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RETENTION STUDIES OF ALKYL- AND HALOGEN-SUBSTITUTED ARO-
MATICS ON NORMAL-PHASE SILICA AND ALUMINA COLUMNS

I. ALKYLBENZENES AND HALOGENOALKYLBENZENES

ROELOF F. REKKER*

Department of Pharmacochemistry, Vrije Universiteit, De Boelelaan 1083, 1081 HV Amsterdam (The Neth-
erlands}

GERRIT DE VRIES

Department of Analytical Chemisiry, Vrije Universiteit, De Boelelaan 1083, 1081 HV Amsterdam (The
Netherlands)

and
GREETIE J. BIULOO

Department of Pharmacochemistry, Vrije Universiteit, De Boelelaan 1083, 1081 HV Amsterdam { The Neth-
erlands)

(First received June 20th, 1986; revised manuscript received August 26th, 1986)

SUMMARY

Normal-phase liquid chromatography has been applied to alkylbenzenes and
compounds with mixed halogen-alkyl substitution. Experiments were performed on
both silica gel and alumina packed columns. With n-hexane as the mobile phase good
peak differentiations were possible. Many of the derived log(capacity factors) could
be correlated with structural features and predictions could be made. Substituent
bulk and mesomeric effects are of major importance in regulating the transport of
the investigated compounds. In addition, however, symmetry conditions seem to play
a distinct role; group dipole moment values can therefore serve as suitable parameters
in a number of instances.

INTRODUCTION

Several years ago some studies!~* were devoted to the chromatographic behav-
iour of over 200 compounds in the systems n-hexane-silica gel and n-hexane-alumina
in order to obtain information on optimal separation techniques and the possible
relationship between structure and retention. In addition to alkyl and halogenoalkyl
aromatics, the series contained polychlorobiphenyls (PCBs)., polybromobiphenyls
(PBBs), polymethylbiphenyls (PMeBs), polychloronaphthalenes (PCNs) and poly-
methylnaphthalenes (PMeNs). The principle of the work described in this and forth-
coming papers was to find parameters that describe effectively the transfer of the
compounds. In a way, our studies link up with investigations performed by Snyder®
on a number of similar structures on alumina columns, although Snyder’s investi-

0021-9673/86/303.50 © 1986 Elsevier Science Publishers B.V.



356 R. F. REKKER, G. DE VRIES, G. 1. BLULOO

gations were nol intended to unravel the necessary parametrization of retention val-
ues. Also, the application of regression techniques was not in commeon use at the
time.

EXPERIMENTAL

The compounds investigated were of several origins. All products were of suf-
ficient purity with one main peak in the chromatogram.

n-Hexane (Baker, Deventer, The Netherlands)) was used throughout as the
eluent, pre-treated with a suspension of sodium in solid paraffin?, followed by drying
over pre-heated molecular sieve SA (200°C for at least 8 h®),

Retention times were determined on a Siemens high-performance liquid chro-
matographic (HPLC) apparatus, Type S 100, equipped with a Zeiss PM 2 UV ab-
sorbance detector, absorption was measured at 200-300 nm.

The silica gel column was packed with LiChrosorb §i 60, particle size 5 um,
column length 25¢ mm, L.D. 3.0 mm (Chrompack, Middelburg, The Netherlands).
The alumina column was packed with LiChrosorb Alox T35, particle size 5 ym, col-
umn length 250 mm, 1.D. 3.0 and 4.6 mm (Chrompack).

Sample concentrations were chosen so as to give a low but discernible signal
from injection volumes of 10 yl.

Retention times are expressed in terms of log(capacity factors, &') using the
equation

]Og k' = IOg(fR A [0)/!0

where 1 is the retention time of the compound and ¢ the elution time of unretained

n-hexane.
The flow-rate of the eluent was 2 mi/min for the silica gel column and 2 or 3.5

ml/min for the alumina column, depending on its diameter.
RESULTS AND DISCUSSION

Methylbenzenes on a silica gel column

The experimental log &' values are given in Table I for all methyl-substituted
benzene derivatives and benzene.

