample 11

Diethyl  Benzene  Butyl Diethyl ~ Benzene  Butyl

ether acetate  ether acetate
3-Nitro- 0.4 18.6 17.9 0.7 17.7 18.0
2,4-Dinitro- 1.7 0.5 0.4
2,4-Dimethyl- 1.7 339 29.2 1.2 22.1 202
Benzyl- 0.2 04 0.4
2,4,6-Trichloro- 0.4 1.1
4-Nitro- 32 1.6
Total phenols 2.1 52.7 51.1 1.9 40.3 41.7
Spectrophotometric 0.42 0.64

determination of total
phenol content (mg/!)

Sample analysis

The waste samples were split into an emulsion phase (here termed aqueous) and
an oil phase, each treated independently according to the previously described proce-
dure. GC analysis of the oil extracts using diethyl ether, benzene or butyl acetate as
extractant did not reveal any of the phenols studied here. However, the chroma-
tograms were too complicated in every instance, even with diethyl ether, showing a
large number of peaks. Evidently they represent water-soluble organics such as alco-
hols and acids, and some of the hydrocarbons retained in the aqueous phase owing to
poor phase separation and especially to the presence of small organic droplets in
water, residual film on the funnel walls, etc. Hence, a positive identification of phenols
in oil samples remains a difficult task requiring more sophisticated techniques such as
GC combined with mass spectrometry.

After the light petroleum pre-wash of the alkaline water—oil emulsion, the aque-
ous phase was acidified and divided into three 100-ml portions and further extracted
with 3 ml of diethyl ether, benzene and butyl acetate, respectively. The chroma-
tograms of the extracts differ greatly in complexity. When diethyl ether was used,
eight baseline-resolved peaks were recorded (Fig. 1d, sample 1). Two peaks were
identified by their retention times as 2-nitrophenol and 2,3-dinitrophenol. The same
pattern was obtained for two waste samples analysed, here labelled I and II. The
benzene extracts are significantly more complex, and those of butyl acetate exhibit
only a 4-5-fold reduction in the number of peaks in comparison with the chroma-
togram of the new oil phase. With such a large number of peaks, one has to be careful
with the assignment. Here, only those peaks coinciding within +0.03 min (2 s) with
the retention time of the standard were identified as the corresponding phenols. The
value of 0.03 min was selected as it had been found that this value approximated to
the daily instrumental drift of the retention times of standard phenols.

Table I presents the results of the analysis of two waste water—oil liquids. Unre-
alistically high phenol concentrations when benzene or butyl acetate was selected as
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the extractant indicate poor integrator peak assignment, a result of the complexity of
the extract. The 4-amino antipyrine spectrophotometric method resulted in total phe-
nol content of 0.42 and 0.64 mg/1 for samples I and 11, respectively, which agree well
with the results of the GC analysis of the diethyl ether extracts. A similar agreement
between the spectrophotometric and GC results was reported by Folke and Lund® for
the analysis of phenols in municipal waste waters. The higher GC values can be
ascribed to incomplete steam distillation of nitrophenols®.

CONCLUSION

This work was partly aimed at studying the use of benzene and butyl acetate as
extractants for phenols in acidic water media. The choice was made on the basis of
literature information”=° on these two extractants, which are far superior to n-hexane
and diethyl ether. Our experiments indicate that the benzene extraction of standard
phenols from neutral water exhibits a low concentration factor, in accordance with
the reported lower distribution coefficient for phenols’~'°. To gain a desired concen-
tration of phenols in the organic phase and to improve the GC detection limit, a
benzene : water phase ratio exceeding 1 : 30 is used, and this has the drawback of a
reduced extraction efficiency®. Butyl acetate, with distribution coefficients for phenols
two orders of magnitude greater than those with benzene’'°, completely extracts
phenols in a single step, and the pre-concentration is easily carried out. Hence, butyl
acetate is recommended for the extraction of trace amounts of phenols from organic
samples. Unfortunately, butyl acetate is also a strong, non-selective extractant for
non-phenolic species, so that in a system with hundreds of unknown components, it is
almost impossible to resolve phenols from the maxtrix using GC analysis alone.

The extraction of phenols from a water—oil phase having a pH lower than 6
with diethyl ether is suitable for the determination of phenols in complex organic
mixtures. The confident determination of phenols in crude waste oils is a future
concern on which we hope to report soon. '
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Bepridil hydrochloride (1), B-[(2-methylpropoxy)methyl]-N-phenyl-N-(phenyl-
methyl)-1-pyrrolidineethanamine monohydrochloride monohydrate, is a new cal-
cium-channel blocker currently undergoing clinical evaluation for the treatment of
angina pectoris. Its antianginal properties have been demonstrated in animal
studies'=> and in clinical studies®”’.

Various analytical methods have been reported for determining the bepridil
concentration in plasma. These methods are both sensitive and selective and range
from gas chromatography (GC) with nitrogen-specific detection®® to GC—mass
spectrometry (MS)'° to high-performance liquid chromatography (HPLC)!!. These
methods focus on very low limits of detection of bepridil in biological media, and thus
are not appropriate for assaying drug substance and drug product for product release
and stability, since they are not designed to detect and quantitate process impurities
and degradation products.

In this paper, a stability-indicating HPLC assay method capable of monitoring
the purity of bepridil hydrochloride drug substance and drug product (tablet, capsule
and injection solution) is described.

Experiments were performed and data generated establishing the linearity,
specificity, ruggedness, precision, sensitivity and accuracy of the method.

EXPERIMENTAL

Equipment

The HPLC system consists of a DuPont (Wilmington, DE, U.S.A.) Model 850
liquid chromatograph equipped with a DuPont automatic sampler, a 20-ul loop,
a fixed-wavelength 254 nm detector and a Spectra-Physics (San Jose, CA, US.A)
Model 4270 integrator. The column employed is pBondapak™ Cg, 10 um particle
size, 30 cm x 4.6 mm (Waters Assoc., Milford, MA, U.S.A.), thermostated at 35°C.
A flow-rate of 1.3 ml/min is used throughout the study.

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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Reagents

HPLC-grade water and acetonitrile, analytical-reagent grade glacial acetic acid
(Fisher Scientific, Fairlawn, NJ, U.S.A.) and chromatography grade 1-heptane-
sulfonic acid sodium salt (Eastman Kodak, Rochester, NY, U.S.A.) are used to
prepare the mobile phase. N-Benzylaniline (II) is used as a resolution test compound
(Aldrich, Milwaukee, WI, U.S.A.). Bepridil hydrochloride standard and debenzylated
bepridil (ITI) are obtained from McNeil Pharmaceutical (Spring House, PA, U.S.A.).
Benzaldehyde and benzoic acid analytical-reagent grade, were used without further
purification (Aldrich).

Solutions

Paired ion. Dissolve 1.1 g of 1-heptanesulfonic acid sodium salt in 405 ml of
water. Using a pH meter adjust the pH to 2.37 with glacial acetic acid (approximately
15 m!l will be needed).

Mobile phase. Acetonitrile—paired ion (580:405).

Sample solvent. Acetonitrile-paired ion (580:405) for drug substance; aceto-
nitrile for drug product.

Standard. Accurately weigh about 37 mg of standard into a 50-ml volumetric
flask and dilute to volume with sample solvent.

Drug substance sample. Same as standard.

Drug product sample. Accurately weigh an amount of triturated capsule or tablet
granulation theoretically equivalent to 150 mg of bepridil hydrochloride into a 200-ml
volumetric flask and add 150 ml of acetonitrile. Shake for 30 min and dilute to volume
with acetonitrile. Shake well and filter about 20 ml through prepleated filter paper of
0.22 mm thickness (Schieicher and Schiill, grade 588).

Resolution test mixture. Weigh about 44 mg of bepridil hydrochloride and about
2 mg of debenzylayed bepridil and 10 mg of N-benzylaniline for drug substance and
drug product, respectively, into the same 50-ml volumetric flask and dilute to volume
with mobile phase.

Diluted resolution test mixture. Accurately dilute a portion of the resolution test
mixture in half with sample solvent.

System suitability

Prior to running the system suitability check, the column should be equilibrated
for at least 15 min with the mobile phase flowing through the system. An injection of
the sample solvent is made to obtain a blank chromatogram. The system suitability is
determined by evaluating the resolution solution, injection precision and detector
linearity. The resolution mixture is injected and the resolution (not less than 1.6
between peaks) calculated using the standard resolution equation found in the United
States Pharmacopoeia'®. The precision is determined using the relative standard
deviation of the response factors (area/ug) of injections of the standard solutions. The
relative standard deviation (R.S.D.) should be less than 2.0%. An injection of the
diluted resolution mixture is chromatographed and the integrated area for the bepridil
peak should be within 48-52% of that in the resolution mixture to meet the detector
linearity criteria. Acceptable results for system suitability tests are required before
samples are analyzed.
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Calculations
To determine percent assay, the following equation is used:

% (w/w) bepridil hydrochloride = 1_?1,;_}’5

s

where R, is equal to the response factor of the peak area of the corresponding bepridil
peak per ug sample injected, R is the response factor of the peak area of the bepridil
peak per ug standard injected, and P; is the percent purity of the bepridil hydrochloride
standard. Percent impurities are calculated in a similar manner using a sensitivity
factor as described in the Results and discussion section. Unknown impurities are
assigned a sensitivity factor of 1.0.

RESULTS AND DISCUSSION

Specificity and stability-indicating ability

The process impurities and degradation products (Table I) are separated from
bepridil hydrochloride and from each other as shown in Fig. 1. The assay value for
drug substance in samples spiked with all the impurities listed in Table T at the 3.0%
level was not effected (data given in Table IT). In the case of drug product, the placebo
granulation did not produce any interfering peaks or affect the quantitation of any
peaks of interest.

Sensitivity

The process impurities and degradation products listed in Table I can be
quantitated down to at least the 0.2% level for drug substance and drug product.
A sensitivity factor was also determined for each impurity. This was accomplished by
analyzing samples of these compounds under normal analytical conditions, measuring
the resulting peak areas, and dividing by the amount of compound injected. The ratio
of the response factors (peak area/ug injected) of the impurity to bepridil hydro-
chloride is labeled the sensitivity factor in Table 1. The sensitivity factor allows the
conversion of area percent to weight percent by normalizing the difference in
sensitivity between bepridil hydrochloride and the impurity of interest.

Precision

The precision of the system was evaluated by preparing four portions of the same
reference standard and injecting each of them in duplicate. The assay results are given
in Table IT which show that the relative standard deviation for this set of solutions was
0.22%.

Linearity

Solutions containing from 0 to 400% of the normal amount of bepridil
hydrochloride and from 0 to at least 6.0% of each impurity were analyzed. All
calibration plots were linear when using area and intersected near the origin. The
regression curve for the bepridil hydrochloride plot gave a slope of 0.603, y-intercept of
—0.019 and a correlation coefficient of 0.9999. Regression equations for benzoic acid,
benzaldehyde, debenzylated bepridil and N-benzylaniline were y = 0.097x + 0.001;
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Fig. 1. Liquid chromatogram of the bepridil hydrochloride reference standard spiked with 0.5% levels of
benzoic acid, benzaldehyde, debenzylated bepridil and N-benzylaniline using the procedures described
herein. Numbers indicate retention times in min.

y = 1.92x + 0.011;y = 0.404x + 0.003;and y = 0.917x + 0.001, respectively. The
correlation coefficients were 0.9999 in all cases.

Accuracy
The recovery of bepridil hydrochloride from the drug product was evaluated by
spiking placebo granulation with 80% to 120% of the normal amount of bipridil

hydrochloride. The recovery of bepridil hydrochloride from these mixtures ranges
from 99.2% to 100.1% (Table III).
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TABLE 1I

PRECISION DATA OBTAINED FROM FOUR BEPRIDIL HYDROCHLORIDE REFERENCE
STANDARD SOLUTIONS

Sample  Beprimil - HCl  Impurities* Recovery (% )**,
No. (mg) (mg) Bepridil - HCI
1 100.0 0.5 100.5
2 100.0 1.0 100.3
3 100.0 2.0 100.1
4 100.0 3.0 100.0
Mean 100.2
R.S.D. 0.22%

* Demonstrates that impurities at concentrations up to 3% do not interfere with the recovery of
bepridil hydrochloride.

** The number given is the mean of two determinations per sample.

Ruggedness

The ruggedness of the HPLC system has been demonstrated by obtaining
accurate quantitation of bepridil hydrochloride and some potential impurities in
a spiked reference standard solution (Table IV) when different flow-rates, column
temperatures, columns, mobile phases (pH and composition), instruments and
analysts were used. However, benzoic acid and debenzylated bepridil hydrochlorlde
are somewhat affected by the parameter changes.

System suitability

System suitability tests are performed each time the method is run in order to
ensure that the entire system is working properly. The resolution is checked by
calculating the resolution between the bepridil and N-benzylaniline or debenzylated
bepridil in the analysis of drug substance and drug product samples. The linearity of
the detector is evaluated by comparing the area of the bepridil peaks of the resolution

TABLE IIT'

RECOVERY DATA OBTAINED FOR BEPRIDIL HYDROCHLORIDE USING THE ASSAY
PROCEDURE DESCRIBED

NA = Not applicable; ND = none detected.

Bepridil content (%) Recovery (%)
Actual Determined
Placebo ND NA
80% Spike 79.4 99.3
100% Spike 100.1 100.1
120% Spike 119.4 99.5
Mean 99.6

RSD. 0.34%
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TABLE 1V

QUANTITATIVE RESULTS (%, w/w) FOR A SPIKED BEPRIDIL HYDROCHLORIDE REF-
ERENCE STANDARD SOLUTION USING VARIOUS CONDITIONS, INSTRUMENTS AND
ANALYSTS

Conditions Bepridil - HCI Benzoic  Benzaldehyde Debenzylated N-Benzylaniline
instrument and acid bepridil - HCI
analyst*

Known % (wjw)

100.0 0.50 0.50 0.50 0.50
(a) 100.5 0.47 0.55 0.54 0.48
D) 100.3 0.70 0.54 0.54 0.46
© 100.2 0.51 0.53 0.48 0.47
) 99.9 0.43 0.51 0.31 0.47
Mean 100.2 0.53 0.53 0.47 0.47
S.D. 0.37 0.12 0.02 0.11 0.01

* (a): Flow-rate 1.3 ml/min, column temperature 35°C, column 1, mobile phase acetonitrile—paired
ion solution—acetic acid (580:405:15), instrument I, analyst 1. (b): Flow-rate 1.0 ml/min, column
temperature 40°C, column 2, mobile phase acetonitrile—paired ion solution—acetic acid (580:402:18),
instrument 2, analyst 2. (c): Flow-rate 1.5 mi/min, column temperature ambient, column 3, mobile phase
acetonitrile—paired ion solution—acetic acid (570:415:15), instrument 3, analyst 3. (d): Flow-rate 1.4 mi/min,
column temperature ambient, column 4, mobile phase acetonitrile—paired ion solution—acetic acid
(590:398:13), instrument 4, analyst 4.

test mixture and the diluted resolution test mixture. The bepridil hydrochloride
concentration of the resolution test mixture is 120% of the normal concentration in
order to provide a safety factor for linearity. Finally, the precision is checked by
calculating the percent relative standard deviation of the bepridil peak areas of the
standards bracketing the samples.

CONCLUSION

The results of thus study indicate that the HPLC method .presented is specific,
stability-indicating, linear, precise, sensitive and accurate. This method has been found

TABLE V

ANALYSIS OF BEPRIDIL HYDROCHLORIDE DRUG SUBSTANCE FOR RELEASE USING
HPLC ASSAY

ND = None detected.

Drug Assay values (expressed as %, wiw)

substance

lot number Bepridil - HCl ~ Benzoic  Benzaldehyde Debenzylated N-Benzylaniline
acid bepridil - HC!

8506963 100.8 ND ND 0.07 ND

8304091 100.9 ND ND 0.08 ND
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suitable for the analysis of bepridil hydrochloride, process impurities and degradation
products in both drug substance (see Table V) and drug products (tablets and capsules
at 100, 200, 300 and 400 mg; injection solution at 4.0 mg/ml.
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Since the mid seventies, reversed-phase chromatography had developed to be-
come the most dominant branch of high-performance liquid chromatography
(HPLC), while normal-phase chromatography, most popular in classical column
liquid chromatography, has lost its leading role. This paper describes the successful
normal-phase HPLC of trace amounts of the acid compound citrinin on a acid-
buffered silica gel column as recently described by Schwarzenbach!. By treating the
silica gel with a buffer salt, virtually insoluble in the mobile phase, an environment is
created on the surface of the adsorbent that permits tail-free elution of very polar
compounds!.

Citrinin (IUPAC: (3R,45)-4,6-dihydro-8-hydroxy-3,4,5-trimethyl-6-ox0-3H-2-
benzopyran-7- carboxylic acid; C.A. 518-75-2), a fungal metabolite, is produced by
several Aspergillus and Penicillium species. It has been reported to demonstrate anti-
biotic, antifungal, antiprotozoal and bacteriostatic properties as well as to cause
nephrotoxicity in several animal species. Citrinin-producing fungi grow on grains and
fruits which are stored in high humidity as well as on mould-fermented sausages;
however, the presence of the fungus does not necessarily indicate the presence of the
mycotoxin®3. In order to evaluate possible health risks, an estimate of its daily intake
by the population is needed. This implies a reliable quantitative method for the deter-
mination of citrinin in food.

Several methods to determine citrinin have been published, primarily based on
thin-layer chromatography (TLC), but relatively low sensitivities in the range of
10-50 ng/g at best have been reported in recent reviews**. On the other hand, HPLC
has been applied to the analysis of citrinin in grains and biological fluids®>—°. Mostly
reversed-phase chromatography was performed using acidic mobile phases and fluo-
rescence>®? or UV® detection; the ion-pair technique with UV detection has also
been applied’. The stated detection limits were comparable to those reached by TLC.

Unfortunately, neither of the described HPLC conditions, except ion-pair chro-
matography, worked well in our hands. Seriously distorted peaks and extremely low
sensitivities resulted with several commercially available reversed-phase columns us-
ing appropriate acidic eluents. However, reversed-phase ion-pair HPLC” provided
good peak forms, but the fluorescence of citrinin was completely lost. Thereby the
sensitivity and selectivity of the detection method was diminished. This drawback had

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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been overcome by acidifying the eluate of the HPLC column before entering the
fluorescence detector.

A much easier and more elegant procedure is the buffered silica gel separation
technique' which, as far as we know, is not widely applied at the moment. However, it
seems to be very effective for the chromatographic separation of polar compounds. In
any case we were very successful with citrinin at the first go.

EXPERIMENTAL

Chemicals and reagents

Citrinin was obtained from Sigma (St. Louis, MO. U.S.A.). For HPLC a work-
ing standard in chloroform (0.5 ug/ml) was used. All reagents, except chloroform,
which was distilled, were p.a. grade and were used without any further treatment.
Deionized water was used throughout this study.

Apparatus

The chromatographic system consisted of a Model 100A pump (Altex, Berke-
ley, CA, US.A)), a Model U6K sample injection valve (Waters, Milford, MA,
U.S.A)) and a Model 650-109 fluorescence spectrometer (Perkin-Elmer, Norwalk,
CI, U.S.A.) equipped with a flow-cell (excitation 360 nm, emission 500 nm, slits 1020
nm). For the measurement of peak areas, a Model D-2000 Chromato-Integrator
(Merck-Hitachi, Tokyo, Japan) was applied. All chromatographic columns (300 mm
x 4.6 mm L.D.) used were commercially prepacked with microparticulates and made
from stainless steel. '

Preparation of buffered silica gel column'

A prepacked LiChrospher® Si 100 column [mean particle size 5 um, specific
surface area 420 + 30 m?/g, specific pore volume 1.25 + 0.05 ml/g (ref. 10), 300 mm
x 4.6 mm] supplied by Merck (Darmstadt, F.R.G.) was rinsed with about 200 ml of
methanol, followed by about 200 ml of water. Then about 400 ml of aqueous buffer
solution (0.2 M citric acid, adjusted to pH 2.5 with a saturated disodium hydrogen-
phosphate solution) were pumped through the column. It was connected to a nitro-
gen source and, after all the remaining buffer solution had been removed in a gentle
stream of nitrogen (5-10 ml/min) at room temperature, the column was heated at
80°C for about 30 h. After cooling to room temperature, the column was equilibrated
with about 100 ml of the mobile phase.

Chromatographic conditions

The mobile phase consisted of n-hexane~chloroform (typically 60:40, v/v), and
a flow-rate of 1 ml/min was applied (room temperature). Typical injection volumes
were 10 ul. The retention time of citrinin under the conditions described (buffered
silica gel column) was 10 to 15 min. For quantification, peak areas were-measured and
compared to those of standard solutions.