Considering the general trend in the tabulated log & values, we first tried to
correlate log k° with the total number of methyl groups (ny.), which resulted in the
following equation (with 95% confidence intervals in parentheses):

log &' = 0.088 (£0.010)ry, + 0.378 (£0.035) (N
n=13r= 0985 s = 0027, F = 346
This equation accounts for 97% of the variances. Close ipspeciion of the data points
(Fig. 1) shows that seven out of the thirteen data points are slightly different from
the others. They fit the following equation:
log k' = 0.084 (£0.002)ny. + 0.376 (£0.008) 2)
n="Tr=09997 s = 0004, F = 8280
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These seven compounds (marked with asterisks in Fig. 1) will serve as a “backbone™
for further improvement of the data correlation. The deviating behaviour of the six
“non-asterisked” compounds in Fig. ! seems to be connected with symmetry con-
ditions in the methyl substitution pattern. For that reason, we decided to operate
with normo and 1,4, as additional parameters Lo ny.. The two parameters denote the
total number of methyl groups involved in ortho and para positions, respectively.

log k' = 0.083 (£0.005)me + 0.021 (£0.004)1,00, —
' 0.020 (£0.003)1,0,, + 0.379 (£0.009) (3)
n = 13;r = 0.9994; s = 0.006; F = 2840

Egn. 3 has one drawback: it is slightly “under”-filled with data points (as a rule we
recommend five data points for ¢ach independent parameter). The identity of the
regressor values of n,,, and n1,,., in eqn. 3 (with opposite algebraic sign), however,
permits a parameter reduction by applying neme — Rpara instead of 40 and Npeq
separately:

log &' = 0.085 (£0.002)ny. + 0.020 (£ 0.003)Horm0 — Mpara) +
+ 0.377 (£0.007) (4)
n = 13;r = 09994; s = 0.006; F = 4390

and this excellent result leaves no more than 0.2% of the variances unexplained.

Additional proof that symmetry conditions really are important and that the
numerical difference in the ortho and para substitutions gives an adequate means of
parametrizing this symmetry factor is demonstrated by eqn. 5 with the group dipole
moment sum () functioning as an additional parameter to sy,

tog & = 0.088 (£0.005)ny, + 0.083 (£0.029)p + 0.354 (£0.019) 5)
n=13r=1089%97 5= 0013 F = 785
Methylbenzenes on an alumina column
The experimental log &" values are given in Table II for all methyl-substituted
benzene derivatives, including benzene. The following equation correlates log &' with
the total number of methyl groups:
log £ = 0.205 (£0.035)ny. — 0.129 (£0.118) {6)
n=13r=0969; s = 0.089; F = 169

The quality of this equation, which explains 94% of the variances, is significantly
lower than that for the silica gel column (eqn. 1). Only five compounds are suitable
to use as a “‘backbone’ (Fig. 2) and are fitted by the equation
log &' = 0.118 (£0.025)ny. — 0.027 (£0.036) (N
n=>5r=09%;s=0.018; F= 230
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Fig. L. Plot of log k' versus the number of methyl groups in methylbenzencs. Column: silica gel. The
straight line correlates data obtained on the structures marked with asterisks; see eqn. 2.

Close inspection of Figs. 1 and 2, in particular the situation of the heavier
methyl-substituted benzenes with regard to the two “backbones”, suggests that sym-
metry conditions acting in the retention behaviour on an alumina column are dif-
ferent from those on a silica gel column. The non-equivalence of para- and ortho-

TABLE II
CHROMATOGRAPHIC DATA FOR METHYLBENZENES ON AN ALUMINA COLUMN

nye = Total number of methyl groups; the subscript o denotes erthe; n.—, = number of ortho pairs.

No. Compound Log ki, Mye Mo oo Log k™
Egn. 8 Egn. ¢
I Benzene —0.032 0 0 0 —0.035 ~0.004
2 Toluene 0.093 | 0 0 0.083 0.0l
3 [.2-Dimethylbenzene 0.350 2 2 1 0.351 0.316
4 1,3-Dimethylbenzenc 0.233 2 0 0 0.201 0.226
5 1.4-Dimethylbenzene 0.193 2 0 0 0.201 0.226
6 1,2,3-Trimethylbenzene 0.591 3 3 2 0.545 0.521
7 1.2,4-Trimethylbenzene 0.433 3 2 1 0.470 0.432
8 1.3,5-Trimethylbenzene 0.318 3 0 0 0.319 0.342
g 1,2,3.4-Tetramethylbenzene 0.778 4 4 3 0.738 0.727
10 1,2,3,5-Tetramethylbenzene 0.643 4 3 2 0.6563 0.637
11 1,2,4.5-Tetramethylbenzene 0.625 4 4 2 0.738 0.637
12 Pentamethylbenzene 0.929 5 5 4 0.932 0.932
13 Hexamethylbenzene 1.176 6 6 6 L.125 1.227