Extraction and clean-up
To a 40-g ground sample of cereal (or flour), 150 ml chloroform and 20 mi 0.1
M phosphoric acid were added, mixed for 5 min, using a Polytron PCU-2 (Kinema-
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tica, Luzerne, Switzerland) and then centrifuged (ca. 3000 g) for 10 min. Tapping
down carefully the formed cake of flour with a spatula makes it easier to withdraw an
aliquot of the chloroform extract.

A 7-g amount of Extrelut® (Merck) was uniformly impregnated with 10 ml of a
an aqueous 1% sodium bicarbonate solution in a beaker. After packing the thus
prepared alkaline adsorbent into an Extrelut® column (shortened by ca. 4.5 cm and
equipped with an additional stopcock), 100 ml of chloroform extract (corresponding
to 26.7 g sample) were added to the column; after elution the column was rinsed with
2 X 40 ml chloroform, and the eluates were discarded. After blowing out with air the
rest of the chloroform (balloon), a mixture of 30 ml chloroform and ! m! formic acid
(100%) was added to the column (without piston, stopcock closed) and thoroughly
mixed with the column material (glass rod); the drain was collected. After reinstalla-
tion of the piston and light compression of the column material, the rest of the citrinin
was eluted with 2 X 40 m! chloroform. The eluate was evaporated to dryness (Rota-
vapor®, Bilichi, Switzerland, 40°C), and the residue was dissolved in 1 ml distilled
chloroform for HPLC analyses. For recovery purposes the citrinin standard solution
in chloroform was distributed uniformly (syringe) on the ground sample.

RESULTS AND DISCUSSION

It might be expected that the analysis of citrinin in food be facilitated by its acid
and fluorescence properties. However, several difficulties have been described in the
analysis of citrinin, e.g., poor repeatability and/or recovery, tendency to be retained
by glassware and syringes, sensitivity to light and temperature!!~19,

Fig. 1A-D demonstrates the good peak form of citrinin, the sensitivity of the
chromatographic system and the acceptable separation from coextractives. In the
tested range of 1-20 ng the detector signal was linearly related to the amount of
citrinin injected. Without specially optimizing the excitation and emission wave-
lengths the minimum detectable amount of standard citrinin was about 0.1 ng (three
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Fig. 1. Chromatograms of citrinin. (A) 5.3 ng standard; (B) brown flour (wheat naturally contaminated) ca.
0.8 ng/g; (C) wheat bran < 0.2 ng/g; (D) brown flour (wheat) spiked with 15 ng/g. Chromatographic
conditions as described, injection volumes each 10 ul.
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times the noise). Preliminary results have shown that filling the cell of the fluorescence
detector with a similar acid-buffered silica gel as used in the column enhances the
detector response for citrinin in about the same way as it has been demonstrated for
aflatoxins!718.

The mean recovery of citrinin in brown wheat flour in the concentration range
of 1-30 ng/g was 85.2% with a standard deviation of 7.4% (» = 9) and a range of
77.1-99.5%. With injection volumes of, e.g., 40 ul of the extract, corresponding to
1.07 g sample, a limit of quantification of about 0.1 ng/g is achievable. The extraction
procedure and the solid phase clean-up resulted in acceptable recoveries and chroma-
tograms. However, the efficiency of different potential extraction procedures has not
been tested with naturally contaminated samples. In 14 of a total of 38 analyzed
samples of cereals from the retail level, citrinin has been detected in the range of 0.2~1
ng/g; details are given elsewere'®.

Although the batch procedure to prepare a buffered silica gel column has been
mentioned to be much more reliable than the in situ coating of prepacked silica gel
columns?, we have applied with acceptable success the latter procedure. Since a 0.1 M
solution leads to a coating of approximately 1.5-2.5% (m/m) of silica gels with a
specific surface area of about 400m?/g (ref. 1), we can assume a load in the range of
3-5% (m/m) for our column.

Probably because the water content of the eluate mixture was not under strict
control, some variation of the retention time of citrinin from one day to the next has
been observed occasionally. By slightly changing the ratio of hexane to chloroform,
the retention of citrinin may be adjusted.

After prolonged use of the column, the retention time of citrinin became shorter
and shorter and the number of theoretical plates decreased. By pumping about 50 ml
of a mixture of 5% (v/v) methanol in chloroform through the system the chroma-
tographic properties were restored, probably by removing polar coextractives from
the column. After these treatments the retention time of citrinin increased, e.g., from
about 6 to 14 min.

After the column had once been accidentally eluted with about 100 ml of meth-
anol, no chromatographic separation could be achieved. However, by repeating the
coating procedure (without water, 100 ml ethanol instead of 200 ml methanol, and
200 ml buffer solution), the original properties of the column were completely re-
stored.

CONCLUSIONS

Although reversed-phase HPLC is mostly used today because of its advantages
over conventional normal-phase HPLC, our results show that the latter on modified
silica gels, e.g., buffered silica gel, is a remarkable alternative, especially in trace
analysis of very polar compounds.

The procedure described for the determination of citrinin in cereals, based on
an alkaline/acid partition step on Extrelut and HPLC on an acid-buffered silica gel
column with fluorescence detection, has been successfully applied to durum and soft
wheat, wheat bran, rice, barley, corn, oat, oat groats and pastas. A limit of quantifica-
tion of about 0.1 ng/g is achievable.
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Iron porphyrins are important as biological cofactors and regulatory signals. In
addition to serving as a prosthetic group for many enzymes'~3, iron porphyrins
regulate many biosynthetic pathways*~!6.

Many workers have investigated the high-performance liquid chromatographic
(HPLC) characterization of iron-containing natural porphyrins!’~23. Lim et al.'®
were able to achieve excellent separation of meso and protoporphyrins and their
corresponding Fe(III) derivatives using a SAS-Hypersil (C;) column with a metha-
nol-1 M ammonium acetate gradient; Bonkovsky ez al.'® have used a reversed-phase
Cis column and similar solvent conditions. Tangerds?® has separated protoporphyrin
and protohemin (1) using a reversed-phase C;g column and tetrabutylammonium
hydrogen sulfate in a water-methanol mixture. Protohemin and protoporphyrin have
also been separated on a silica column using methanol-acetonitrile-acetic acid—pyri-
dine as the mobile phase?!. HPLC techniques have been used to quantitate proto-
porphyrin and protohemin in mitochondria of mice with porphyria induced by
griseofulvin®? and to analyze levels of heme synthesis in mitochondria?®. There has
been far less study of non-biological iron-containing porphyrins although it has been
found that Fe(III) tetrakis(N-methyl-4-pyridyl)porphyrin chloride gives a sharp peak
on a LiChrosorb RP-18 column using acetone®* or ethanol?® as the mobile phase.

As described above, most of the HPLC methods development work to date
centers on protohemin and related iron porphyrins, because these are the most impor-
tant in vivo. However, there is a need to extend this work to a larger variety of
iron-containing porphyrins for two reasons. First, there is a good deal of current
work involving the isolation and characterization of hemes from a variety of proteins
which would be aided by improved isolation and characterization techniques6—3°.
Second, there is an increasing interest in the reconstitution of heme proteins w1th
iron-containing porphyrins to probe structure-function relationships in these pro-
teins. Studies include those of cytochrome 55332, myoglobin®3, hemoglobin®*, cyto-

* Present address: Department of Chemistry, University of Washington, Seattle, WA 98195,
USA.

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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chrome ¢ peroxidase®*®-*¢ and horseradish peroxidase®”+8. Finally, the use of posi-
tively-charged porphyrins for imaging in vivo®®*°, as DNA complexing agents*! and
as electron transfer agents in model systems for photosynthesis and energy stor-
age*?*3 has led us to investigate the purification of these species.

In this paper we report the HPLC characteristics of a variety of ferric porphy-
rins, both natural (derived from protoporphyrin IX) and synthetic (derived from
tetraphenylporphyrin).

EXPERIMENTAL

Apparatus

Chromatography was performed with Beckman 110A/110B solvent delivery
modules equipped with a Beckman 160 UV absorbance detector (visible lamp oper-
ating at 405 nm), an Axxion 710 HPLC controller, a Hewlett-Packard 3392A in-
tegrator and Econosphere silica gel 5-um or Cg 5-um columns (150 x 4.4 mm IL.D,,
Alltech). All HPLC solvents were filtered and degassed. The mobile phase flow-rate
was | ml/min. Sephadex LH-20-100 was from Sigma, 25-100 um. Optical spectra
were taken on a Varian DMS 200 spectrometer.

Porphyrins

Protohemin (1) was obtained from Aldrich. The Fe(IIT) bismethyl esters of the
natural hemins were made by inserting iron into the commercially available porphy-
rins (Midcentury) using the FeCl,—propionic acid method**. The Fe(III) bis(glycine
ethyl ester) (3), biscyclohexylmethyl ester (4), cyclic ester (5) and monomethyl ester
(6)*° protohemin derivatives were made from protohemin with pivaloy! chloride as
the condensing reagent*’. The bispositively-charged porphyrin (8) was synthesized by
condensing protohemin and H,NCH,CH,CH,N(CHs), using carbonyldiimidazole
to give 7 followed by alkylation of 7 with methyl iodide. Details of the syntheses will
be described elsewhere*®. All compounds based on the protoporphyrin ring system
were characterized by thin-layer chromatography (TLC) and NMR*7-4°. Tetrakis
(N-methyl-4-pyridyl)porphyrin  (TMPyP) tosylate, Fe(II)TMPyP chloride and
trans-5,10-diphenyl-15,20-di-(N-methylpyridyl)porphyrin  chloride ~(Midcentury)
were used as received. The other Fe(III) tetraphenylporphyrin (TPP) derivatives were

/

IR =R = OH
N\ 2R = R’ = OCH,
3R = R’ = NHCH,COOC,H,
4R = R’ = CH,-cyclo-C;H,,
SR-R’ = OCH,CH,0
6R = OH, R’ = OCH,
7R = R’ = NH(CH,),N(CH,),
8 R = R’ = NH(CH,);N*(CH,),

COR COR'
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either purchased from Midcentury Chemicals or synthesized by pyrrole-benzalde-
hyde condensation in a propionic acid reflux*°. Tron was inserted using FeCl, in
dimethylformamide®!.

RESULTS AND DISCUSSION

Analysis of hemin esters and Fe(III) TPP derivatives

Some hemins separate well on silica columns. Following earlier work of
Bauer and Fornnarino?!, we used an acetonitrile-methanol-acetic acid-pyridine
(240:240:1:40) solvent mixture on the silica column. The pyridine in this solvent mix-
ture serves to ligate the positively charged iron; ligation appears to be necessary to
move the Fe(III) porphyrins off the column. For complexes with propionic acid side
chains, it is necessary to add acid to the eluent to protonate the CO; groups of the
porphyrin. Acetic acid served well, retention times decreased (and peaks sharpened)
as the amount of acetic acid was increased. The effect of acetic acid on retention time
was general, however, and observed also for Fe(IIl) porphyrins without acid side
chains. Loss of iron under HPLC conditions was not observed for any of the com-
pounds investigated. Table I gives the retention times for ferric porphyrins under
these conditions.

For protohemin, the longer the complex remained on the column, the broader
the peak, as expected for a system undergoing protonation/deprotonation. Under the
conditions described in this paper, iron porphyrin diacids remaining on the column
longer than about 20 min gave peaks that were so broad as to be almost indis-
tinguishable from baseline. Design of an individual separation scheme must balance
the better peak separation at longer times with the increased broadening. Fig. 1 shows
the separation of protohemin(l) and protohemin bismethyl ester (2) under gradient
conditions.

Although the acetic acid is necessary to protonate any porphyrin acid side
chains in the mixture, it must be noted that the acetic acid can add itself, or promote

TABLE 1

RETENTION TIMES OF Fe(II) PORPHYRINS ON SILICA WITH ACETONITRILE-METHA-
NOL-ACETIC ACID-PYRIDINE (240:240:1:40, v/v) MOBILE PHASE

Fe(Ill) Porphyrins Retention time (min)
Natural Fe(IIl) porphyrins
Protohemin bismethyl ester, 2 19.2
Mesohemin bismethyl ester 18.8
Deuterohemin bismethyl ester 20.1
Protohemin bis(glycine ethyl ester), 3 9.4
Protohemin bis(cyclohexylmethyl) ester, 4 18.4
Protohemin cyclic ester, § 20.4
Tetrapheny! Fe(IIl) porphyrins
Tetraphenylporphyrin 18.2
(4-Methyl) tetraphenylporphyrin 17.1
(4-Isopropy)) tetraphenylporphyrin 14.5
(4-Methoxy) tetraphenylporphyrin 16.7

Tetraphenylporphyrin u-oxodimer 18.5
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absorbance
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0.0 5.0 10.0 15.0

time (min)
Fig. 1. HPLC trace of Fe(111) protoporphyrin (1, 13.7 min) and the corresponding bismethyl ester (2, 11.8

min). The solvent system was acetonitrile—-methanol-acetic acid—pyridine, held at a ratio of 240:240:1:40
for 5 min and ramped to a ratio of 45:45:10:5 over a 5-min period.

the addition of methanol, to the vinyl groups at the 2 and/or 4 positions. Addition is
most easily verified by taking the optical spectrum of a reduced sample in a solution
containing enough pyridine to ligate the Fe(Il) center fully. These pyridine hemo-
chrome spectra show shifts of the bands that are characteristics of the extent of
delocalization of the ring system with the vinyl side chains®2.

The extent of addition of nucleophiles to the heme vinyl groups depends both
on the compound and on sample preparation. The vinyl groups of protohemin itself
remained intact even after storage of the compound in the HPLC solvent (aceto-
nitrile-methanol-acetic acid—pyridine, 240:240:1:40) for many days (Table I1). Proto-
hemin bismethyl ester, however, added one, but not two, nucleophiles during storage
in the HPLC solvent (Table II). This type of addition has been observed before33:>4,
When a freshly prepared sample of protohemin bismethyl ester in acetonitrile was
subjected to HPLC, the vinyl groups remained intact for the 30 min that the com-
pound remained on the column, as shown by the maxima at 415.6 and 555.6 nm in the
visible spectrum of the pyridine hemochrome. Addition of the solvent to the vinyl
groups can on occasion make interpretations of results difficult. Changes in sub-
stituent at the 2 and 4 positions of the heme periphery can be visualized by HPLC in
some instances, e.g. deuteroporphyrin bismethyl ester and mesoporphyrin bismethyl
ester can be differentiated readily (Fig. 2).

TABLE 11
UV-VIS SPECTRAL CHARACTERISTICS OF SELECTED Fe(I1I) PORPHYRINS

Compounds o p Soret
Freshly prepared protohemin* 555.6 522.8 416.7
Protohemin solution** 554.5 522.8 416.7
Freshly prepared protohemin bismethyl ester* 555.6 522.8 415.6
Protohemin bismethy! ester after HPLC*** 555.6 522.8 415.6
Protohemin bismethyl ester solution** 550.8 520.3 413.5
Mesohemin bismethyl ester solution** 545.8 516.7 410.1

* Solvent acetonitrile-methanol-acetic acid—pyridine (240:240:1:40, v/v).
** Solid sample dissolved in acetonitrile. ,
*** Sample in HPLC solvent for 5 days or more.
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absorbance
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Fig. 2. HPLC trace of Fe(lll) mesoporphyrin bismethyl ester (18.9 min) and Fe(Il1) deuteroporphyrin

bismethyl ester. (20.1 min). The solvent system was acetonitrile-methanol-acetic acid—pyridine
(240:240:1:40).

Another concern in the ferric porphyrin series is that these molecules can exist
either associated with a counterion (e.g. chloride) or in an oxygen-bridged dimer, the
p-oxo dimer. Treatment of the ferric porphyrin with acid gives the former species;
treatment with aqueous base gives the latter species. We observed no difference in
retention time between the Fe(IIT)Cl and u-oxo dimer complex of tetraphenylporphy-
rin, probably because one is converting to the other on the column. Table I gives the
retention times for selected derivatives of Fe(III)TPP.

Separation of protohemin, the monoacid monomethyl ester and bismethyl ester

Because the role of the 6- and 7-propionic acid side chains in heme proteins
continues to be of interest®' %2337 we were especially interested in using HPLC to
characterize the monoacid monomethyl esters of protohemin, 6. These can be syn-
thesized either by partial esterification of protohemin or by partial hydrolysis of the
protohemin bismethyl ester*’. Either of these techniques gives a mixture of protohe-
min, the two monoacid monoester derivatives (the 6,7 and 7,6 positional isomers) and
the bismethyl ester. All three were separated cleanly using a reversed-phase column,
as shown in Fig. 3. No separation of the 6,7 positional isomers were observed on
either the silica or reversed-phase columns.

Purification of positively-charged porphyrins and hemins

Initial studies were performed with 5,10-diphenyl-15,20-di-(N-methylpyridyl)
porphyrin chloride because this porphyrin has only two positive charges and no
central metal. No clear peak was seen on the Cg column with a gradient between

absorbance

1 aaxl

T T T T 1
"] B 10 15 20 25

time ( min ) .
Fig. 3. Separation of protohemin (I, 12.9 min), the monoacid monomethyl esters (6, 14.9 min) and bis-
methyl ester (2, 17.7 min) on a Cy 5-pm column. A solution of methanol-0.1 M ammonium phosphate

(30:70) adjusted to pH 3.5 (using concentrated phosphoric acid) was run in a 15-min gradient to 100%
methanol and held at 100% methanol for 15 min.
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relative absorbance
[
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0 20 40 60
fraction number

Fig. 4. Separation of a mixture of TMPyP and Fe(111)TMPyP on a Sephadex LH-20 column. Methanol
was used as the eluent for the first 22 fractions (elution of TMPyP); saturated aqueous NaHCO,-methanol
(15:85) thereafter [elution of Fe(II)TMPyP]. The absorbance was measured at 420 nm. The maximum
absorbances for TMPyP and Fe(III)TMPyP are 420.7 nm and 424.4 nm (methanol), respectively.

solution A containing 0.1 M potassium acetate adjusted to pH 3.0 with formic acid
and solution B containing equal amounts of acetonitrile and water®*® nor with a
gradient between aqueous ammonium phosphate and methanol'®. Similar negative
results were obtained using water—acetic acid (50:50) containing 0.35 M sodium dode-
cyl sulfate®®. A gradient of water—acetic acid (9:1) to water-acetic acid (3:1) ramped
over 15 min again gave the same results not only for this porphyrin but also for
TMPyP and Fe(II)TMPyP.

Excellent results were obtained, however, using Sephadex LH-20 in standard
column chromatography. This has been reported to work very well for TPP qua-
ternized with 1-4 hexadecyl chains*? and for mixtures derived from the self-conden-
sation of hematoporphyrin®®, but poorly for TMPyP and InTMPyP*°. We have
achieved very good separation of positively charged porphyrins eluting with mixtures
of methanol and saturated aqueous NaHCO;. For example, Fig. 4 shows the elution
profile of a mixture of the tetrapositively charged TMPyP and its corresponding
Fe(I11) chelate eluted with 15% saturated aqueous NaHCO; in methanol; baseline
separation is observed, with the porphyrin eluting first. It should be noted that
TMPyP can chelate metals and that reproducible results necessitate metal-free sol-
vents.

ppm

Fig. 5. "H NMR of the reaction of 7 with methyl iodide to give the bispositively charged 8. (Bottom)
Reaction mixture after purification by column chromatography on Sephadex LH-20 using only methanol
as the eluent. (Top) Reaction mixture after purification on Sephadex LH-20 as described in the text.
Spectra were taken of the low-spin biscyano complexes in dimethyl sulfoxide-d.
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Sephadex LH-20 chromatography is also very useful in purifying positively-
charged derivatives of natural porphyrins. For example, methylation of 7 to give 8is
expected to give the protohemin bearing two quaternary ammonium side chains.
However, if methylation is incomplete, some of the compound bearing one
-N(CHs3);* and one -N(CHj3), will be formed. Because there are two positional iso-
mers (6,7 and 7,6 substitution), the 'H NMR of the methyl region of the low-spin
Fe(I1I) complex shows eight methyl peaks, four each for the two isomers. The bottom
trace of Fig. 5 shows a reaction mixture after alkylation and one attempt at puri-
fication. The four methyl singlets of the desired bisquaternary salt are seen between 10
and 16 ppm but other peaks in this region indicate the presence of other hemin
derivatives as well. The top trace of Fig. 5 shows the same sample after passage
though a Sephadex LH-20 column eluting first with methanol and then with 20%
saturated aqueous NaHCO; in methanol; the presence of only four methyl peaks
indicates that only the desired bisquaternary salt is present.
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Confirmation of domoic acid in molluscan shellfish by chemical
derivatization and reversed-phase liquid chromatography
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Ontario KIA 0L2 (Canada)

(Received October 4th, 1988)

Domoic acid (Fig. 1), a neurotoxic amino acid originally isolated from the red
alga, Chondria armata'* was found to be the toxic substance in contaminated mus-
sels from Prince Edward Island in eastern Canada?®.

Analytical methodology employed for its determination at low ug/g levels has
involved either hot acid or water extraction of the sample followed by dilution, fil-
tration and chromatographic analysis using reversed-phase liquid chromatography
(LC)**. Detection of the substance was by UV absorption at 242 nm, the absorbance
maximum of the compound. Under the conditions employed, less than 1 ug/g of
domoic acid could be detected in mussels, clams and oysters. However, confirmation
of positive results are often necessary particularly if the levels are high enough to be a
health concern. To date the only means of confirming domoic acid is either to collect
the isolated substance by LC and perform mass spectrometric (MS) analysis or to use
a diode array detector to obtain a complete UV spectrum of the eluting peak. The
latter does not provide an unequivocal identification since many compounds have
absorption maxima near 242 nm. Also, few laboratories are equipped with this type
of detector.

An alternative approach is to prepare a chemical derivative and reanalyse the
sample with comparison to a known standard carried through the same reaction
procedure. The present work evaluates two derivatization techniques for domoic acid
and applies them to mussel tissue. One involves the formation of the phenyl isothio-
cyanate (PITC) derivative of the amino moiety and the other, an esterification of the
three carboxylic acid groups.

Fig. 1. Structure of domoic acid.

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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EXPERIMENTAL

Reagents

Domoic acid was obtained from the National Research Council’s Atlantic Re-
search Laboratory (Halifax, Canada). Solutions were prepared in twice deionized
water (Milli-Q, Millipore, Bedford, MA, U.S.A.). Phenyl isothiocyanate was ob-
tained from Pierce. Triethylamine was obtained from Aldrich (99 + %, Gold Label).
Acetonitrile was HPLC-grade. All other solvents and chemicals were analytical re-
agent grade materials. All standard and sample solutions were refrigerated when not
in use. Acetyl chloride (Gold Label) was obtained from Aldrich.

Preparation of derivatization reagent solutions

The PITC reagent was prepared fresh daily as for normal amino acid analysis
by mixing 200 ul of methanol, 50 ul triethylamine, 50 ul water and 20 ul PITC.

The esterification reagent was prepared as described earlier® by adding 10 ml of
isopropanol into a 30-ml headspace vial which was then sealed with a silicone septum.
A disposable syringe needle was inserted through the septum and left as a vent. The
contents were cooled in an ice bath, then 3 ml acetyl chloride added slowly using a
5-ml glass-bodied syringe, swirling the mixture during addition. The vent, seal and
septum were removed and immediately loosely replaced with a new seal and septum.
The headspace was briefly flushed with nitrogen and the container quickly sealed.
This solution was used for the derivatization.

Liquid chromatography

The direct LC determination of domoic acid was carried out isocratically exact-
ly as described earlier®. The LC system consisted of a Model 110B pump (Beckman) a
20-ul loop injector (Beckman), a Supelcosil LC-18 column (15 ¢cm x 4.6 mm I.D.; 5
um), a variable-wavelength UV detector (Micrometrics) set to 242 nm and an in-
tegrating recorder (Varian). The mobile phase was acetonitrile-water (12:88, v/v)
adjusted to pH 2.5 with 2% (v/v) orthophosphoric acid, degassed and filtered before
use. The flow-rate was 1.0 ml/min,

The same system was employed for the PITC derivatives but using a mobile
phase of acetonitrile-water (32.5:67.5) at pH 2.5. Reagent peaks were eluted from the
column by washing the column using a step gradient of 99.8% acetonitrile from 10 to
16 min, then reequilibrating for 5 min before the next analysis. For the ester deriv-
atives, gradient elution was used with a Supelcosil LC-18 column (as above) with an
initial mobile phase of 0.02 M phosphate buffer, pH 3, containing 0.02% triethyl-
amine changing linearly to 100% acetonitrile from 0 to 15 min.

Sample extraction

Mussel tissue was extracted by boiling the homogenized sample with an equal
weight of 0.1 M hydrochloric acid for 5 min. The mixture was quickly cooled and
centrifuged. An aliquot of the clear supernatant was diluted with water for direct LC
analysis. Details of this procedure are published elsewhere?.

Clean-up procedure for derivatization
Both derivatization procedures required additional sample clean-up before car-
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rying out the reactions. The reason for this was to remove the abundance of coex-
tracted amino acid and other proteinaceous material in the initial sample extracts.
These substances interfered in the determinations of the derivatives by producing an
intractable tar, consuming reagent and/or yielding interfering peaks in the resulting
chromatograms.

The clean-up was carried out by passing 1 m! of undiluted clear supernatant
from the extraction above, through a 1-ml phenylsulfonic acid strong cation-ex-
change solid phase extraction cartridge (Baker). (The cartridge was preconditioned
with 6 ml of methanol followed by 6 ml of 0.1 M hydrochloric acid.) The sample
effluent was discarded and the cartridge rinsed with 3 ml of water which was also
discarded. The cartridge was then dried by aspiration. The domoic acid was eluted
with two 3-ml volumes of 0.5 M hydrochloric acid, the first 3 ml being allowed to
remain in the cartridge for 5 min before elution. The last drops of hydrochloric acid
were forced from the cartridge by pushing air through it. The 0.5 M hydrochloric acid
was collected and further cleaned up as follows.

A 1-ml octadecyl (3 ml reservoir) cartridge (Baker) was conditioned with 6 ml
of methanol followed by 6 ml of water and finally 6 ml of 0.5 M hydrochloric acid
ensuring that the cartridge did not run dry after the last wash. The combined acid
fraction from the phenylsulfonic acid cartridge was transferred to the octadecyl car-
tridge and passed through at ca. 2 ml/min. The effluent was discarded. The cartridge
was then washed with 3 ml of water which was discarded and all remaining water
forced from the column with air. The domoic acid was eluted with 2 ml of 20%
acetonitrile in water (1% acetic acid) after allowing it to remain in the cartridge for 1
min. After this another 2 ml were passed through the cartridge and collected, forcing
out the last few drops with air. These fractions were combined and used for deri-
vatization,

Phenyl isothiocyanate derivatization

A 0.2-1.0 ml aliquot of the cleaned up extract (enough to yield 1-10 ug domoic
acid) was evaporated to dryness in a 2-ml culture tube under nitrogen, in a water bath
at 50°C. After this, 50 ul of PITC derivatization solution were added and the tube
swirled to ensure that the reagent wets the residue. The contents were permitted to
react at room temperature for 20 min, swirling the tube after 10 min. The contents
were then evaporated to dryness in a water bath at 40°C under nitrogen for about 20
min to ensure that excess reagent was evaporated. The residue was dissolved in 1 ml
of water by strirring on a vortex mixer for 1 min. The solution was filtered (0.45 pm)
before injection into the LC system.

Esterification

© A 1-ml aliquot of the cleaned up extract was evaporated to dryness in a 15-ml
graduated centrifuge tube, under nitrogen, at 50°C. A 1.0-ml volume of methylene
chloride was added and evaporated to dryness to remove the last traces of water.
After this, 0.6 ml of esterification solution was added using a syringe. The tube was
stoppered tightly with a plastic cap, vortexed for 1 min to dissolve or suspend the
residue and heated for 30 min at 100°C in an oil bath with the liquid level of the bath
at that of the tube contents. The tube was then cooled to room temperature and the
contents evaporated just to dryness under nitrogen at 35°C (higher temperatures and
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unnecessarily long evaporation times led to derivative losses). The residue was dis-
solved in 1 ml of acetonitrile-water (1:1), filtered (0.45 um) and analysed by LC.

RESULTS AND DISCUSSION

The PITC derivatization was found to work well for domoic acid. Although
structural confirmation by MS was not carried out it is most probable that the PITC
reacts with domoic acid in an analogous fashion to other amino acids’. However,
under the conditions employed, several large reagent peaks were always present in the
chromatograms and eluted after the domoic acid derivative.

Fig. 2 compares results obtained for a cleaned up mussel extract, before and
after PITC derivatization, employing gradient elution to enable the detection of both
free and derivatized domoic acid on the same chromatogram. (Conditions, 10-64%
acetonitrile in water, pH 3, from 0 to 12 min; 64-99.8% acetonitrile in water from 12
to 16 min.) It can be seen that the original domoic acid peak (6 min) has disappeared
and the derivative peak is observed at ca. 10.5 min. Quantitatively, the conversion to
the derivative was always greater than 90% under the reaction conditions used. For
routine confirmation of domoic acid in mussel tissue, an isocratic system was employ-
ed as described in the experimental section. Fig. 3 shows chromatograms obtained
under isocratic conditions for a reagent blank, a mussel blank and a mussel tissue
spiked with 19 ppm domoic acid, all after derivatization. The derivatized compound
can be clearly observed at this level. The confirmation limit was estimated to be 2-5
pg/g domoic acid in mussel tissue depending upon quantity of extract injected. The
absolute sensitivity of the detector to the derivative is the same as for domoic acid
itself since the chromophoric group responsible for the absorption at 242 nm is un-
changed.

During the investigation of the esterification reaction; a series of alcohols were
evaluated. Fig. 4 shows a chromatogram of the separation of a mixture of the trialkyl-

DA
A DA B PITC

J
Al

0 4 8 12 160 4 8 12 16
TIME (min}

Fig. 2. Chromatograms of domoic acid in contaminated mussel tissue (380 ug/g) before (A) and after (B)
PITC derivatization. Gradient conditions as described in the text. Detector, 242 nm, 0.16 absorbance units
full scale. Chromatogram A, 126 ng domoic acid injected. Chromatogram B, 95 ng equivalent domoic acid
injected.
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Fig. 3. Isocratic chromatograms of a reagent blank, a control mussel extract and the same extract spiked at
19 ug/g domoic acid, after PITC derivatization. The arrow indicates retention time of domoic acid. Mobile
phase as described in the text. Other conditions as in Fig. 2.

n-Pr

o-Pr i-Bu
w-Bu

w

| ] | I
0 5 10 15

MIN .
Fig. 4. Chromatogram of a mixture of trialkyl ester derivatives of domoic acid. Methyl (Me), ethyl (Et),
isopropyl (i-Pr), n-propyl (n-Pr), isobutyl (i-Bu) and r-butyl (1-Bu) derivatives. Conditions as described in
the text. Detector, 242 nm, underivatized domoic acid elutes at 4.5 min.
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esters obtained using six different alcohols. The trialkyl derivatives were confirmed by
gas chromatography-MS after formation of the N-trifluoracetyl derivative®. For rou-
tine work, the isopropy! triester was employed although the others would also be
suitable.

Fig. 5 shows the application of the esterification to the confirmation of domoic
acid in mussel tissue at 308 pug/g after the solid phase extraction clean-up. The tri-
isopropy! ester is easily observed at this concentration. A small amount of triethyl-
amine was required in the mobile phase to produce reproducible chromatography.
Once the carboxylic acid groups are esterified the molecule becomes basic, thus neces-
sitating the amine to prevent tailing. The detection limit under these conditions was
estimated to be in the low ug/g range, similar to underivatized domoic acid. The
absolute detector response of the derivative was similar to the parent domoic acid
both in terms of molar absorbtivity and UV spectra. All trialkyl derivatives had
spectra virtually identical to the undervatized domoic acid. (Determined using an
LKB diode array detector under identical chromatography conditions.} This is ex-

«-Pr

I | ] J
0 5 10 15

Fig. 5. Chromatogram of an extract of contaminated mussel (308 pg/g) after clean-up and esterification
hydrochloric acid-isopropanol. Conditions as described in the text. i-Pr = Isopropyl.
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pected since the chromophoric group is not appreciably affected by the esterification.
Thus the actual detection limits should be similar to the parent domoic acid.

The above described derivatization procedures offer two independent means
(derivatives at the ~-N or -COOH moiety) of confirming domoic acid residues in
mussel extracts. The procedure should be applicable to other molluscan shellfish after
solid phase extraction clean-up of the extracts.
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Determination of morpholinosulphenylbenzothiazole by high-perform-
ance liquid chromatography
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Morpholinosulphenylbenzothiazole (BT-S-MOR) is an important industrially
produced vulcanization accelerator (rubber adjuvant) available commercially under
names as Vulcafor MBS, Sulfenamid M, Santocure MOR, etc.

Non-selective methods for the determination of this compound in the technical
product have been reported’-?. We have found that BT-S-MOR can be determined by
acidimetric titration (unpublished work). Although high-performance liquid chroma-
tographic (HPLC) methods have been described for the determination of BT-S-MOR
and its most frequently occuring impurities**, HPLC is not applicable to the study of
the formation of this compound in aqueous medium without previous modification
of the sample.

The development of reversed-phase liquid chromatographic columns for the
separation of closely related compounds led us to investigate a new method for the
determination of BT-S-MOR and by-products. The method can be used for checking
the waste water and the composition of solid waste during the production process.

EXPERIMENTAL

Chromatographic equipment

All separations were carried out using a Varian Model 2210 isocratic system,
which includes a Model 2010 pump, Model 2050 variable-wavelength UV detector,
Model 2081 column/valve mounting module and a Rheodyne injector. Retention

data and peak areas were measured and calculated by a Model SP 4200 computing
integrator (Spectra-Physics).

Chemicals

The chemicals were of analytical-reagent grade. Solvents were freshly distilled
before use and were purified by recommended methods®. The standards used (Table
I) were prepared by the Division of Organic Chemistry in this Institute according to
standard procedures. Their purities and structures were established by elemental
analysis and standard physico-chemical techniques.

Mobile phase
The mobile phase was acetonitrile-ammonium acetate solution (65:35, v/v).

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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The solution of ammonium acetate was prepared by dissolving 6 g of anhydrous
ammonium acetate in water and diluting to 1 1.

Standard solutions

Standard solutions were prepared in the range 1-10 mg per 50 ml. Stock solu-
tions of BT-SH, BT-SO-MOR, BT-SO,-MOR, BT-MOR, BT-S-MOR and BT-S-S-
MOR were first prepared by dissolving 100 mg of the appropriate compound in 50 ml
of acetonitrile, then working standards were prepared by dilution of the stock solu-
tions. The stock solutions were stable for up to 10 days when stored in a refrigerator.

The refrigerated standards were brought to room temperature prior to their injection
into the chromatograph.

Sample solution

For the analysis of accompanying compounds in technical BT-S-MOR, a 500-
mg sample was accurately weighed into a 50-ml volumetric flask, dissolved and dilut-
ed to volume with acetonitrile. Waste water was injected directly, without dilution.

All sample solutions were filtered through a 20-um syringe filter (Nalgene Labware)
before injection on to the column.

Chromatographic procedure

The separations were performed in the isocratic mode at ambient temperature
at a flow-rate of 0.8 mi/min (inlet pressure ca. 200 atm). Volumes of 10 ul of the
solutions were introduced on to the column with a constant-volume loop injector.

The detector was operated at 280 nm (1.28 a.u.fs.) and the chart speed was 0.25
cm/min. ’

Calculation

Calibration graphs were generated by plotting the peak-height ratio versus the
concentration of standard substances in the concentration range 20-200 pg/ml. In all
instances the calibration graphs were linear with a correlation coefficient of 0.998 and
passed through the origin. Values of unknown sample concentrations were deter-
mined by comparison with the calibration graph.

RESULTS AND DISCUSSION

Combinations of methanol, acetonitrile and water were evaluated as mobile
phases. A solvent containing acetonitrile and aqueous ammonium acetate (65:35) was
found to be the most successful. This mobile phase allowed the isocratic elution of the
compounds listed in Table I well within 18 min. A representative chromatogram of
synthetic mixture is shown in Fig. 1.

In contrast to the most frequently occuring impurities BT-MOR and BT-SO-
MOR, BT-SH®*? has its absorption maximum at 325 nm. Therefore, to achieve the
maximum detectability of BT-SH it is advantageous to use dual- or variable-wave-
length detection. Under the conditions used, as little as 1 mg/l of BT-S-MOR, BT-SO-
MOR, BT-MOR and BT-SH can be determined in waste water without previous
treatment of the sample.

In order to evaluate different analytical procedures, we compared the proposed
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TABLE 1
NAMES AND STRUCTURES OF STANDARDS USED

NOTES

Name Structure Abbreviation Retention
time (min)
N
2-Mercaptobenzothiazole J\ BT-SH 4.46
S SH
N
Morpholinosulphinylbenzothiazole | so— N/ \0 BT-SO-MOR 5.27
s /
N
Morpholinosulphonyibenzothiazole | s0.—H o BT-SO,-MOR 6.06
s N/
N
Morpholinobenzothiazole @u VAR BT-MOR 7.01
s \_/
N
Morpholinosulphenylbenzothiazole I PN o BT-S-MOR 10.49
s S
BT-S-S-MOR 16.23

N
Morpholinodithiobenzothiazole @l s o
s ./

UL

L i 1 i i
0 10 20 min

Fig. 1. High-performance liquid chromatogram of a synthetic mixture. Column, 300 x 4 mm 1.D. Micro-
Pak MCH-5-N-Cap; eluent, acetonitrile—-ammonium acetate solution (65:35, v/v); flow-rate, 0.8 ml/min;
detection, UV (280 nm). Peaks: | = BT-SH; 2 = BT-SO-MOR; 3 = BT-50,-MOR; 4 = BT-MOR; 5 =

BT-S-MOR; 6 = BT-S-S-MOR.
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HPLC method with the titrimetric method. The latter method gave higher results.

Although the proposed method is simple, sensitive and reliable for the analysis
of the technical product, of the reaction mixture in morpholine-water medium and
for checking technological wastes (filtrates, distillation residues, waste water, etc.), it
is not suitable for the determination of benzothiazyl disulphide (BT-S-S-BT) because
of its poor solubility in polar solvents.
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Ethiofencarb (I) is a systemic insecticide with a specific action against aphids; it
is mainly adsorbed by roots and translocated to the aerial part of the plant!, where it
is quickly converted into its sulphoxide (II) and, more slowly, sulphone (XII) deriv-
atives (Fig. 1). The same metabolic pathway is observed in soil, whereas in water it is
mainly (90%) transformed into the corresponding phenol (IV) by hydrolysis of the
carbamic group?. Phenolic derivatives, produced by hydrolysis of the carbamic

0 - CO—NHCH, OH
CH,—S = CyHg CH,= § ~ C,H;
——
l () 1 (v)
0 ~ CO —NHCH, OH
CH,— S0 —C,H, CH, - SO-C,H,
L
1 (1) 1 {v)
0 — CO - NHCH, OH
CH,— S0,—C,Hy CHy~S0,-C,H,
el
(1) (v1)

Fig. 1. Metabolic pathway of ethiofencarb in plant, soil, water and animals.

0021-9673/89/803.50 © 1989 Elsevier Science Publishers B.V.
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group, have also been found in animals; the major metabolites are the phenol sulph-
oxide (V) and phenol sulphone (VI)3.

Residues of ethiofencarb and its metabolites have been determined by chroma-
tography, by oxidation of the active ingredient and its sulphoxide to the sulphone*
and by thin-layer chromatography of labelled products®. The Drager method was
optimized, which allowed the individual determination of ethiofencarb and the sulph-
oxide and sulphone after separation of the active ingredient from its metabolites with
different soivents (light petroleum for ethiofencarb and chloroform for the metabo-
lites). The same oxidative process was used for their determination®. Wuest and
Meier” determined ethiofencarb by capillary chromatography, without any deri-
vatization. A high-performance liquid chromatographic (HPLC) method with elec-
trochemical detection® was applied to the determination of the active ingredient after
alkaline hydrolysis of its carbamic group to give the phenol derivative (IV).

In this paper the HPLC determination of ethiofencarb and its metabolites
(II-VI) without any derivatization or solvent fractioning is described.

EXPERIMENTAL

Apparatus

A Varian (Varian, Palo Alto, CA, U.S.A.) Model 5020 liquid chromatograph
equipped with a variable-wavelength UV 100 UV-VIS detector, a Rheodyne injector
(50-ul loop) and a Hewlett-Packard 3390A reporting integrator was used.

Chromatography

Hibar RP-18 (Merck, Darmstadt, F.R.G.), Erbasil 10 Cg/H (Carlo Erba,
Milan, Italy) and Violet RP-2 (Violet, Rome, Italy) columns (250 X 4.0 mm L.D., .
i0 um) were employed. The mobile phase was water-acetonitrile at a flow-rate of
1.0 ml/min. Based on the UV spectra, 190 nm was chosen for the simultaneous
determination of all compounds.