* Estimates in italics indicate the best fitting of both valucs.
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S

0.6

o W%

I(-)g k'

w:p/é’“"

"CH,
Fig. 2. Plot of log &' versus the number of methyl groups in methylbenzenes. Column: alumina. The
straight line correlates data obtained on the structures marked with asterisks; see egn. 7.

methyl substitution is especially evident. Compare, for instance, the location of hexa-
methylbenzene in Figs. 1 and 2, A good data fit could therefore be obtained by means
of the exclusive use of #,,,, 45 additional parameter.

log & = 0.118 (£0.040)my, + 0.075 (2003 )0 — 0.035 (£0.073)  (8)
n=13;r= 09925 = 0.047; F = 320

A different parametrization of ihe ortho-effect is applied in eqn. 9. The param-
eter n,., denotes the number of orthe pairs present in the considered -structure, The
statistics of the new equation are slightly improved over those of eqn. 8. Comparison
of the log k.. values (Table ) shows that eqn. 8 seems to be more effective with
restricted mecthyl substitution and eqn. 9 scems to be more effective when more ex-
tended methyl substitution is involved. Eqn. 9 accounts for 99% of the variances and
eqn. 8 for 98% of the variances.

log k' = 0.115 (£0.032)ny. + 0.090 (£0.028)n,.., -- 0.004 (£0.063)  (9)
no=13;r = 09955 = 0.039; F = 500

The application of group dipole moments was not successful. This emphasizes
that symmetry conditions are less important on alumina than on silica gel columns.

Alkylbenzenes on a silica gel column

Table 111 gives the experimentally derived fog & values of 38 alkylbenzenes.
Comparison of these data shows that ethyl, propyl and higher alkyl substituents have
a reducing effect on the capacity factor. In order to establish whether this effect could
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be assigned a constant value, we correlated log k" with the total number of substituent
carbons for toluene, ethylbenzene, isopropylbenzene and n-butylbenzene. This led to
the following equation;

tog & = —0.049 (£0.029n: + 0.508 (£0.079) (10)
n=4,r=0982;5s = 0015 F= 528

The statistics are acceptable and the straight line 15 shown in Fig. 3b. The fert.-
butyl-substituted compound had to be omitted from the regression on account of its
bad fit (log koss = 0.389, logk.w = 0.312). The reason for this is discussed later.

Comparison of lines b and a in Fig. 3 (the latter represents the same line as
that in Fig. 1) led to the choice of the following parametnzation: n, is the total
number of carbon atoms in the aikyl substituents, irrespective of branching or ring
position, and #a; is 1y minus the total number of alkyl substituents. After removal of
all non-fitting outliers, the following equation was obtained for eighteen (encircled)
data points:

log k' = 0.085 (£0.008)n, — 0.137 (£0.010)n, + 0.366 (%0.025) (1
no=18r=0991;s = 0.022; F = 414

Included in this equation were the seven data points from eqn. 2. After completion
of the regression analysis it appeared that four of the omitted data points might as
well have been included in the equation. The total number of fitting structures is then
22. The residuals of the sixteen non-fitting compounds range from +0.121 to —0.238
and arc at least partly connected with uncorrected symmetry conditions. Different
from the transfer of eqn. 2 into eqn. 4 or 3, it is not simple to find an equation that
includes all 38 compounds. This problem is as yet unsolved. The observed phenom-
enon may be attribuied, partly, to the absence of adsorptivity of bulky alkyl groups
on silica gel, resulting in an apparent lift of the adsorbed aromatic®. In the next
section alumina is shown to behave in an identical manner. Similar suggestions were
made by Snyder and Poppe!® and by Popl et al'!.

Alkylbenzenes on an alumina column

Table IV gives the experimentally derived log &' values of 38 alkylbenzenes,
The regression study of the data was similar to that described above for the silica gel
data. The analogues of eqns. 10 and 11 are the following equations, with identical
parametrizations:

log &' = —0.095 (£0.028)nc + 0.180 (£0.076) (12)

n=4d;r=0995s=0014;, F= 217

and

log ' = 0.117 (£0.011)n; — 0.214 (£0.015)}n, — 0.027 (£0.021) (13)
n=12;r = 0996; 5 = 0.015; F = 555
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Fig. 3. Plot of log &' versus the number of alkyl carbon atoms (n) in alkylbenzenes. Column: silica gel.
Numbering as in Table HI. Straight line a comprises data points 1, 2, 4, 7, 8, 11 and 13 and corresponds
with the straight line in Fig. 1 (sec eqn. 2); straight line b comprises data points 2, 22, 28 and 35 (see eqn.
10); the encircled data points (1, 2, 4, 7, 8, 11, 13, 14, 15, 16, 19, 20, 21, 22, 23, 28, 29 and 35) can be
included in regression egn. 11.