Chemicals

Acetonitrile and dichloromethane were HPLC grade solvents (Carlo Erba);
water was distilled twice and filtered throughout a Milli-Q apparatus (Millipore,
Milan, Ttaly) before use. Ethiofencarb (2-[(ethylthio)methyl]phenyl methylcarba-
mate) was an analytical standard purchased from Eherenstorfer (Augsburg,
F.R.G.). The 2-[(ethylsulphinyl)methyl]phenyl methylcarbamate (sulphoxide) and the
2-[(ethylsulphonyl)methyl]phenyl methylcarbamate (sulphone) were synthesized by
oxidation of the technical active ingredient (extracted by the commercial formulation
Croneton 10 Granulare, Bayer AG, containing 10% ethiofencarb) using hydrogen
peroxide as oxidizing agent. The sulphoxide was obtained by performing the reaction
with stirring at room temperature in methanol for 3 h in the presence of catalytic
amounts of ammonium molybdate; the sulphone was obtained in the same way, but
with refluxing for 2 h in methanol. Then the reaction mixture was diluted with water
and extracted with chloroform. The chloroform layers were dried and evaporated to
give the crude sulphone or sulphoxide.

2-[(Ethylthio)methyl]phenol (phenol), 2-[(ethylsulphinyl) methyl]phenol (phe-
nolsulphoxide) and 2-[(ethylsulphonyl)methyl]phenol (phenolsulphone) were ob-
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tained by hydrolysis of the corresponding N-methyicarbamate with 3% methanolic
potassium hydroxide solution.

All the products (carbamates and phenols) were purified by chromatography
on a column of silica gel eluted with suitable benzene—acetone mixtures and their
identities were confirmed by IR and 'H NMR spectroscopy.

Extraction procedure

After trituration and homogenization, 25 g of lettuce sample were weighed in a
250-ml screw-capped flask, 50 ml of dichloromethane (or methanol for the phenol IV)
were added and the mixture was agitated in a flask-shaker (Stuart Scientific) for 30
min. The organic layer was separated and dehydrated with sodium sulphate; 2 ml
were then dried in a thermo-ventilated stove at 30°C, taken up in 1 ml of eluent and
injected for HPLC analysis.

RESULTS AND DISCUSSION

A good separation of ethiofencarb (I) and the sulphoxide (IT) and sulphone (IIT)
derivatives was achieved using an RP-18 column with water—acetonitrile (50:50, v/v)
as eluent (Table I). The separation of the active ingredient and the metabolites was
improved by increasing the water content to 60%; only the peaks of the sulphone (I11)
and the phenol sulphone (VI) derivatives were not enough separated. A further in-
creasing in the water content (to 70%) gave a better separation of metabolites II, ITI,
V and VI, but the retention times of T and IV were too long and their peaks were not
sharp enough.

A reduction in retention times was obtained by replacing water witha 1073 N
sulphuric acid (pH 3.0) in the eluent, but the separation was not improved. The use of
methanol instead of acetonitrile in the eluent mixture reversed the elution order of the
sulphoxides (IT and V) and sulphones (IIT and VI), but the peaks were less sharp than

TABLE |

RETENTION TIMES OF ETHIOFENCARB (1) AND ITS METABOLITES (I1I-VI) USING DIFFER-
ENT COLUMNS AND MOBILE PHASE COMPOSITIONS

Column Water— Retention time (min)
acetonitrile
composition I |4 iig Vi I 1w
RP-18 50:50 2.45 2.88 6.06
60:40 2.65 297 3.27 3.40 9.02 10.66
70:30 3.36 3.76 4.40 4.67 20.02 24.46
Cy/H 60:40 3.32 3.55 4.03 423 9.86 11.32
65:35 3.58 3.88 4.56 4.84 14.09 16.51
70:30 4.01 4.43 5.39 5.80
RP-2 60:40 3.52 3.52 3.71 3.92
70:30 3.84 4.11 4.48 4.89

80:20 4.79 5.55 6.03 6.99




NOTES ‘ 433

Vi

Fig. 2. Chromatography of ethiofencarb (1) and its metabolites: sulphoxide (1), sulphone (III) phenol (1V),
phenol sulphoxide (V) and phenol sulphone (VI), on an C,4/H column. Mobile phase, water—acetonitrile
(65:35, v/v); flow-rate, 1.0 ml/min; detection, UV (190 nm).

with acetonitrile. This reversal of the peak elution order between sulphones and
sulphoxides could be valuable in confirmatory assays.

On a Cg/H column using the same chromatographic conditions the retention
times increased, improving the separation, particularly of the sulphone (IIT) and
phenol sulphone (VI). The best conditions for satisfactory separation and good peak
sharpness were achieved using water-acetonitrile (65:35, v/v) as eluent (Fig. 2). An
increase of only 5% in the water content is sufficient to produce poorer peak sharp-
ness, to increase the retention time differences and to produce worse separations.

The retention times also increased when an RP-2 column was used under the
same chromatographic conditions, but a worse separation of metabolites I 111, V
and VI was achieved. In order to obtain a better separation it was necessary to
increase the percentage of water in the eluent, but this produced a poorer peak sharp-
ness.

Calibration graphs for each compound were constructed by plotting concentra-
tions vs. peak areas; good linearities were achieved in the range 0-2.5 ppm, with
correlation coefficients between 0.9952 and 0.9977.

Under the optimum conditions the detection limit was 0.02 ppm for all the

TABLE II

RECOVERIES OF ETHIOFENCARB (1) AND ITS METABOLITES (1I-vI) BY DICHLOROMETH-
ANE EXTRACTION FROM LETTUCE

Results are means of four experiments.

Compound Fortification Recovery + R.S.D.
level (ppm) (%)

Ethiofencarb (I) 1.50 90.3 + 5.7

Sulphoxide (IT) 1.50 96.4 + 5.1

Sulphone (III) 1.50 103.1 + 4.8

Phenol (IV) 1.50 349 + 2.1

Phenol sulphoxide (V) 1.50 931 £ 6.7

Phenol sulphone (VI) 1.50 1024 + 42
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compounds. This technique was used to determine ethiofencarb and its metabolites in
lettuce. In the extraction procedure, with several organic solvents (benzene, cyclo-
hexane, chloroform and light petroleum) part of the ethiofencarb co-distilled with the
solvent during evaporation, making its quantitative determination impossible.
Dichloromethane was found to be the only solvent tested that allowed the quantita-
tive extraction of all compounds, except the phenol IV, without any problem of
co-distillation and interferences. A good recovery of the phenol IV (>87%) was
carried out with methanol as the extraction solvent, using the same procedure as with
dichloromethane.

Considering the FAO/WHO specifies the sum of the active ingredient and me-
tabolites IT and I as the maximum residue limit allowed in food, the described
procedure allows the determination of residues and the study of the metabolites.
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Le butoxyde de pipéronyle (BOP) est utilisé comme synergiste de nombreux
insecticides entrant dans la composition de quelques préparations pharmaceutiques ou
cosmétiques. Le BOP se prépare a partir du chlorométhyldihydrosafrole!; le
dihydrosafrole (DHS) est un produit intermédiaire de la synthése et aurait des
propriétés cancérigénes?-3.

L’administration quotidienne de DHS per os a des rats, pendant plusieurs mois,
a provoqué I’apparition de tumeurs de 'oesophage chez 75% des animaux; quelques
tumeurs du foie ont également été observées, mais en trop petit nombre pour étre
significatives®. Le méme mode d’administration & des souris a induit des cancers du
foie et des poumons chez plus de la moitié des animaux traités, les tumeurs du foie ne
touchant que les méles alors que les poumons étaient atteints de la méme maniére chez
les males et les femelles>.

Beaucoup de travaux sont relatifs au dosage du safrole par chromatographie
gazeuse (CPG) équipée d’un détecteur 4 ionisation de flamme*S, ou par chromato-
graphie en phase liquide a haute performance (CLHP) avec détection en ultra violet
a 289 nm® ou a 282 nm’, ou encore par fluorimétrie avec des longueurs d’onde
d’excitation et d’émission respectivement de 295 et 323 nm?, ou290 et 325 nm®. Le plus
souvent, le safrole est dosé dans les boissons alcooliques ou non*=%°, dans certains
aliments®” ou dans les parfums®.

En revanche, les publications relatives au dosage du DHS sont peu nombreuses
et traitent seulement de la CPG. Larry* propose une détermination semiquantitative
du DHS dans les boissons non alcooliques, avec détection en ionisation de flamme et
étalonnage interne (m-tolyl-acétate). Decsy'® étudie les intermédiaires dans les
synthése du BOP et les sépare par CLHP. Leur dosage est effectué par CPG, et dans le
cas du DHS, I’étalon interne utilisé est le Safrole.

Le but de notre travail est de proposer une méthode sensible pour le dosage du
DHS dans le BOP. En effet, les teneurs en DHS varient beaucoup selon I’origine des
butoxydes. i

Il est donc utile pour les industriels de connaitre la concentration en DHS dans
cette maticre premiére dont la qualité sera d’autant plus appréciée qu’elle contiendra
moins de DHS.

Par ailleurs, il serait souhaitable d’établir des normes pour la dose maximale
admissible (DMA).

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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La CLHP avec gradient d’élution et détection par fluorimétrie nous a permis
d’atteindre une bonne sensibilité. Cette derniére peut étre encore augmentée en
procédant & un isolement préalable du DHS par passage de I'échantillon, en solution
dans de I’hexane, sur Sep-Pak silice. Le BOP fortement retenu par la silice sera donc
séparé du DHS que I’on retrouvera dans I'éluat accompagné de quelques impuretés du
BOP. La prise d’essai initiale pourra donc étre augmentée sans pour autant introduire
dans la colonne du BOP dont I’élution totale demanderait trop de temps. La méthode
proposée est une méthode par chromatographie de partage en phase inverse avec
utilisation d’un étalon interne le safrole.

EXPERIMENTATION

Appareillage et conditions opératoires

Les spectres de fluorescence du safrole et du DHS en solution dans la phase
mobile (méthanol a 35% d’eau bidistillée) ont été réalisés sur un spectrofluorimetre
Aminco-Bowman, American Instrument Company.

L’isolement du DHS se fait par passage des butoxydes sur Sep-Pak silice (Waters,
Réf. 51900). Le solvant d’élution est le mélange hexane—éther éthylique (95:5, v/v).

Le chromatographe est équipé de deux pompes (Beckman 114 M et 110 M), d’un
mélangeur et d’une colonne uBondapak C, g (Waters, Réf. 27334) de 30 cm x 3,9 mm
I.D. L’injecteur (Beckman 340 organizer) est muni d’une boucle de 20 ul. La
programmation du gradient d’€lution est assurée par un microprocesseur (Altex 421
controller).

La phase mobile est obtenue par mélange de deux solvants: le solvant
A (méthanol a 35% d’eau bidistiliée) et le solvant B (méthanol pur). Dans la phase
initiale, seul le solvant A est pompé (élution du Safrole et du DHS) et dans la phase
terminale seul le solvant B est pompé, (élution des impuretés du butoxyde) le débit
étant constamment de 1 ml min™".

Le détecteur est un fluorimétre Shimadzu RF 530, la longueur d’onde
d’excitation est réglée a 292 nm et celle d’émission & 325 nm, I’appareil étant utilis¢ au
maximum de sensibilité.

L’enregistreur (Kipp & Zonen) est réglé & 10 mV pleine échelle. La vitesse de
déroulement du papier est de S mm min ™! lors de la sortie des pics intéressants et passe
4 2 mm min~"! lors de la phase d’élution des impuretés.

Réactifs

Nous avons utilisé alcool méthylique RS-ACS pour spectrophotométrie (UV)
(Carlo Erba); n-hexane RPE (Carlo Erba); éther éthylique RPE (Carlo Erba); safrole
“purum” (Fluka, Buchs, Suisse, Réf. 84130); dihydrosafrole, préparé par hydrogéna-
tion catalytique du safrole; butoxyde de pipéronyle redistillé sous vide (2 mm de
mercure). On ne retient que le produit de coeur.

Préparation de la gamme d’étalonnage

Toutes les solutions sont préparées & 20°C dans de ’hexane, a partir de deux
solutions “méres” a 4 g 17, 'une de safrole et Pautre de DHS. Elles sont préparées
dans des ballons jaugés de 50 ml par pesées exactes de 200 mg de chacune des deux
substances. Puis on prépare les solutions “stock” a 20 mg 17! par dilution au 1,200 des
solutions “méres”.
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Enfin, les solutions “étalons” sont 40,5 mg 1! pour le DHS et 4 2 mgl~ ! pourle
safrole. A partir de ces solutions, on prépare les points de gamme renfermant 50, 100,
200 et 300 ug 17! de DHS et dans chaque cas, 200 g 1! de safrole.

Les solutions de BOP étant de 5 g17*, 1a solution “gamme™ & 50 pg 1™t de DHS
. correspond donc & 10 ppm de DHS dans le butoxyde.

Préparation des échantillons de BOP

Des solutions renfermant le BOP seul ou avec I’étalon interne (safrole) sont
préparées dans hexane. Elles contiennent, par litre, 5 g de BOP additionné ou non de
200 pg de safrole. On prépare en général 50 ml de solution.

La solution contenant le butoxyde seul permet de contréler I'absence d’impu-
retés de temps de rétention voisin de celui du safrole et d’avoir une premiére
approximation de la teneur en DHS. Si celle-ci est trop élevée (hauteur de pic
supérieure 4 celle du dernier point de gamme) des solutions moins concentrées en BOP
sont préparées.

Toutes les solutions (DHS, Safrole et BOP) sont conservées au réfrigérateur dans
des flacons bouchants émeri.

Mode opératoire

Séparation sur Sep-Pak. Les Sep-Pak sont chargés avec 1 ml des solutions de
BOP ou de la gamme d’étalonnage précédemment préparées. L’élution est faite avec
3 ml du mélange hexane-éther éthylique (95:5, v/v) ala vitesse de 1 ml min~*. L’étude
de I’€luat fractionné a montré que le DHS et le safrole se retrouvent dans le 3éme
millilitre. La méthode consiste donc & éliminer les deux premiers millilitres et 4 injecter
une fraction (20 pl) du troisiéme millilitre. Cette injection est faite immédiatement
aprés ¢lution. Dans le cas contraire, ’éluat est conservé au réfrigérateur dans des
flacons bouchés émeri. Nous nous sommes assurés qu’en aucun cas le BOP n’est élué en
méme temps que le DHS ou le Safrole. Si 'on désire récupérer le BOP, il convient de
procéder ultéricurement & une élution par le méthanol.

Des essais préliminaires réalisés sur les solutions de la gamme d’étalonnage avec
passage sur Sep-Pak ou sans passage nous ont montré que les rapports des hauteurs de
pics du DHS a celles du Safrole étaient identiques. It est toutefois indispensable de
traiter les solutions étalons dans des conditions identiques & celles des solutions de
BOP. .

CLHP. Vingt microlitres du 3éme millilitre provenant de I’élution des “Sep-
Pak” sont injectés en téte de colonne.

Le gradient d’élution est le suivant: solvant A pur, 18 min; passage du solvant
A au solvant B, 5 min; solvant B, 20 min; retour au solvant A, 10 min; solvant A seul,
5 min. Puis nouveau cycle.

Le débit de la phase mobile est dans tous les cas de 1 ml min~'. Dans les
conditions opératoires précédemment décrites, le temps de rétention du safrole est de
lordre de 600 s, celui du DHS de 780 s. Des exemples de chromatogrammes obtenus
avec un point de gamme et avec un BOP sont reproduits Figs. 1 et 2.

La teneur en DHS est calculée par rapport 4 une droite d’étalonnage construite
en portant en abscisse la concentration en DHS dans le butoxyde exprimée en ppm, et
en ordonnées le rapport de la hauteur du pic de DHS 4 celle du pic de safrole.
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Fig. 1. Chromatogramme provenant de 'injection de 20 ul de la solution dans Phexane du point de gamme
4 40 ppm (soit 4 ng de DHS et 4 ng de safrol dans 20 1 d’hexane).

RESULTATS ET DISCUSSION

Choix de I’étalon interne

Nous avons choisi comme étalon interne le safrole car son affinité pour la silice
du Sep-Pak est voisine de celle du DHS; de plus, ces deux composés en solution dans la
phase mobile (méthanol & 35% d’eau bidistillée) présentent des spectres de fluores-
cence identiques. Nous avons constaté que tous les échantillons de BOP ne
renfermaient pas de safrole. Comme nous I’avons dit ci-dessus, un essai préliminaire
sur solution de butoxyde permet de s’assurer de I'absence de safrole.

Avantages du gradient d’élution
Tl serait tout 4 fait possible d’obtenir avec le solvant A, sans gradient d’¢lution,
une séparation convenable du safrole et du DHS. Mais Iélution ultérieure des
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Fig. 2. Chromatogramme provenant de I'injection de 20 ul du 3éme millilitre d’éluat d’un Sep-Pak chargé
avec 0,5 mg d’un BOP additionnée de 200 ng de safrole. Le pic “I” provient d’une impureté du butoxyde.

impuretés du butoxyde serait excessivement longue et rendrait la méthode peu
intéressante par la durée d’une analyse. C’est pourquoi nous avons été amenés a utiliser
un gradient d’¢lution conduisant trés rapidement & un solvant ne renfermant que du
méthanol, solvant permettant d’€luer les impuretés précitées en une vingtaine de
minutes, alors qu’avec le solvant initial, I'élution compléte des impuretés demandait
environ 2 heures.

Valeur de la méthode

Linéarité. La réponse est linéaire entre 10 et 80 ppm, I’équation de la droite de
régression étant:
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Y =0,0125 X + 0,0271, r = 0,9972, p < 0,01

_hauteur du pic DHS
"~ hauteur du pic safrole

X = mg de DHS par kg de BOP

Pourcentage de récupération. Nous avons procédé a des expériences de charge en
ajoutant dans un BOP renfermant initialement 18 ppm de DHS, des quantités
croissantes et connues de ce dernier. Nous donnons dans le Tableau I les résultats
obtenus.

A Iexception de la charge & 10 ppm, le pourcentage de récupération est compris
entre 97 et 103%. La marge d’erreur correspond sensiblement a la précision de la
méthode.

Précision de laméthode. La reproductibilité a été étudiée a deux niveaux: celui de
la reproductibilité des hauteurs de pics en injectant 10 fois successivement le méme
¢luat aprés passage sur Sep-Pak (cet éluat provient d’'un BOP contenant 33 ppm de
DHS). Nous avons obtenum = 33,7,0 = 0,717etCV% = 2,13%. Puis, afin de juger
de la reproductibilité de I’élution sur Sep-Pak, nous avons fait passer sur onze Sep-Pak
différents la méme solution de butoxyde en procédant 4 une seule injection pour
chaque éluat. Nous avons obtenudanscecasm = 31,8;0 = 1,124et CV% = 3.42%.

Limite de détection. Pour déterminer la limite de détection nous avons calculé
Pécart type des variations observées sur la ligne de base (aprés agrandissement
photographique de cette derniére) et nous avons retenu comme limite de détection la
valeur qui correspond a 3 fois I’écart type. Cette limite de détection est de 3 ppm.

Résultats

La méthode a été appliquée a la détermination de la teneur en DHS dans
plusieurs BOP. Les résultats sont présentés dans le Tableau II; les concentrations en
DHS, exprimées en ppm et en micromoles kg™ !, sont extrémement variables et
s’échelonnent de quelques ppm a plusieurs milliers,

Il est & remarquer que la distillation est un bon moyen de purifier les butoxydes
présentant une forte teneur en DHS. Nous avons procédé a une distillation sous vide 2
mm de mercure) du butoxyde “A” qui renfermait 315 ppm de DHS. Le produit distillé
ne renferme plus que 9 ppm de DHS.

TABLEAU 1

ETUDE DU POURCENTAGE DE RECUPERATION EN AJOUTANT DANS UN BOP REN-
FERMANT INITIALEMENT 18 ppm DE DHS, DES QUANTITES CROISSANTES ET CONNUES
DE CE DERNIER

Quantité de DHS Quantité de DHS Pourcentage de

ajoutée (ppm) retrouvée (ppm) recuperation
10 9 90
20 19,4 97
40 40 100

60 61,6 103
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TABLEAU II
CONCENTRATIONS EN DHS DETERMINES DANS LES BOP ANALYSES

BOP analysés DHS en ppm DHS en pmol kg™*

A distillé 9 55
B 16 98
C 27 165
D 55 335
E 128 - 780
F 305 1860
A 315 1920
G 3662 22329
CONCLUSION

La technique que nous proposons permet de doser le DHS dans le butoxyde de
pipéronyle avec une limite de détection égale a 3 ppm. La méthode est reproductible
(CV% de l'ordre de 3,5%). Elle est relativement simple et permet d’effectuer une
détermination en une heure environ.

Il est indispensable de procéder & un dosage avec étalon interne car il est

impossible de concentrer les éluats par évaporation, car au cours de cette derniére, le
DHS se volatilise.

L’utilisation simultanée d’une séparation préalable sur Sep-Pak et dune

détection spectrofluorimétrique permet d’évaluer trés rapidement le DHS a des
concentrations minimes de 'ordre de 5 ppm. '
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As phallotoxins are not taken up by intestinal epithelial cells, they do not play a
role in poisoning by the death cap mushroom. The toxic effects after eating the
mushroom are caused solely by amatoxins'+?>. However, like amatoxins, phallotoxins
have become important tools in biochemical and biological research. They inhibit the
conversion of actin F into actin G and disturb the dynamic equilibrium of these forms
which are necessary in cell functions®. In addition, when taken up selectively by
hepatocytes, they cause cholestasis by interaction with the polymerization of hepato-
cellular actin and are used as hepatotoxic substances*>.

Phalloidin was the first phallotoxin isolated from Amanita phalloides. Other
toxins derived from this structure were then characterized. Phallotoxins are dicyclic
heptapeptides which are divided into two groups. The first group consists of neutral
molecules: phalloin (PHN), phalloidin (PHD), phallisin (PHS) and prophalloin
(PPN). The second consists of the acid molecules phallacin (PCN), phallacidin (PCD)
and phallisacin (PSC). The presence of an hydroxyl group on proline makes these
molecules toxic. The LDso of PPN, for example, which has lost this OH, is ten times
as great$.

Knowledge of the locations of phallotoxins in the mushroom was hindered by
the lack of sufficiently sensitive and reliable methods of detection. The isolation tech-
niques proposed use thin-layer or column chromatography. After separation of the
toxins, identification was carried out using UV absorption spectophotometry or col-
orimetric reactions’~®. High-performance liquid chromatography (HPLC) was ap-
plied mainly to biological liquids'®. Assaying was carried out using chemical or bio-
logical methods. The first methods include the evaluation of gammalactones dertved
from amino acids resulting from the hydrolysis of toxins and separated by column
chromatography’ and fluorimetric detection of cyclopeptides before and after hydro-

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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lysist®. Biological techniques make use of the affinity of phallotoxins for muscle actin
which is a target protein. One biological assay uses the polymerizing effect of [*H]di-
methylphalloin on rabbit muscle actin'2. Another more sensitive assay is based on the
protective effect of PHD on the inhibition of a pancreatic desoxyribonuclease by
actin!3. Biological assaying is of great value since its high sensitivity (detection limit
6.3 ng) has made it possible to detect phallotoxins in other species of the genus
Amanita such as A. vera, A. suballiacea, A. mutabilis and A. rubescens'3.

However, these biological techniques result in an overall assay of these mole-
cules and are thus ineffective in a search for the locations of the various neutral and
acid phallotoxins in the mushroom. A sensitive, reproducible assaying technique is
therefore proposed for the main phallotoxins present in 4. phalloides. 1t was used to
determine these toxins in each part of the mushroom (cap, stipe and volva).

MATERIALS AND METHODS

Extraction

A fragment of each organ of fresh mushroom (0.5 to 1.5 g) was crushed and
extracted with methanol-water-0.01 M hydrochloric acid (5:4:1). Three extractions
were carried out ultrasonically at 40°C using 7 ml of extraction medium for each
extraction. The samples were rinsed twice in 5 ml of solvent, pooled, filtered and
concentrated in a rotary evaporator at 35°C until a dry residue was obtained. This
was then resuspended in methanol-water (8:2) to obtain a 20% extraction solution
for the assays.

Thin-layer chromatography (TLC)

The following materials and reagents were employed: silica gel plates. Ref. 5721
(Merck, Darmstadt, F.R.G.); “Gold label” microcaps (Drummond, Broomal, PA,
U.S.A)); calibration solution of phalloidin (Boehringer, Mannheim, F.R.G)); 1 -
10~*g/ml in methanol-water (10:90); tank lined with filter-paper at room temperature
(20 = 2°C); solvent chloroform-methanol-28% ammonia (60:40:10).

F-detection two solutions were used: (a) 2.5% (w/v) 4-dimethylaminobenzalde-
hyde (PDAB) (Fluka, Buchs, Switzerland) in methanol; (b) 2 ml of concentrated
sulphuric acid (Prolabo, Paris, France) added gradually while shaking to 10 ml of
methanol-glycerol (6:4). An UV chromatographic analyser, Farrand Vis 2 (Optical,
New York, NY, U.S.A.) with two monochromators, operating by fluorescence and
by reflection (excitation at 325 nm, emission at 480 nm) was employed.

Procedure

A 15- to 20-ul volume of 20% mushroom extract and 0.5, 1, 3, 5 and 7 ul of
phalloidin solution, corresponding to 50, 100, 300, 500 and 700 ng of toxin were
placed on a silica gel plate with a micropipette. The plate was placed in the tank,
which was saturated with solvent vapour, and developed to an height of 16 cm (dura-
tion 100 min). After drying under cold air to remove the alkaline residue and traces of
developing solvent, the chromatogram was visualized by spraying with solution (a)
followed by drying. This operation was carried out three times. Solution (b) was then
sprayed on to the plate which was subsequently dried in an oven at 115°C for 10 min.
After removal from the oven the chromatogram was covered with a glass plate until it
was completely cold.
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Phallotoxins were visible as white fluorescent spots after exposure to UV light
at 360 nm. Levels were determined by referring to a calibration line representing the
variation of peak area of the PHD standard as a function of concentration.

RESULTS AND DISCUSSION

Extraction

The extraction method was chosen in accordance with the literature. Most of
the tests were carried out with alcohol: ethanol or methanol!* or a mixture of alcohol
and water (1:1)®° or methanol-ammonia’. Methanol-water (1:1) treatment was ef-
fective, although methanol-water-0.01 M hydrochloric acid (5:4:1) was preferred as
the yield of PHD was greater. A slightly acid pH appeared to enhance the stability of
the toxins®. Most authors"!! then purified the extracts; this involved long oper-
ations which inevitably resulted in loss of toxins. This was avoided in the present
work by the use of raw extracts obtained using this simple and reproducible extrac-
tion method.

The advantage of carrying out these tests on fresh material should also be
noted. Drying causes considerable degradation of phallotoxins, which are compara-
tively thermolabile molecules. Up to 30% loss of toxins was observed in assays car-
ried out in parallel on fresh material and dried material from the same cap.

The reproducibility of this method of extraction was verified by carrying out
several assays on extracts from the same organ. The average deviation between the
levels of the various toxins was of the order of 3%.

Assays

Solvents. Several eluting agents recorded in the literature were teste
One of them'® gave good separation of the neutral toxin group (PHN, PHD, PHS)
but the gap between the Ry values of PCD and PSC was too small to permit photo-
densimetric assay.

A more polar solvent was therefore devised: chloroform—methanol-28% am-
monia (60:40:10). This gave better separation of the five phallotoxins from each other
and from other spots. Chromatograms with well defined, well separated spots perfect-
ly suitable for photodensimetric assay were obtained. The mean Rr values of the main
phallotoxins in this solvent are shown in Table 1.

d7,8,15,16

TABLE 1

MEAN R, VALUES IN SILICA GEL TLC OF THE MAIN PHALLOTOXINS IN AMANITA PHAL-
LOIDES

Solvent: chloroform-methanol-28% ammonia (60:40:10).

Phallotoxin R, (mean £+ SEM..n = 3)
PHN 0.60 + 0.03
PHD 0.50 + 0.02
PHS 0.44 + 0.03
PCD 0.21 + 0.02

PSC 0.14 £ 001
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Detection. Sensitive, stable resolution was desired which would enable direct
assay on a chromatoplate. A fluorimetric detection method was used first with phos-
phoric acid at 80°C recommended for resolution of a-amanitin'”. This led to several
trials with different acids: sulphuric acid, perchloric acid and trichloroacetic acid at
between 80 and 100°C. Sulphuric, phosphoric and perchloric acids reacted with ap-
proximately the same sensitivity but the fluorescence was fugacious. In order to im- -
prove this medium sensitivity, we tested the addition of several aldehydes (cinnam-
aldehyde, anisaldehyde, p-dimethylaminobenzaldehyde and p-dimethylamino-
cinnamaldehyde). A mixture of PDAB and sulphuric acid gave better sensitivity but
the reaction was not sufficiently stable for assays. The stability of fluorescence was
considerably improved by the addition of glycerol to the acid mixture. In this proce-
dure the reagent was used in two steps and the chromatogram was protected with a
glass plate until it had cooled completely; this made it possible to fix the reaction.
Phallotoxin fluorescence resolved in this way remained stable for several hours and
permitted fluorodensimetric assaying with a sensitivity of 25 ng per spot on the chro-
matograms.

Sensitivity, validation and precision

The resolution method generally used is based on the colorimetric reaction
produced by contact of cinnamic aldehyde with hydrochloric acid vapour. Phallo-
toxins appeared on the chromatogram in the form of blue-grey spots and disappeared
very rapidly. The limit of detection was of the order to 500 ng per spot®. The resolu-
tion was 20 times as sensitive when the PDAB-sulphuric acid based reagent was used.
The results reported in Fig. 1 indicate that the validation of the method is satisfactory

PHD
PCD
PHS
PsC :
§ ‘1] PeN ¥
/ j .J\. " A & Re
‘ . - 4 0as 0.5 1
700 ng 500 ng 300 ng 100 ng 50 ng 3;”;?
P
Phallovdim A. phatéoides

Fig. I. Graphic plotting after fluorodensitometric reading (excitation at 325 nm, emission at 480 nm) of the
spots in silica gel TLC of a calibration range of phalloidin and an extract of Amanita phalloides stipe.
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since the calibration graph for PHD is linear from 50 to 700 ng (coefficient of correla-
tion, » = 0.9996). The regression equation indicating the peak area (mm?) versus the
PHD concentration is as follows: s = 0.223[PHD] - 2.11, with standard deviations of
slope and intercept of 0.004 and 1.42 respectively. The quantification limit is 8 ug of
toxin per g of fresh material. The inter-assay precision was verified by subjecting the
same extract (accompanied in each case by the same series of standard solutions) to
three assays (Table II). The coefficient of variation (standard deviation/mean) calcu-
lated for PHD, PCD and PSC was found to be 5%. It was not calculated for PHN
since the values were too small.

The technique recommended can be used to measure the amounts of five phal-
lotoxins in the various organs (cap, stipe and volva) of an Amanita phalloides. PHN,
PHD, PHS, PCD and phallisacin PSC were characterized using the reference sub-
stances kindly provided by Professor H. Faulstich. In the absence of a PCN standard,
it was not possible formally to locate and assay this acid molecule on the chroma-
tograms. However, it is noted that in previous work PCN was found only in very
small amounts in a single specimen (less than 1/30 of PCD content)'®. In addition, the
low toxicity of PPN led to its exclusion from the study®.

For practical reasons, all assays are expressed in mg of PHD per g of fresh
organ. Indeed, phalloidin (commercially available) was the only pure toxin in our
possession.

Fig. 1 shows the graphic plotting of the chromatographic spots of an organ
(stipe) extract of A. phalloides prepared using the method described together with the
calibration range. As the plot is linear from 50 to 700 ng, it was possible to assay the
five toxins using the same preparation. Table II shows the amounts of each phallo-
toxin and total (T) in each organ (cap, stipe and volva); the last column gives the
concentrations for the whole mushroom calculated from the respective weights of the
three organs.

According to these results, the volva is the organ richest in phallotoxins and the
stipe is the poorest. These data are in perfect agreement with Faulstich’s observa-

TABLE Il

MEAN PHALLOTOXIN CONTENT IN mg/g OF FRESH SPECIMEN IN THE VARIOUS ORGANS
OF A SINGLE SPECIMEN OF AMANITA PHALLOIDES (MEAN 4 SEM., n = 3) AND PHALLO-
TOXIN CONTENT OF THE WHOLE MUSHROOM CALCULATED USING THE RESPECTIVE
WEIGHTS OF THE THREE ORGANS

C = cap; S = stipe; V = volva; W = whole fungus. T = All toxins. S.E.M. values of PHN and PSC are
corrected to three decimal places.

Toxins C S |4 W
(30.073 g) (11.1g) (1.006 g) (42.179 g)
Neutral -
PHN 0.008 + 0.001 0.008 + 0.001 0.008 £ 0.001 0.008
PHD 0.141 £+ 0.004 0.114 £ 0.003 0.275 £ 0.008 0.137
PHS Traces
Acidic
PCD 0.059 + 0.002 0.055 £ 0.002 0.069 + 0.002 0.056
PSC 0.022 + 0.001 0.022 £ 0.001 0.024 £ 0.001 0.022

T 0.298 + 0.004 0.275 + 0.004 0.448 + 0.008 0.295
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tions®. With regard to the distribution of toxins in each organ, it will be noted that the
major toxin was PHD, followed by PCD and PSC. The amounts of PHN were very
small and traces of PHS were found only in the stipe. PHD and PCD were thus the
main toxins of the neutral and acid phallotoxin groups respectively. This was also a
feature of the assays carried out previously by other authors®®'®. However, the
contents of each of the two molecules are very different to those in the literature; our
results show that PHD was predominant whereas the dominance of PCD had always
been noted® 8.

The rapidity of the method means that it can be applied to a large number of
specimens to measure the variations in the levels of these toxins as a function of the
ecology and age of the fungus.
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In veterinary practice one is regularly confronted with incidents involving un-
wanted side-effects, abuse or —more frequently— misuse of agrochemicals. Domestic
animals and wildlife, especially birds, may be affected. Annually 100-250 cases of
suspected acute pesticide intoxication in animals need to be diagnosed, the majority
of them being caused by cholinesterase-inhibiting compounds. Hence a rapid screen-
ing method for representatives of this group in gizzard and gastrointestinal contents
as well as in baits, food and environmental samples was necessary.

A thin-layer chromatographic (TLC) method for qualitative and semiquantita-
tive analysis of some hundred pesticides and metabolites was developed, most of them
belonging to the class of organophosphates. Although less relevant in veterinary
practice from a diagnostic point of view, the present method includes (thio-)carba-
mates, carbamoyloximes, dithiocarbamates and ureas too. These compounds exhibit
cholinesterase-inhibiting properties in vitro, by which they may interfere during anal-
ysis.

Principle of the method

Samples were ground with anhydrous sodium sulphate and extracted with di-
chloromethane. In general, the pesticides extracted were subjected to TLC without
additional cleaning. The extracts were spotted on silica gel HPTLC plates and devel-
oped with either xylene, di-n-butyl ether, n-butyl acetate or methyl isobutyl ketone.
After evaporation of the solvent and, if necessary, an activation of the spots by
bromine vapour, the plates were sprayed and incubated with bovine liver suspension.
To detect cholinesterase inhibition, the plates were sprayed with the substrate 2-
naphthyl-acetate and Fast Blue B salt as the chromogenic agent.

EXPERIMENTAL
Chemicals

All chemicals were of analytical grade from E. Merck (Darmstadt, F.R.G.)
unless specified otherwise.

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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Pesticide standard solutions

Pesticide reference standards of >99% purity were obtained from the U.S.
Environmental Protection Agency, and from Lamers & Pleuger (’s-Hertogenbosch,
The Netherlands). For TLC, standard solutions were prepared in dichloromethane
(residue analytical quality). Both reference standards and standard solutions were
stored at 4°C.

HPTLC plates

Ready to use HPTLC glass plates 20 cm X 10 cm, coated with silica gel 60 F,s4
(Merck), were employed.

Preparation of enzyme solution

A 20-g amount of fresh beef liver was homogenized in a Sorvall Omni Mixer
with 200 ml of 0.05 M Tris-HCI buffer pH 8.2 containing 0.1% (v/v) Triton X-100
followed by centrifugation for 5 min at 150 g. Aliquots of 4 ml of the supernatant
were transferred to plastic tubes and freezed at —20°C. Prior to use, portions were
each diluted in 12 ml of distilled water. One portion suffices for the spraying of two 20
cm x 10 cm plates.

Preparation of substrate solution

Solution A: 1.25 g/l 2-naphthyl acetate (biochemical grade) in ethanol. Solution
B: 1.56 g/l Fast Blue B (for microscopy) in water. Immediately before use, 4 ml of
solution A were mixed with 16 ml of solution B. This suffices for the spraying of four
20 cm x 10 c¢m plates.

Sample extraction

Amounts of 5-10 g of gizzard or gastrointestinal content, bait, food or envi-
ronmental sample were ground in a mortar with anhydrous sodium sulphate (residue
analytical quality) and sea-sand to a free flowing powder. The powder was extracted
with 10-25 ml of dichloromethane (residue analytical quality) in a conical flask by
mechanical shaking for 1 h, followed by filtration through Whatman No. 41 paper.

TLC

Aliquots of extracts and different concentrations of pesticide standard solutions
were spotted on the HPTLC plates using micropipettes (5 x 1 ul). The plates were
developed in either xylene, di-n-butyl ether (spectroscopic grade), n-butyl acetate or
methyl isobutyl ketone in an unsaturated chamber to a distance of about 6 cm from
the origin. After evaporation of the solvents, the plates were exposed to bromine
vapour for 30 s and kept in a ventilated hood for 10 min in order to evaporate the
excess of bromine. The plates were then uniformly sprayed with 6 ml of enzyme.
solution and placed for 30 min in an incubator with 80-85% relative humidity at
37°C. Next, the plates were sprayed with freshly prepared substrate solution and left
at room temperatue. White spots appeared on a magenta background after some
minutes and were marked with a pencil. Subsequently, AR values were calculated.
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RESULTS AND DISCUSSION

The present method is a modification of that by Ackermann'—*. Dichloro-
methane was preferred to chloroform as the extraction solvent: due to its higher
volatility, it evaporates faster during spotting, resulting in smaller spot areas at the
origin, thus enhancing resolution and sensitivity. For all the pesticides tested, the
solubility in dichloromethane was >1 mg/ml. Although chloroform might be a more
efficient extraction solvent for some pesticides with high polarity, dichloromethane
suffices for the present application of acute intoxications with high levels of pesticides.
No significant differences were observed between chloroform or dichloromethane
extracts as judged from interfering spots resulting from matrix components. More-
over, dichloromethane is less toxic.

The enzyme solution needed a Tris—HCI buffer of pH 8.2. Unbuffered homoge-
nization resulted in severe loss of activity. Furthermore, Triton X-100 was added in
order to achieve a better disposition of the esterases involved, resulting in an in-
creased activity.

Table I shows the mean ARy values of some hundred cholinesterase inhibiting

TABLE 1
hR, VALUES OF CHOLINESTERASE-INHIBITING PESTICIDES AFTER HPTLC ANALYSIS

Values are means from at least three experiments.

Compound hR,
Solvent
Xylene Dibutyl Butyl Methyl
ether acetate isobutyl
ketone

Acephate 5 35 95 98
Aldicarb 0 2 47 74
Aldicarbsulfone 0 0 8 30
Aldicarbsulfoxide 0 0 0 0
Asulam 0 0 41 75
Azamethiphos 0 0 42 59
Azinphosmethyl 3 17 81 91
Bendiocarb 0 13 79 92
Benomy! 0 20 89 ns*
Bromophos 82 92 96 97
Bromophosethyl 86 96 97 98
Butocarboxim 0 0 43 70
Butoxycarboxim 0 0 7 27
Butylate 15 80 97 98
Carbaryl 2 18 80 92
Carbetamide 0 1 30 67
Carbophenothion 78 96 98 98
Carbofuran 0 S 70 87
Chlorbromuron 4 18 75 90
Chlorbufam 32 87 97 98
Chlorphenvinphos 0 7 70 81
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TABLE 1 (continued)

451

Compound hR;
Solvent
Xylene Dibutyl Butyl Methyl!
ether acetate isobutyl
ketone

Chlorpropham 29 81 95 ns*
Chlorpyriphos 81 95 98 98
Chlorpyriphoxon 0 10 74 90
Chloroxuron 0 0 32 67
Chlortoluron 0 0 39 73
Coumaphos 7 54 92 95
Coumaphoxon 0 0 33 69
Cycloate 9 67 94 98
Demeton-S-methyl 0 0 30 64
Demeton-S-methylsulfon 0 0 6 22
Diallate 44 91 98 98
Diazinon 3 40 88 92
Diazoxon 0 0 6 12
Dibrom 0 1 67 82
Dichlofenthion 82 94 97 97
Dichlorvos 0 5 48 68
Difenoxuron 0 0 28 64
Diflubenzuron 4 32 89 ns*
Dimethoate 0 0 17 46
Diuron 0 0 43 73
Eptam 12 74 91 98
Ethiophencarb 0 15 80 92
Ethephon 0 0 0 0
Ethoprophos 0 10 68 87
Etrimfos 9 67 98 98
Fenitrothion 43 72 93 96
Fenoxycarb 2 22 84 94
Fenthion 51 82 94 97
Fonofos 54 89 96 97
Fonofoxon 0 3 51 56
Formothion 3 8 82 92
Glyphosate 0 0 0 0
Heptenofos 0 0 47 68
Isofenphos 9 75 97 97
Isoproturon 0 2 34 66
Jodfenphos 80 91 97 98
Linuron 4 14 75 93
Malaoxon 0 0 48 73
Malathion 5 37 92 96
Methabenzthiazuron 0 4 43 71
Methamidophos 0 0 5 12
Methidathion 10 39 92 96
Methiocarb 3 20 79 92
Methomyl 0 0 22 57
Metobromuron 3 15 7 89
Metoxuron 0 0 27 59

(Continued on p. 452)
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TABLE 1 (continued)

Compound hR
Solvent
Xylene Dibutyl Butyl Methyl
ether acetate isobutyl
ketone

Mevinphos 0 0 18-32-40** 37-55-62**
Mevinphos-cis-isomer 0 0 18-32** 37-55**
Monolinuron 3 15 74 91
Omethoate 0 0 0 4
Oxamyl 0 0 4 22
Oxydemetonmethyl 0 0 0 0
Paraoxon 0 2 48 77
Paraoxonmethyl 0 0 34 62
Parathion 47 83 96 96
Parathionmethy! 39 71 94 97
Pencycuron 2 24 97 97
Phosalone 21 61 93 97
Phosphamidon 0 0 10-32** 36-65**
Phosmet 7 26 87 95
Phoxim 52 85 96 98
Pirimicarb 0 1 36 69
Pirimiphosmethyl 16 75 97 98
Propetamphos 7 66 96 98
Propoxur 0 10 77 93
Pyrazophos 1 28 90 94
Sodam 0 0 0 0
Sulfotep 41 86 96 96
Temephos 30 71 96 97
Terbufos 60 97 98 98
Tetrachlorvinphos 2 It 78 87
Thiofanox 0 3 59 82
Thiometon 47 83 94 96
Thiram 4 19 83 93
Tolclofosmethyl 69 87 95 96
Triallate 51 91 98 98
Triazophos 0 17 87 95
Trichlorphon 0 0 13 32
Trichloronate 84 94 97 97
Vamidothion 0 0 2 9

* No spots visible.
** Multiple spots.

compounds. The means are based on at least three observations. In contrast to other
reports!~8, in which low-boiling solvent mixtures were employed, #R values of excel-
lent long-term reproducibility were obtained using single solvent systems with rela-
tively high vapour pressures. Deviations of the mean /Ry values were often not more
than 3 units at the most. Consequently, preliminary identification of spots proceeded
more quickly and with greater confidence. Further decrease of the analysis time was
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achieved by employing HPTLC plates in stead of normal TLC plates. Since HPTLC
plates have an higher number of plates per unit length, shorter development times
were feasible. A skilled analyst is able to perform 20 or more analyses per day.

Identification of inhibiting spots of extracts was mainly based on comparison of
KR values with those of reference compounds with and without derivatization with
bromine vapour prior to development of the plates. Bromine vapour oxidizes the
P=S bond, present in most cholinesterase-inhibiting pesticides, to a P=0 bond. If
for example paraoxon, the oxidized derivative of parathion, is detected on a plate
exposed to bromine vapour prior to development, additional evidence is obtained for
an intoxication by parathion. Treatment of plates with bromine after development
results in a better detection limit of most pesticides, because oxidized organophos-
phorus compounds are stronger cholinesterase inhibitors than their sulphur ana-
logues. Limits of detection (per spot) are in the range of 0.2-20 ng, with the exception
of dimethoate (200 ng), ethephon (2000 ng), ethoprophos (2000 ng), glyphosate (2000
ng), pirimicarb (100 ng) and sulfotep (200 ng). In intoxications with juridical aspects
or doubtful TLC results, confirmatory evidence was obtained using gas or liquid
chromatography.

In conclusion, the present method provides efficient analysis of cholinesterase-
inhibiting pesticides. It was demonstrated to be a valuable diagnostic tool in veter-
inary toxicology.
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(38)-(—)-N-(2,3-dihydro-1-methyl-2-0xo-5-phenyl-1H-1,4-benzodiazepine-3-
yl)-1H-indole-2-carboxamide (L-364,718; I) (Fig. 1) is a potent, non-peptidal antag-
onist of the peptide hormone and proposed neurotransmitter cholecystokinin! pos-
sessing high peripheral cholecystokinin receptor selectivity.? Tissue binding studies
have shown the (—)-3S enantiomer of compound I to be approximately 100 times
more biologically active than the (+)-3R enantiomer® and optically pure (—)-I has
been prepared on a multigram scale by a resolution-racemization sequence involving
compound I precursor®. In order to obtain (+) and (—) enantiomers of the drug in
high optical purity for use in radioligand receptor binding assays, a procedure that
would resolve commercially available (+)-[N-methyl-*H;]-1 was desired. An high-
performance liquid chromatographic (HPLC) system employing a chiral stationary
phase was developed to separate microgram amounts of the enantiomers of [*H;]-I
without the need for chemical derivatization.

EXPERIMENTAL
Chemicals

n-Hexane (Fisher Scientific), chloroform (EM Science), and absolute ethanol
(Midwest Solvents of Ilinois) were filtered through a Millipore Durapore 0.45 um

membrane filter and degassed before use. (4-)-[N-methyl-*H;}-1 (87 Ci/mmol) was
purchased from New England Nuclear Research Products in ethanol solution (0.0047

e
o}
S

Fig. 1. Structure of (+)-1.

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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mg/ml). A reference sample of (—)-I was obtained from Merck Sharp & Dohme
Research Laboratories (West Point, PA, U.S.A).

High-performance liquid chromatography

Separations were carried out using a Waters 6000 A solvent delivery system, a
Rheodyne 7125 injector, and a Kratos Spectroflow 757 variable-wavelength absor-
bance detector operated at 290 nm. The chiral HPLC column used was a YMC (M.
Freedom, NJ, U.S.A.) A-K03 250 x 4.6 mm I.D. column packed with a (+)-naph-
thylethylamine polymer bonded to spherical silica (particle size 5 um). A mobile
phase consisting of n-hexane-chloroform-ethanol (75:22:3) at a flow-rate of 1 ml/min
was used.

Injection volumes of the drug in ethanol ranged from 10-30ul corresponding to
sample amounts of 0.5-1 ug. Enantiomeric purity estimates based on chromatogra-
phy peak integrations are +3%.

RESULTS AND DISCUSSION

The enantiomers of [N-methyl-*H3)-I were resolved on a YMC A-K03 chiral
column as shown in the chromatogram in Fig. 2a. The (+) enantiomer was eluted
first at 8.9 min and was followed by the (—) enantiomer at 9.5 min, a retention time
identical to that of authentic (—) enantiomer standard. A number of different solvent
system combinations of n-hexane—chloroform, ethyl acetate, ethylene dichloride,
methylene chloride, or fert.-butyl methyl ether—ethanol or isopropanol were exam-
ined; however, none surpassed the partial separation (o = 1.08; R, = 0.8) achieved
with n-hexane—chloroform-ethanol (75:22:3). It should be noted that a Resolvosil
(Macherey-Nagel) bovine serum albumin chiral column was also used to partially
resolve the [*H;]-I enantiomers [ = 1.38, (—) enantiomer eluted first]. However, the
high organic content of the methanol-0.1 M monobasic potassium phosphate (15:85)

a HE d

e
———

ABSORBANCE
o

|

2 4 6 8 10 12 2 4 6 8 10 1 14
RETENTION TIME (MIN)

Fig. 2. Preparative HPLC of [N-methyl-*H,}-I. (a) Racemic mixture; (b) 65:35 (+)/(—) mixture; (c) (+)
enantiomer; (d) (—) enantiomer.
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mobile phase required for resolution caused significant column stationary phase de-
naturation after only two preparative sequences.

In order to obtain research quantities of the [2H;]-I enantiomers, twelve ca.
20-pl injections (1.829 mCi total) of radiochemically pure racemic drug were perform-
ed and three fractions were collected for each injection. As indicated in Fig. 2a,
fraction 1 was collected from the beginning of the elution of the first peak, the (+)
enantiomer, to the peak apex while fraction 2 was then collected to the apex of the
second peak. Fraction 3, consisting primarily of the pharmacologically active (—)
enantiomer was collected from the apex of the second peak until drug elution ceased.
The enantiomeric purity, as determined by rechromatography, and total radioactivity
for each of these fractions are listed in row A of Table 1. Mixed fraction 2A, consist-
ing of 65% of the (—) enantiomer as shown by the chromatogram in Fig. 2b, was
further purified by a second round of chromatography (five ca. 20-ul injections). Once
again, three fractions were collected with fraction 2 consisting of a mixed fraction
collected between the peak apices. As detailed in row B of Table I, fraction 1B was
essentially pure (+) enantiomer as shown in the chromatogram in Fig. 2c. Fraction
3B contained 95% of the (—) enantiomer. Fraction 3B and fraction 3A from the first
injection series, containing 90% of the (—) enantiomer, were obtained and further
purified by rechromatography (six ca. 20-ul injections). Three fractions were collected
as usual with mixed fraction 2C between peak apices. Fraction 3C (row C, Table I)
consisted of essentially 100% of the (—) enantiomer as shown by the chromatogram
in Fig. 2d. A final total of 542 uCi of [*H]5-(—)-I was obtained, corresponding to an
overall recovery of 60% from the amount of (—) enantiomer present in the racemic
mixture.

In conclusion, the simple preparative procedure described above allows isola-
tion of microgram quantities of (—)- and (+ )-[N-methyl-*H;]-1 in high enantiomeric
purity and good yield for cholecystokinin antagonist studies. Although attention was
directed at maximization of the yield of the pharmacologically active (—) enantiomer,
the yield of the inactive (+) enantiomer could easily be increased by rechromato-
graphy of mixed fractions 1A, 2A and 2B. The number of replicate injections required
could be reduced by the use of a larger, semi-preparative chiral column. Additionally,

TABLE 1

CHROMATOGRAPHY DATA FROM PREPARATIVE RESOLUTION OF (+){N-METHYL-
3
H, M

Fraction 1 Fraction 2 Fraction 3 Recovery (%)

A Chromatography 704 uCi 661 uCi 454 uCi 1.829 uCi injected
of racemic 90% (+) 35% (+) 10% (+) 1.819 uCi recovered
[*H,}-1 10% (—) 65% (—) 90% (—) 99%

B Rechromatography 116 uCi 230 uCi 279 uCi 661 uCi injected
of mixed 100% (+) 40% (+) 5% (+) 625 uCi recovered
fraction 2A < 60% (—) 95% (=) 95%

C Rechromatography 39 uCi 72 uCi 542 uCi 733 uCi injected
of fractions 62% (+) 35% (+) 100% (+) 653 uCi recovered

3A + 3B 38% (—) 65% (—) 89%
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a chiral column consisting of the analogous ( —)-naphthylethylamine polymer sta-
tionary phase (currently not commercially available) would be expected to elute the
desired (—) enantiomer first, potentially increasing the yield of the active enantiomer
and reducing the number of replicate injections.
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One of the important requisites in asymmetric synthesis is the determination of
enantiomeric excess (ee) by a simple and suitable analytical technique. During the
course of our studies aimed at the asymmetric synthesis of 1,2-halohydrins’, we re-
quired a rapid and reliable method to determine %ee of the synthesized compounds.
In this regard, capillary gas chromatography (GC) affords a high degree of precision
and reproducibility. Surprisingly, there is no report in the literature describing the
resolution of 1,2-halohydrins by GC2.

Initially we attempted the resolution on capillary GC through the standard
chiral derivatizing agents, (+)- or (-)-a-methoxy-a-(trifluoromethyl)phenylacetyl
chloride (MTPA)?, (-)-menthyl chloroformate (MCF)* and (-)-N-(trifluoroacetyl)
prolyl chloride (TPC)?, on the following columns of increasing polarity: methyl sil-
icone (S0 m x 0.25 mm 1.D.), SPB-35(30 m x 0.25 mm I.D.) and Supelcowax (15 m
x 0.25 mm 1.D.). However, only a few chlorohydrins could be moderately resolved
and most compounds did not resolve at all. In addition, retention times for the iodo
derivatives were excessively long with concommitant peak broadening. Recently, chi-
ral metal complexation chromatography has emerged as an efficient method for re-
solving various classes of compounds®. Roush has further extended the scope of this
method to include homoallylic alcohols as their methyl ethers’. We, therefore, decid-
ed to investigate the feasibility of separating, 1,2-halohydrins by complexation GC.

EXPERIMENTAL

Separations were performed on a 25 % 0.25 mm L.D. fused-silica Ni-R-Cam
column purchased from Capillary Columns Complexation Chromatography (Kir-
chentellinsfurt, F.R.G.), with a Hewlett-Packard Model 5890 gas chromatograph and
monitored with a Hewlett-Packard Model 3392A integrator. Helium was used as the
carrier gas.

A microscale procedure for the derivatization was performed as follows: to a
solution of acetyl chloride (0.15 mmol, 1.0 M in carbon tetrachloride) the halohydrin
(0.1 mmol) was added, followed by pyridine (0.15 mmol, 1.0 M in carbon tetra-
chloride). After stirring at room temperature for 1 h, the reaction mixture was diluted
with diethyl ether (20 ml) and washed successively with 2 M hydrochloric acid, water,

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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saturated aqueous NaHCO; and water. After drying over sodium sulfate the solution
was filtered through a short pad of neutral alumina (grade I), and an aliquot (0.2-0.4
ul) was injected in the column.

RESULTS AND DISCUSSION

We first examined underivatized chlorohydrins on an Ni-R-Cam column (25 m
x 0.25 mm [.D.}. Unfortunately the resolution was marginal, and the retention times
were unacceptably long. In addition, thermally labile bromo- and iodohydrins could
not be analysed directly. It is generally known that the introduction of n-donor
systems (aromatic, carbonyl and nitrogen containing groups) enhances the chiral
recognition on metal complex chiral columns. We therefore examined the corre-
sponding acetates. Gratifyingly, the results were impressive (Table I). Excellent reso-
lutions were obtained for all the halohydrins (Cl, Br, I) examined, cyclic as well as
acyclic. In general, the separation factor («) was greater in the case of cyclic com-
pounds than for the corresponding acyclic analogues. Also for each series of halo-
hydrins, resolution was in the order, Cl < Br< I. An important finding was the fact
that the (1R,2R) enantiomers always eluted first on the Ni-R-Cam column?!. A typical
chromatogram is shown in Fig. I.

TABLE |

RESOLUTION OF 1,2-HALOHYDRINS (AS THEIR ACETATES) ON NI-R-CAM

Entries [-6: carrier gas, helium; head pressure, 207 kPa. Entries 7-12; carrier gas, helium; head pressure,
137 kPa.

Entry Compound X Temperature  ty (min)* Absolute o**
(°C) configuration®
OH :
1 X Cl 100 11 {R2R
2 A Br 105 11.8 1R2R
3 [ 110 12.3 1R2R
OH
4 Cl 85 9.9 IR2R 1.14
5 e Br 95 10.7 IR2R .
6 1 100 11.9 1R2R 1.17
7 QH X Cl 80 10.97 1R2R 1.06
8 >_\ Br 85 10.7 1R,2R 1.10
9 I 90 12.7 IR2R .11
10 Cl 85 12.47 IR2R 1.04
11 Br 90 16.4 IR2R 1.07
12 I 95 17.5 LR2R 1.07

* Retention time for the first eluting enantiomer.

** Defined as [(f,~1,)/(1g1~1,)], Where ¢y, is the retention time for the first eluting enantiomer, f,
for the second, and ¢, for the unretained solvent.
0
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OH OH
_-Br Br.,
(IR,2R) (15,29)

11.75
13.59
Min

Fig. I. Enantiomeric resolution of ( & )-trans-1-bromocyclohexanol (as the acetate) on an Ni-R-Cam col-
umn (25 m x 0.25 mm L1.D.) at 100°C and 207 kPa. Carrier gas:-helium.

Thus, we have demonstrated the efficacy of complexation GC for the enantio-
meric analysis of 1,2-halohydrins. Since optically active halohydrins are potentially
important synthons, the present method, which is both rapid and unequivocal,
should find wide applicability.
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phy
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(Received October 20th, 1988)

Vanilla essence is prepared by the extraction of vanilla beans, the cured and
dried fruit pods of Vanilla planifolia Andrews, grown in Madagascar and Indonesia,
and V. tahitensis Moore, grown in Tahiti. Essences may be prepared by direct extrac-
tion of the beans with aqueous ethanol or by dilution of concentrated extracts or
vanilla oleoresins. The authenticity of vanilla essences has been assessed by a variety
of procedures'? including stable-isotope ratio analysis®. The use of the vanillin/p-
hydroxybenzaldehyde ratio has been proposed* for this purpose and it has been
suggested that the other minor compounds present in vanilla extracts could also give
an indication of authenticity®. Vanillin and related compounds present in vanilla
beans have been determined by a variety of techniques® including high—performance
liquid chromatography (HPLC)*-7-'2; the published HPLC methods are summarised
in Table I. Only two of these methods use an internal standard and both of the
compounds used as internal standards are far from ideal as ethyl vanillin may occur
as an artificial additive in vanilla essences and 3,4-dihydroxybenzaldehyde occurs
-naturally in vanilla®. This note describes the separation and determination of vanillin
and related compounds in vanilla essences using an aqueous-organic mobile phase
with a C; g stationary phase and phenoxyacetic acid as an internal standard.

EXPERIMENTAL

Chromatography

The apparatus used consisted of an Altex Model 321 liquid chromatograph
with a Rheodyne 7125 sample injector fitted with a 10-u! loop, and an Erma Model
ERC-7210 variable-wavelength detector set al 275 nm and 0.08 absorbance units. A
Microsorb Cig reversed-phase column, 150 x 4.6 mm LD., 5 um particle size,
Rainin, cat. No. 80-215, with a Brownlee RP-18 5-um, 3-cm guard column, was used
with a flow-rate of 1 ml/min. The mobile phase was a mixture of 50 ml of methanol,
100 ml of acetonitrile and 10 ml of acetic acid, diluted to 1 1 with filtered, de-ionised

water. All organic solvents were HPLC grade and acetic acid was analytical-reagent
grade.

Reagents
Ethyl vanillin, vanillyl alcohol and p-hydroxybenzyl alcohol were purum grade

0021-9673/89/803.50  @© 1989 Elsevier Science Publishers B.V.
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(Fluka), vanillin was Unilab grade (Ajax Chemicals, Sydney, Australia), vanillic acid,
p-hydroxybenzoic acid, p-hydroxybenzaldehyde, coumarin and 3,4-dihydroxybenzal-
dehyde were from Tokyo Kasei; phenoxyacetic acid was from Merck. Methanol for
the standard and internal standard solutions was analytical-reagent grade from May
and Baker.

A standard solution was prepared to contain 100 mg of vanillin, 10 mg vanillic
acid, 10 mg p-hydroxybenzaldehyde and 5 mg of p-hydroxybenzoic acid in 100 ml of
methanol. The internal standard solution contained 250 mg phenoxyacetic acid in 1
litre of methanol-water (50:50, v/v).

Procedure

Vanilla essences contain about 0.1% (w/v) vanillin and were analysed without
further dilution; concentrates and oleoresins were diluted with methanol-water
(50:50) to give a vanillin concentration of about 0.1% vanillin. Add 1 ml of standard
solution to 10 ml of internal standard solution, mix, inject 10 ul and determine the
peak area ratios of vanillin, p-hydroxybenzaldehyde, vanillic acid and p-hydroxyben-
zoic acid to phenoxyacetic acid. Add 1 ml of vanilla essence, or diluted concentrate, to
10 ml of internal standard solution and inject 10 ul. From the peak area ratios of
vanillin, p-hydroxybenzaldehyde, vanillic acid and p-hydroxybenzoic acid to
phenoxyacetic acid, calculate the concentration of these compounds in the sample.

RESULTS AND DISCUSSION

Vanilla essences contain vanillin as the major aromatic compound and this is
accompanied by smaller concentrations of vanillic acid, vanillyl alcohol, p-hydroxy-
benzaldehyde, p-hydroxybenzoic acid, p-hydroxybenzyl alcohol and 3,4-dihydroxy-
benzaldehyde. Ethyl vanillin, a synthetic vanillin analogue, may be present as an
additive in vanilla essences. The major compound vanillin has a UV absorption maxi-
mum in the mobile phase at 275 nm and this was chosen as the detector wavelength.
Adequate separation of the compounds of interest was obtained with an aqueous
mobile phase containing both methanol and acetonitrile. A number of aromatic acids
were examined for use as an internal standard; phenoxyacetic acid has a suitable
retention time and uv absorption spectrum, with a maximum in the mobile phase at
275 nm. It was necessary to dilute the samples before analysis and this was done by
adding the sample to the internal standard solution. Vanilla essences may contain
caramel as an added colouring and it was found that a precipitate was produced if
these essences were added to the internal standard dissolved in 100% methanol.
When this solvent was replaced with methanol-water (50:50), no precipitation oc-
cured. The separation of reference compounds is shown in Fig. 1A. Typical retention
times (in minutes) were: p-hydroxybenzyl alcohol, 4.1; vanillyl alcohol, 4.9;
p-hydroxybenzoic acid, 7.3; vanillic acid, 8.8; p-hydroxybenzaldehyde, 10.4; vanillin,
13.5; phenoxyacetic acid, 21.8; ethyl vanillin, 28.8. Coumarin, retention time 39.2
min, was not detected in the vanilla extracts, essences and oleoresins examined. In
practice, the two earlier eluting compounds were not quantitated as interfering com-
pounds with similar retention times are present in vanilla essences, as shown in Fig.
1B. The small peak X (Fig. 1B), retention time 6.2 min, was identified by co-chroma-
tography as 3,4-dihydroxybenzaldehyde. The detector response for vanillin, p-hy-
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Fig. 1. HPLC traces of (A) reference compounds and (B) laboratory-prepared extract of vanilla beans.
Peaks: a = p-hydroxybenzyl alcohol; b = vanillyl alcohol; ¢ = p-hydroxybenzoic acid; d = vanillic acid;
e = p-hydroxybenzaldehyde; V = vanillin; IS = phenoxyacetic acid, EV = ethyl vanillin; x = 2,4-
dihydroxybenzaldehyde. Vertical bar = 0.01 a.u.; horizontal bar = 10 min. For chromatographic condi-

tions see text.

TABLE 11

HPLC ANALYSIS OF VANILLA OLEORESINS, VANILLA EXTRACTS AND RETAIL VANILLA

ESSENCES

p-Hydroxy- Vanillic p-Hydroxy- Vanillin
benzoic acid acid benzaldehyde

Retail

vanilla essences

(mg/100 ml)
1 0.14 0.50 6.23 79.3
2 0.17 0.97 9.46 128.2
3 1.27 2.34 2.09 82.6
4 1.51 427 5.52 100.4
5 2.57 8.62 8.34 115.5

Vanilla extracts

(mg/100 ml)
1 Bourbon beans 1.33 3.49 6.49 85.4
2 Bourbon beans 0.90 3.90 5.90 85.7
3 Bourbon beans 1.77 7.04 7.38 129.3
4 Bourbon beans 1.63 7.16 7.83 134.0
5 Bourbon beans 1.85 9.30 11.2 163.2
6 Java beans 243 7.95 7.48 81.9

Vanilla oleoresins

(%, wiw)
1 0.028 0.089 0.093 1.58
2 0.058 0.192 0.183 3.32
3 0.009 0.017 0.305 3.98
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TABLE III
RATIOS OF CONCENTRATIONS OF MINOR COMPOUNDS TO VANILLIN

Ratio (mg compound|g vanillin)

p-Hydroxy- Vanillic p-Hydroxy-
benzoic acid acid benzaldehyde

Retail
vanilla essences

1 2 6 78

2 1 8 73

3 15 28 25

4 15 42 55

5 22 75 72
Vanilla extracts

1 16 41 76

2 11 46 69

3 14 55 57

4 12 S3 58

5 11 57 69

6 30 97 91
Vanilla oleoresins

{ 18 57 59

2 17 58 S5

3 2 4 77
U.S.A. values* 5-21 27-82 57-90 (n = 13)
F.R.G. values** - - 54-92 (n = 40)

* Calulated from the results in ref. 11.
** Calulated from the results in ref. 4.

droxybenzaldehyde, vanillic acid and p-hydroxybenzoic acid was linear up to concen-
trations of 150, 12, 10 and 5 mg/100 ml, respectively, in the sample. The recoveries of
compounds added to a diluted vanilla essence to give concentrations within the linear
response range were: vanillin 99.8-101%, vanillic acid 100.5-102%, p-hydroxybenz-
aldehyde 100.9-108.5% and p-hydroxybenzoic acid 99.0~100.7%

Samples of vanilla oleoresins, extracts of vanilla beans prepared in the lab-
oratory with cthanol-water (50:50, v/v) and retail samples of vanilla essences were
examined; the results are shown in Table II. Although the concentrations of all com-
pounds vary widely, the ratios of the concentrations of the minor compounds to that
of vanillin, expressed as mg of compound/g of vanillin, show less variation and these
ratios can be used to assess the authenticity of vanilla extracts. These ratios are shown
in Table I1I. The ratios for the three compounds present in the genuine, laboratory
prepared vanilla extracts are similar to those calculated from the reported concentra-
tions found in vanilla extracts by HPLC!!. The ratio of vanillin to p-hydroxybenz-
aldehyde has been used to determine the authenticity of vanilla extracts and a range
of 10.9-18.4 g vanillin/g p-hydroxybenzaldehyde was reported*. This is equivalent to
a range of 54-92 mg p-hydroxybenzaldehyde/g vanillin, similar to those calculated
from the U.S.A. results and the range of ratios found for the laboratory prepared
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vanilla extracts (Table 11I). The following ranges of ratios (mg compound/g vanillin)
are suggested for genuine vanilla essences: p-hydroxybenzoic acid, 5-30; vanillic acid,
27-97; p-hydroxybenzaldehyde, 54-92. The New South Wales Pure Food Regula-
tions'® require vanilla essence to contain “the quantity of soluble substances in their
natural proportions that are extracted by an aqueous alcoholic solution”, the ethanol
content of which is 50-55% (v/v). A comparison of the results obtained from the
retail samples of vanilla essences and the ratios proposed above, suggest that these
requirements!3 are met only by retail essences 4 and 5.
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Cholesterol is esterified by long chain fatty acids for storage, transport and
maintenance of cholesterol homeostasis in the body. Enzymes responsible for the
formation of cholesterol esters are present both in the cell as well as in plasma'~’.

Recently, it has been shown that xenobiotics containing free carboxylic func-
tional groups or those which are converted to carboxylic acid during their metabolism
result in the formation of cholesteryl esters®=!2. These xenobiotic cholesteryl esters
behave differently than the normally occurring long chain cholesteryl esters!®!! and
possess specific toxicity!3.

In order to study the formation and behavior of xenobiotic cholesteryl esters
resulting from mono-, di- and tri-chloroacetic acids, we have synthesized and charac-
terized mono-, di- and tri-chloroacetates of cholesterol. For the purpose of analysis of
these cholesteryl chloroacetates in various tissues and fluids, we have developed chro-
matographic procedures which are described in this communication.

MATERIALS AND METHODS

Reagents

~ Cholesterol was purchased from MCB (Cincinnati, OH, U.S.A.). Cholesteryl
acetate was obtained from Sigma (St. Louis, MO, U.S.A.). Chloroacetyl chloride,
dichloroacetyl chloride and trichloroacetyl chloride were bought from Aldrich (Mil-
waukee, WI, U.S.A)).

Thin-layer chromatography (TLC) plates coated with silica gel were purchased
from Analtech (Newark, DE, U.S.A)). Silica gel was purchased from E. Merck (Cher-
ry Hill, NJ, U.S.A.). Solvents (HPLC-grade) were purchased from Fisher Scientific
(Houston, TX, U.S.A)).

Purification of cholesterol and cholesteryl acetate

Cholesterol was purified by column chromatography over silica gel 60 (70-230
mesh) and eluted with hexane-ethylacetate (19:1, v/v). Fractions of 5 ml were collect-
ed and monitored by TLC as described later. Fractions corresponding to cholesterol
were pooled and crystallized from methanol. Cholesteryl acetate was purified by
crystallization from a hexane-acetone (1:5, v/v) mixture.

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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Synthesis of mono-, di- and tri-chloroacetates of cholesterol

Cholesteryl monochloroacetate was prepared by dissolving 10 g of purified
cholesterol in 14 ml of dry pyridine, to which 2.72 g of monochloroacetyl chloride
were added. The reaction mixture was heated at 60°C for 4 h, cooled and poured into
ice-cold water. The solid mass thereby formed was filtered, dried over anhydrous
calcium chloride and recrystallized from hexane—acetone (1:1, v/v). Cholestery! di-
chloro- and trichloroacetates were similarly prepared by using 3.67 g of dichloroace-
tyl chloride and 5.60 g of trichloroacetyl chloride, respectively. The structures of these
compounds were confirmed by NMR and mass spectrometry (data not shown).

High-performance liquid chromatography (HPLC)

The chromatographic analysis was conducted on a Beckman Model 334 liquid
chromatograph connected with an Ultrasphere ODS column (5 um particle size, 25
cm X 4.6 mm 1.D.) Altech Assoc. (Deerfield, IL, U.S.A.); a Beckman 165 variable-
wavelength detector and a Perkin-Elmer 023 recorder.

Thin-layer chromatography

TLC was performed on silica gel G (250 um) glass plates in a presaturated
chromatographic chamber. The plates were air dried, sprayed with 50% sulfuric acid
and heated at 120°C for 5 min, to detect cholesteryl esters.

Stock solutions

Stock solutions of standards were prepared by dissolving 20 mg in 10 ml of
chloroform and stored at 4°C. A stock solution of the mixture was prepared by
dissolving cholesteryl acetate (58.0 umol), cholesteryl monochloroacetate (54.0

1

I
I Iy

WL

— T T T T 1
0 10 20 30 40 50

Time {min)
Fig. 1. Separation of cholesteryl acetate and its chloro analogues by HPLC. Injection volume 100 ul;
detection at 210 nm; 0.300 a.u.f.s.
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TABLE 1
STANDARD CURVE OF CHOLESTERYL ESTERS

The data presented are averages of three experiments + standard deviation.

Concentration (ug) Peak area (mm?)

1 11 11 v
2.0 1.51 £ 0.31 1.44 + 0.17 1.76 + 0.13 1.83 + 0.09
4.0 2.72 £ 0.49 2.48 + 0.40 3.71 £ 0.54 3.54 + 0.06
6.0 3.38 + 0.47 3.20 + 0.39 5.51 + 0.34 5.83 £ 0.72
8.0 4.08 + 0.24 490 + 091 5.90 + 0.44 5.94 + 0.09
10.0 5.86 + 0.11 6.29 + 0.28 8.14 + 0.74 7.61 £ 1.25
Correlation
coefficient 0.990 0.984 0.983 0.976

umol), cholesteryl dichloroacetate (50.30 wmol), and cholesteryl trichloroacetate
(47.0 umol) in 10 ml chloroform. Dilutions were made from the stock solutions of
standards and mixture to estimate the detection limit.

RESULTS AND DISCUSSION

Cholesteryl acetate (I), cholesteryl monochloroacetate (IT), cholesteryl dichlo-
roacetate (III), and cholesteryl trichloroacetate (IV) can be resolved by HPLC using
hexane-methanol (1:32, v/v) at a flow-rate of 1 ml/min in 42 min (Fig. 1). Under these
conditions cholesteryl monochloroacetate eluted first (19.8 min) and cholesteryl tri-
chloroacetate last (41.6 min). Cholesteryl acetate had a retention time higher than

Fig. 2. Separation of cholesteryl acetate and its chloro analogues by TLC.
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TABLE II

R, VALUES RELATIVE TO CHOLESTERYL ACETATE, USING DIFFERENT RATIOS OF
HEXANE AND ETHYL ACETATE

R, values of cholesteryl acetate were: 0.66, 0.55, 0.37, 0.35 and 0.29 using hexane—cthyl acetate 4:1, 9:1,
19:1, 24:1 and 66:1 (v/v), respectively.

Solvent system: Relative R,
hexane—ethyl acetate (v|v)
11 1 v
4:1 1.06 1.14 1.18
9:1 1.13 1.27 1.36
19:1 1.24 1.73 2.02
24:1 1.26 1.77 2.14
66:1 1.29 1.95 241

cholesteryl dichloroacetate and lower than cholesteryl trichloroacetate. Similar reso-
lution was achieved by using hexane-methanol (1:19, v/v) in 35 min (I, 23.24; II,
17.80; ITI, 20.12; TV, 34.8 min). The standard curve for each ester was determined
(Table I) and was found to be linear between 2-10 pg at 0.05 a.u.f.s. Under these
conditions, cholesteryl palmitate, cholesteryl stearate and cholesteryl oleate have a
much longer retention time (> 90 min).

Fig. 2 shows that compounds I-IV could be resolved on a silica gel TLC plate,
using hexane—ethyl acetate (66:1, v/v) as the mobile phase. Table II summarizes the
relative Ry values relative to compound I, using different solvent systems. As evident
from Table II, the solvent system for the best separation of these halogenated esters of
cholesterol is hexane—ethyl acetate (66:1, v/v). Cholesterol does not move in this
solvent system. If we use only hexane as a solvent, compound I does not move and
compound II barely moves (Rg 0.02). If hexane and ethyl acetate are used in the ratio
of 4:1 (v/v) a poor resolution of compound III and IV is obtained.
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Paper chromatography® has been used for the analysis of unsaturated disaccha-
rides after the digestion of chondroitin sulphates (ChS) by chondroitinase ABC or
AC. Thin-layer chromatography (TLC) on cellulose plates has also been used by
many workers®>~*. Recently, high-performance liquid chromatography (HPLC) has
been used for the determination of unsaturated disaccharides®'2, but TLC is still
useful as a simple analytical method.

Shimada and co-workers reported the application of TLC on silica gel for the
separation of hyaluronate oligosaccharides'® and unsaturated chondroitin sulphate
disaccharides'*. However, colorimetric detection on TLC plates with a carbazole
reagent is not sensitive enough.

In this paper, we describe the TLC separation of small amounts of unsaturated
disaccharides as their dansylhydrazine [1-naphthalenesulphonyl-5-(dimethylamino)

hydrazide] derivatives, which have been used in fluorimetric precolumn derivatization
in HPLC!9-11,

EXPERIMENTAL

Reagents and materials

The standard unsaturated disaccharides 2-acetamido-2-deoxy-3-O-(f-D-glu-
co-4-enepyranosyluronic acid)-p-galactose (4Di-08S), 2-acetamido-2-deoxy-3-O-(8-D-
gluco-4-enepyranosyluronic acid)-4-O-sulpho-D-galactose (4Di-4S), 2-acetamido-2-
deoxy-3-O-(f-D-gluco-4-enepyranosyluronic acid)-6-O-sulpho-p-galactose (4Di-68S),
2-acetamido-2-deoxy-3-0-(2-O-sulpho-B-D-gluco-4-enepyranosyluronic  acid)-D-ga-
lactose (4Di-UA2S), 2-acetamido-2-deoxy-3-0-(2-O-sulpho-f-p-gluco-4-enepyrano-
syluronic acid)-4-O-sulpho-p-galactose (4Di-diSg), 2-acetamido-2-deoxy-3-O-(2-O-
sulpho-f-p-gluco-4-enepyranosyluronic acid)-6-O-sulpho-D-galactose (ADi-diSp), 2-
acetamido-2-deoxy-3-O-(f-p-gluco-4-enepyranosyluronic  acid)-4,6-di-O-sulpho-bD-
galactose (4Di-diSg), 2-acetamido-2-deoxy-3-O-(2-O-sulpho-fB-D-gluco-4-enepyra-
nosyluronic acid)-4,6-di-O-sulpho-D-galactose (ADi-triS), 2-acetamido-2-deoxy-3-O-
(B-p-gluco-4-enepyranosyluronic  acid)-D-glucose (4Di-HA) and chondroitinase
ABC were purchased from Seikagaku Kogyo (Tokyo, Japan) and dansylhydrazine
from Fluka (Buchs, Switzerland). All other chemicals were of analytical-reagent
grade.

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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Kieselgel 60 thin-layer plates (plastic plate, 0.2 mm thickness) were obtained
from Merck (Darmstadt, F.R.G.).

A UV lamp (Model UVGL-15 Mineralight Lamp; San Gabricl CA, U.S.A.)
was used to detect the spots on the developed TLC plates.

Separation of glycosaminoglycans in rabbit plasma and urine

Plasma glycosaminoglycans (GAGs) were separated according to the method
of Emura and Mukuda®® with a 100-ul sample plasma.

Urinary GAGs were separated according to Poulsen’s method?®.

Enzymatic digestion

Aliquots of 10 ul each of 0.2 M Tris—HCI buffer (pH 8.0) and an aqueous
solution of 0.1 U chondroitinase ABC were added to 20 ul of plasma or a urinary
GAG solution. The mixture was incubated at 37°C for 3 h and then lyophilized. The
residue was dissolved in 10 ul of water. This solution was used for dansylhydrazine
derivatization.

Fluorescent derivatization of unsaturated disaccharides

Aliquots of 20 ul of a 0.75% (w/v) solution of trichloroacetic acid in ethanol
and 20 pl of a 1.0% (w/v) solution of dansylhydrazine in ethanol were added to 10 ul
of an aqueous solution of unsaturated disaccharides produced enzymatically from
plasma or urinary GAGs. The mixture was incubated at 40°C for 150 min, then
cooled to room temperature. An aliquot of 5 ul of the resulting solution was sub-
mitted to TLC.

RESULTS AND DISCUSSION

Separation of unsaturated disaccharides

The separation of dansylhydrazine derivatives of unsaturated disaccharides was
examined under various conditions using commercial silica plates. It was found that
A4Di-0S, 4Di-4S, ADi-6S, ADi-UA2S, 4ADi-diSg, 4Di-diSp, ADi-diSg, ADi-triS and
ADi-HA could be resolved satisfactorily with n-propanol-isopropanol-z#-butanol-
water (30:45:5:20, v/v) containing 0.04 M sodium chloride and 0.01 M ammonia
(Table I).

The detection limits of 4Di-0S, 4ADi-4S and 4Di-6S were 90 pmol with observa-
tion under UV light with the naked eye.

TABLE ]
R, VALUES OF DANSYLHYDRAZINE DERIVATIVES OF UNSATURATED DISACCHARIDES

Unsaturated Ry Unsaturated R,
disaccharide disaccharide

4Di-08 0.72 4Di-diS, 0.52
4Di-48 0.56 4Di-diS, 0.41
4Di-6S 0.61 ADi-triS 0.30
4Di-UA2S 0.66 4Di-HA 0.75

ADi-diS, 0.47
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Fig. I. Chromatogram of dansylhydrazine derivatives of unsaturated disaccharides produced from plasma
and urinary chondroitin sulphates: 1 = blank; 2 = mixture of 4Di-0S, 4Di-4S and 4Di-6S; 3 = plasma
ChS; 4 = urinary ChS. Conditions: TLC plate, silica gel 60; developing solvent, n-propanol—isopropanol—
n-butanol-water (30:45:5:20, v/v) containing 0.04 M sodium chloride and 0.01 M ammonia.

Although the TLC of 4Di-0S, 4Di-4S and 4Di-6S has been studied previous-
ly>~*14, the separation of oversulphated unsaturated disaccharides such as ADi-diSg,
4Di-diSp, ADi-diSg and ADi-triS has not been reported. Using the method described
here, all unsaturated disaccharides produced enzymatically from ChS can be separat-
ed satisfactorily with development under isocratic conditions.

Identification of unsaturated disaccharides from ChS in rabbit plasma and urine

The proposed method was applied to the identification of unsaturated di-
saccharides produced enzymatically from ChS in rabbit plasma and urine. Fig. 1
shows the chromatogram of dansylhydrazine derivatives of unsaturated disaccha-
rides from rabbit plasma and urinary GAGs obtained by digestion with chondroiti-
nase ABC.

ADi-08 and 4Di-4S were detected in plasma ChS and ADi-4S and 4Di-6S in
urinary ChS.

In conclusion, the proposed method is useful for the identification of the unsat-
urated disaccharides produced from GAGs such as ChS by chondroitinases, and can
be used for their structural characterization and as a screening test for ChS in biolog-
ical samples because of its high sensitivity.
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CHROM. 21 052

Book Review

Methods in molecular biology, Vol. 3, New protein techniques and Vol. 4, New nucleic
acid techniques, edited by J. M. Walker, Humana Press, Clifton, NJ, 1988, 512
(Vol. 3) and 576 (Vol. 4) pp., price US$ 49.50 per volume, ISBN 0-89603-126-8
(Vol. 3), 0-89603-127-6 (Vol. 4).

This series of volumes has set itself a very laudable task: ““... many of the new
techniques in molecular biology are relatively easy to master, it is often difficult for a
researcher to obtain all the relevant information necessary for setting up and success-
fully applying a new technique. Information is of course available in the research
literature, but this often lacks the depth of description that the new user requires”.

In other words it was thought that a series of volumes should be created analo-
gous to Organic Syntheses which gives a detailed description of new techniques.

“Each method is described by an author who has regularly used the technique
in his or her own laboratory”. The series differs here from Organic Syntheses in that
the method and its description were not checked by another group. It also makes
evident the major draw-back of these volumes. The “chapters”, i.e. methods are
described by somebody who has used it for some time. Will he be the right person to
explain it to a worker who has no knowledge of it? Will he not forget to mention items
which have become obvious to him through long practise but are not obvious to
beginners?

Let us take a typical method (p. 53, Vol. 3) on N-terminal amino acids:

N-Terminal Amino Acids 53

5. Centrifuge briefly to ensure that reagents are at the
bottom of tube.

6. Cover the tubes with parafilm to minimize evap-
oration, and incubate at approximately 20°C for 35
min in the dark.

7. Add2uLof ethylammonium chloride solution, and
centrifuge briefly.

8. After 1 min incubation, dry in the centrifugal con-
centrator.

9. Add 50 uL of HCI and seal the tube in a oxygen/
butane flame by twisting and drawing out when
hot.

10. Incubate at 105°C for 8 h. Crack open the tubes by
prescoring with the diamond tip pen, and dry off
the HC! under vacuum.

3.2, Separation of Derivatives

1. Equilibrate the HPLC column at 39°Cin 93% buffer
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A/7%buffer Bataflowrateof 1.2mL/min for5um
packing or 1.0 mL/min for 3 um packings.

2. Add4uLofdry methanol to each of the sample and
standard tubes and dry in the centrifugal concen-
trator. Repeat this procedure once more. This step
ensures removal of all volatile contaminants.

3. Redissolve the samples and standards in a suitable
volume to enable injection of 5 uL of solution con-
taining 50-200 pmol of Dns-amino acid(s).

4. Thederivatives are eluted with a gradient of buffer
B. The exact gradient required will vary from col-
umn type to column type; that used for the LKB
SuperPac column is shown in Fig. 2.

5. The eluate is monitored for absorbance at 254 nm,
or for more sensitive detection for fluorescence

Point 8. How critical is the 1-min incubation?
Point 10. How critical are 105°C for 8 h?
For the separation:
Point 1. Equilibrate the HPLC column at 39°C ... How critical is that?
Point 4. The derivatives are eluted with a gradient of buffer B. The exact gradient
required will vary from column type to column type.
This is hardly an exact description, nor are data provided that would help in the
decision.
There are “notes” which deal with some of the points but certainly not all. So
the reader will have to look up the original paper in the hope of finding further details.
In Chapter 20 on “Computer analysis of 2-D electrophoresis gels” one reads:

2. System Overview

The computing hardware for abstracting protein
spot data from a 2-D gel image comprise the CLIP4S
array computer and a LSI11-23™ minicomputer. Apart
from controlling the operations and data movements in
and out of the array computer, the minicomputer also
provides the tools and environment for software devel-
opments under the UNIX™ operating system. Mass
data sterage is provided by magnetic disks.

Briefly a2-D gelisback-illuminated fromalightbox
with a Vidicon television camera mounted directly
above it. The television signals of the 2-D gel image are
converted into a digitized image of 512 x 512 picture
elements (pixels): each pixel can have one of 256 (8 bits)
gray values or intensity (0 = black, 255 = white).

The CLIP4S array computer consists of a 512 x 4
strip of processing cells. Each processing cell is a simple
computer in its own right, and each cell is connected to
its eight nearest neighbors, as shown in Fig. 1, so thatin-
formation can be passed between them. The array com-
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puter operates onsuccessive strips of 512 x4 pixels in the
gel image, starting from the top of the image and work-
ing downward. This scanning process is completely
automatic. The processing power of the array computer
comes from the design; all available 2048 processing
cells operate on their assigned pixels simultaneously.
For example, 2048 additions can be completed in the

This is surely not very explanatory for a worker who is not in the computer field and
perhaps of little use to one who is. The discussion concludes that “The success of the
computerized 2-D gel analysis depends on close collaboration between research
workers working on computer development and those in the laboratory”. This is
eminently correct, but does it help those in the laboratory?

Another chapter on “Chromatofocusing” is fine, but does not offer anything
that cannot be found in the original papers by Sluyterman er al., which are much
more readable.

To sum up: The series aims to help the research worker. How successful it is in
each case will depend on the level of formation of the individual worker and on
whether there is a good library within reach or not. Hence the volumes cannot be
recommended without reservations.
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CHROM. 21 074

Book Review

Chromatography '87 (Symposia Biologica Hungarica, Vol. 37), edited by H. Kalasz and
L. S. Ettre, Akadémiai Kiadd, Budapest, 1988, XI + 3539 pp., price US$ 54.00,
ISBN 963-05-4988-3.

Though the preface mentions that due to the tardy publication of previous
volumes, two symposia were combined into a single volume, this does not appear to
have solved all problems. The 43 camera-ready manuscripts are to a large extent in
alphabetical order and hence it is impossible to ascertain which papers stem from the
1986 and which from the 1987 meeting. This hinders an overview of the publications as
to actuality or precedence.

Without wanting to carp unduly, it would have been preferable if the editors
could have evened out some incoherences, perhaps by the addition of footnotes. There
is the case of the paper by Edward-Inatimi, which presents a chromatogram for the
analysis of soils, showing five adjacent peaks of Cu, Ni, Pb, Co and Mn complexes
obtained by extracting with diethylammonium diethyldithiocarbonate, but where no
hint is given where the other metals such as Fe, Zn, Cd, Tl etc. would be found if
present and whether they would interfere with these peaks. Then the paper by
Yegazar'yants on the group separation of different petroleum fractions by high-
performance liquid chromatography gives no references to previous work, oddly
enough as excellent pioneering work was done in the laboratory of one of the editors of
this volume.

The book is attractively produced and offers a list of contributors, unfortunately
with some incomplete addresses, and also a subject index.
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NEW BOOKS

Practical high performance liquid chromato-
graphy method development, by L.R. Snyder, J.L.
Glajech and J.J. Kirkland, Wiley, Chichester,
New York, 1988, ca. 288 pp., price ca.
US$ 65.00, ISBN 0-471-62782-8.

High performance liquid chromatography, ed-
ited by P.R. Brown and R.A. Hartwick, Wiley,
Chichester, New York, 1988, ca. 550 pp., price
ca. US$ 87.50, ISBN 0-471-84506-X.

Principles and practice of chromatography, by B.
Ravindranath, Wiley, Chichester, New York,
1988, ca. 380 pp., price ca. £ 103.00, ISBN 0-
7458-0296-6.

Computerized multiple input chromatography, by
M. Kaljurand and E. Kiillik, Ellis Horwood,
Chichester, 1988, ca. 200 pp., price ca.
US$ 72.10, ISBN 0-7458-0120-X.

Chromatographic enantioseparation: methods
and applications, edited by S.G. Allenmark, El-
lis Horwood, Chichester, 1988, 224 pp., price
£ 38.50, ISBN 0-85312-988-6.

AWARDS

DAL NOGARE AWARD

Vol. 462

Ion chromatography in water analysis, by O.A.
Shpigun and Yu. A. Zolotov, Ellis Horwood,
Chichester, 1988, 188 pp., price £ 32.50, ISBN
0-7458-0020-3.

Analytical isotachophoresis, by P. Bocek, M.
Deml, P. Gebauer and V. Dolnik, VCH, Wein-
heim, 1988, XVIII + 237 pp., price DM 156.00,
£57.00.

Natural products isolation, separation methods
for antimicrobials, antivirals and enzyme inhib-
itors, edited by G.H. Wagman and R. Cooper,
Elsevier, Amsterdam, Oxford, New York, To-
kyo, 1988, XII + 618 pp., price Dfl. 285.00,
U.S.A. and Canada US$ 139.00, ISBN 0-444-
87147-0.

Die Chemische Industrie und ihre Helfer, Aus-
gabe 1988-1989, edited by Edition Selka, In-
dustrieschau Verlagsgesellschaft mbH, 1988, ca.
550 pp., price DM 53.50, ISBN 3-7790-0198-5.

Hauswirtschaftliche Briefe, by F.R. Runge,
VCH, Weinheim, 1988, XIV + 546 pp., price
DM 49.00.

The Dal Nogare Award will be presented to Professor Phyllis R. Brown. This award has been given
by the Chromatography Forum of the Delaware Valley annually since 1972. This year the award will
be presented to Professor Brown by Mary Ellen McNally, President of the Chromatography Forum of
the Delaware Valley on Tuesday Afternoon, March 7, 1989.



Professor Brown received a B.S. degree from George Washington University and Ph.D. from Brown
University. At Brown University she did postdoctoral work in the Pharmacology Section. She was a
visiting professor at the Hebrew University in Israel in 1979 and 1983. She received a Fulbright Fel-
lowship for study in Israel in 1987. In 1983 she was given the Excellence in Research Award from the
University of Rhode Island. Currently, she is Professor in the Chemistry Department at the Univer-
sity of Rhode Island.

Professor Brown is a pioneer in the applications of high-performance liquid chromatography (HPLC)
to biomedical research. She has published over 110 research articles and 30 review articles or chapters
in books. She wrote the first book on the biomedical and biochemical applications of HPLC and co-
authored the first book on Reversed-Phase HPLC. Currently, she is also a co-author of the series
Advances in Chromatography and serves on the Editorial Board of Journal of Chromatography,
Biomedical Applications. Her current research interests involve the use of computers in the optimi-
zation of chromatographic separations of nucleotides, nucleosides and their bases, preparative HPLC
for biologically samples for use in medical research and the clinical laboratory. At present, work is in
progress on the separation of nucleic acids, catecholamines, and long chain unsaturated fatty acids.

1989 AMERICAN CHEMICAL SOCIETY AWARD

The recipients of the 1989 American Chemical Society Awards
have been selected. Professor Fred E. Regnier of Purdue Univer-
sity will receive the ACS Award in chromatography, sponsored by
Supelco. The award honors outstanding contributions to the field
of chromatography.

Professor Regnier has made major contributions toward the high-
performance liquid chromatographic separation of biopolymers
such as proteins and nucleic acids. He received a B.S. degree from
Nebraska State College (1960) and a Ph.D. degree from Okla-
homa State University (1965). After completing postdoctoral re-
search at Oklahoma State University (1966), the University of
Chicago (1967), and Harvard University (1968), he joined the
faculty at Purdue University in 1969.

Regnier’s current research interests include the preparative and
production scale separation of biopolymers and development of
macroporous rigid microparticulate stationary phases. He was the recipient of the David B. Hilme
Award (1982) and the Stephen Dal Nogare Award (1987) and is Editor of Preparative
Chromatography.

The award will be presented in April 1989 at the 197th ACS Spring National Meeting in Dallas,
TX, U.S.A.

KEENE P. DIMICK AWARD

Professor Herbert H. Hill, Jr. will receive the second Keene P. Dimick Award at the 40th Pittsburgh
Conference. This Award is administered by the Society for Analytical Chemists of Pittsburgh and
sponsored by Keene P. Dimick. Professor Herbert H. Hill was born in Helena, AR, U.S.A. on Novem-
ber 25, 1945. He received a B.S. degree in chemistry from Rhodes College, Memphis, TN, U.S.A. in
1970. He received a M.S. degree in biochemistry at the University of Missouri, Columbia, MO, U.S.A.
in 1973 and a Ph.D. in chemistry from Dalhousie University, Halifax, Canada in 1975. At Dalhousie
University he was awarded the Izaak Walton Killam Memorial Scholarship for Advanced Study. He
performed postdoctoral research from 1975 to 1976 at the University of Waterloo under the direction
of Professor F.W. Karasek. He joined the chemistry department at Washington State University, Pull-
man, WA, U.S.A. in 1976 where he is now Professor. In addition, from 1982 to the present, he has
held a joint appointment in the Program of Pharmacology and Toxicology. During 1983-1984 he
spent a year as guest professor of chemistry at Kyoto University, Kyoto, Japan. He has also served as
Director of the Office of Research and Development at Washington State University from 1985-
1987.



Professor Hill’s research has been focused in the area of trace organic analysis of environmental
and biomedical samples using chromatography. His work involves ambient pressure ionization detec-
tion methods for capillary gas chromatography, supercritical-fluid chromatography and high-per-
formance liquid chromatographic detection. His work has involved fundamental and practical re-
search in flame ionization, photo-ionization, chemical ionization, corona ionization and radioactive
ionization as detection processes after chromatography. His recent work involves investigating the
potential of ion mobility spectrometry for the detection of high-molecular-weight compounds after
supercritical-fluid and liquid separation processes. Professor Hill has published over 70 papers in the
area of chromatography and chromatographic detection methods.

1989 PITTSBURGH CONFERENCE MEMORIAL NATIONAL COLLEGE GRANTS AWARD
PROGRAM

The Pittsburgh Conference on Analytical Chemistry and Applied Spectroscopy, Inc., and its co-
sponsoring technical societies, the Spectroscopy Society of Pittsburgh (SSP) and The Society for An-
alytical Chemists of Pittsburgh (SACP), announce the 16th year of funding of the Pittsburgh Confer-
ence Memorial National College Grants Award Program.

Awards are made to small colleges for the purchase of scientific equipment, audio-visual or other
teaching aids, and/or library materials for use in the teaching of science at the undergraduate level.
Based on submitted proposals, at least ten colleges will be selected to receive awards (U.S.$ 3000.00
maximum ).

To be eligible for an award, schools must meet the following criteria:

(1) Enrollment must not exceed 2500 students.

(2) No more than 25% of operating budgets may come from national or state governments. Two-
year community colleges sponsored by political subdivisions of a state are not bound by cri-
teria | and 2.

(3) Requests for materials to be used only for research purposes shall not be funded.

(4) Awards may be used as a part of a “Matching Grant” program for undergraduate studies as
described above. Generating “Matching Funds” is recommended.

(5) Previous awardee schools are not eligible for an award for a three-year period following re-
ceiving a PCMNCG award (example, the 1986, 1987, and 1988 awardee schools are not
eligible for the 1989 program). ’

Interested faculty members are urged to participate by completing an application form and submit-
ting it along with a proposal (original and three copies of each), by March 1, 1989 to John A. Queiser,
The Pittsburgh Conference, Inc., 12 Federal Drive, Pittsburgh, PA 15235, U.S.A.

Announcement of the award-winning schools will be made by May 1, 1989. These schools will join
the list of 91 previous award-winners who have participated in the program since its inception in
1974,

For application/proposal forms write to Pittsburgh Conference at address above.

ANNOUNCEMENTS OF MEETINGS

9th INTERNATIONAL SYMPOSIUM ON HIGH-PERFORMANCE LIQUID CHROMATO-
GRAPHY OF PROTEINS, PEPTIDES AND POLYNUCLEOTIDES, PHILADELPHIA, PA, USA.,
NOVEMBER 6-8, 1989. '

The 9th ISPPP will be held at the Wyndham Franklin Plaza Hotel in Philadelphia, PA, US.A.,
November 6-8, 1989.

The three-day programme will include both oral and poster presentations organized into different
sessions. Recognized authorities will review current trends and future perspectives in various topics,
including: electrokinetic separations; column technology and support materials; protein conforma-
tion and chromatographic behaviour; polypeptide structural studies; protein purity and QC of recom-



binant proteins; polynucleotides; polysaccharides; membrane proteins; affinity chromatography; an-
alytical applications; sample preparation; preparative chromatography of biopolymers; high-resolution
electrophoresis; integrated purification systems; biospecific detectors; process monitoring; recovery
of recombinant proteins. The scientific committee welcomes suggestions for additional topics to be
covered.

Abstracts (one original and five copies) describing original research in any of the above or related
areas, should be mailed to the secretariat. The deadline for submission is June 15, 1989. It is antici-
pated that complete manuscripts submitted at the time of the symposium will, subject to normal
review procedures, be published in a complete, collected proceedings volume of the Journal of
Chromatography.

The advance registration fee will be US$ 350 which covers all scientific and social events. Students
will be eligible for a reduced rate of US$ 250 (a copy of the proceedings is not included ).

Abstract forms, registration information and full details of the symposium can be obtained by con-
tacting the Secretariat: Barr Enterprises, P.O. Box 279, Walkersville, MD 21793, U.S.A. Tel.: 301-
898-3772; telefax: 301-898-5596.

2nd INTERNATIONAL SYMPOSIUM ON MICROCOLUMN SEPARATION METHODS, BADEN-
BADEN, F.R.G., NOVEMBER §-10, 1989

The 2nd International Symposium on Microcolumn Separation Methods will be held in the Con-
gress Centre of Baden-Baden, F.R.G., November 8-10, 1989. A first event in this direction has been
organized with the conference on microcolumn separation methods held in Bloomington, IN, U.S.A.,
October 10-11, 1988. The symposium now planned continues the tradition started in 1984.

Words such as “microbore”, “miniaturization”, “high speed”, “low dispersion”, have turned up
already many years ago reflecting a trend in reduction of volumes of components in chromatographic
systems. Not only in gas chromatography but also in liquid phase separation techniques this trend has
become quite significant which prompted us already in January 1984 in Amsterdam to stage a Work-
shop emphasizing miniaturization in liquid chromatography. In the meantime these developments
have become sufficiently important to urge the formation of a forum for information exchange in
microcolumn separation techniques with emphasis on liquid chromatography, supercritical-fluid
chromatography, electrophoresis and hyphenated techniques in the microcolumn separation field.

New columns, instrumentations, applications will be featured via lectures and posters and interna-
tional leaders in the field will be invited to participate in the scientific programme. The symposium
proceedings are planned for publication in a special issue of Journal of Chromatography. The scien-
tific committee consists of: R.W. Frei (Amsterdam, The Netherlands), K. Jinno (Japan), J.W. Jor-
genson (U.S.A.), M.L. Lee (Brigham Young University, U.S.A.), M.V. Novotny (Indiana Univer-
sity, U.S.A.), D. Westerlund (Uppsala, Sweden), and F. Yang (Salt Lake City, U.S.A.).

An exhibition of instruments and literature is planned.

Two days prior to the symposium (November 6-7, 1989) a short course will be held in the Congress
Centre.

For further details contact: Workshop Office IAEAC, Ms. M. Frei-Hausler, Postfach 46, CH-4123
Allschwil, Switzerland.
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application to the publisher, Elsevier Science Publishers B.V., P.O. Box 330, 1000 AH Amsterdam, The
Netherlands.)

Types of Contributions. The following types of papers are published in the Journal of Chromatography
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Editor can comment on (parts of) previously published articles, or they can report minor technical improve-
ments of previously published procedures; they should preferably not exceed two printed pages. For review
articles, see inside front cover under Submission of Papers.

Submission. Every paper must be accompanied by a letter from the senior author, stating that he is sub-
mitting the paper for publication in the Journal of Chromatography. Please do not send a letter signed by
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topic described, and stating clearly what is new in the paper now submitted.

Summary. Full-length papers and Review articles should have a summary of 50-100 words which clearly
and briefly indicates what is new, different and significant. In the case of French or German articles an
additional summary in English, headed by an English translation of the title, should also be provided.
(Notes and Letters to the Editor are published without a summary.)

lllustrations. The figures should be submitted in a form suitable for reproduction, drawn in Indian ink on
drawing or tracing paper. Each illustration should have a legend, all the /egends being typed (with double
spacing) together on a separate sheet. If structures are given in the text, the original drawings should be
supplied. Coloured illustrations are reproduced at the author’s expense, the cost being determined by the
number of pages and by the number of colours needed. The written permission of the author and publisher
must be obtained for the use of any figure already published. lts source must be indicated in the legend.
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of the reference list. Abbreviations for the titles of journals should follow the system used by Chemical
Abstracts. Articles not yet published should be given as “in press” (journal should be specified), “sub-
mitted for publication” (journal should be specified), “'in preparation” or “’personal communication”.

Dispatch. Before sending the manuscript to the Editor please check that the envelope contains
three copies of the paper complete with references, legends and figures. One of the sets of
figures must be the originals suitable for direct reproduction. Please also ensure that permis-
sion to publish has been obtained from your institute.

Proofs. One set of proofs will be sent to the author to be carefully checked for printer’s errors. Corrections
must be restricted to instances in which the proof is at variance with the manuscript. “Extra corrections”
will be inserted at the author’s expense.

Reprints. Fifty reprints of Full-length papers, Notes and Letters to the Editor will be supplied free of charge.
Additional reprints can be ordered by the authors. An order form containing price quotations will be sent to
the authors together with the proofs of their article.

Advertisements. Advertisement rates are available from the publisher on request. The Editors of the journal
accept no responsibility for the contents of the advertisements.
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