Fig. 4. Plot of log k" versus the number of alkyl carbon atoms (ng) in alkylbenzenes. Column: alumina.
Numbering as in Table 1V, Straight line & comprises data points |, 2, 4, 5 and 8 and corresponds with the
straight line drawn in Fig. 2 (see eqn. 7); straight line b comprises data points 2, 22, 28 and 35 (see egqn.
12); the encircled data points (1, 2, 4, 5, 8, 14, 17, 22, 24, 26, 28 and 35) can be included in regression eqn.
13.

The total number of fitting data points (encircled in Fig, 4} is strongly reduced with
regard to the equation for silica gel data {egn. 11). The total number of cutliers is
now 26 with residuals ranging from +0.504 to —0.480.

Comparison of egns. 11 and 13, guided by the schematized line pattern given
in Fig. 5, reveals the following trends for alkyl substitution, independent of whether
the column packing is silica get or alumina.

(1) Methyl-substitution increases log k" with a uniform pattern; independent
of whether the methy! groups are introduced in benzene (toluene) or in ethylbenzene,
propylbenzene, etc., the introduction of one methyl group is accompanied by a con-
stant log &’ increase of:

for silica gel columns: 0.084 (eqn. 2), 0.085 (eqn. 11);

for alumina columns: 0.118 (eqn. 7), 0.117 (eqn. 13).

There is a constant upward movement along the straight lines denoted by
ag, a3, 4a,..., in Fig, 5.
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(2) Alkyl substitution decreases log k' along the straight lines by, b;, b, in Fig.
5, These log k’ decreases can easily be derived from egns. 11 and 13 and are 0.052
for silica gel columns and 0.097 for alumina columns.

(3) Changes in the symmetry pattern cause large differences between the pre-
dicted and observed log k" values (sce relevant columns in Tables III and IV). At-
tempts to make the necessary corrections as performed for methylbenzenes (eqns. 4.
5, 8 and 9) proved ineffectual.

(4) The effect of alkyl substitution on log &" seems to consist of two distin-
guishable factors, one being atiributable to the substituent bulk and the other to
mesomeric effects of the alkyl substituent on the phenyl nucleus, The following cal-
culation enables some detailed information to be obtained:

510, Al;O;
Toluene: log kins 0.461 0.093
“CH; bulk” factor —0.052 —0.097
Benzene: log kpeq 0.513 0.190
Benzene: log kls 0.375 =0.032
4= 0138 0.222

The observed log &k’ values for benzenc are 0.138 and 0.222, respectively, lower than
predicted. These deviations can be attributed to the mesomeric impact of methyl and
other alkyl groups on the benzene ring according to

i)

where R represents an aliphatic hydrocarbon residue. These mesomeric effects
are fairly consistent, as follows from their Hammett o-values (—0.152 + 0.015 for
an n-alkyl group'?). An isopropyl group is not different (¢ = —0.15) but a terz.-
butyl group with ¢ = —0.20 has a significantly higher mesomeric effect on a benzene
ring. This is probably the rcason why an isopropyl group fits correctly the b-line
equation, whereas the tert.-butyl group has a significantly increased log &' value*,

(5) The basic values for log k" moving along the a lines by a mesomeric effect
and along the b lines by the introduction of bulk [see the values in paragraphs (1)
and (4) above, respectively] permit predictions of log &' values. The following ex-
amples can be given for 1,3-diethylbenzene and 1-methyl-4-ethylbenzene.

1,3-Diethylbenzene: starting from log &' (benzene), two moves upwards along
ap and two moves downwards along b, are required, resulting in the following cal-
culations:

log k'(Si0;) = 0.375 + 2-0.085 — 2- 0.052 = 0.441 (fit eqn. 11, 0.435; obs., 0.398)
log k(Al,03) = —0.032 + 2 - 0.117 ~ 2 - 0.097 = 0.008 (fit eqn. 13, 0.010; obs.,
0.083)

* A Hammett g-value describes the total electronic substituent effect, but for an alkyl group it
represents the proper mesomeric effect as the inductive counterpart of an alkyl mesomeric cffect is zero,
independent of length, branching or cyclization of the alkyl group!3.
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[
log K

—_— nc
Fig. 5. Schematized log k' versus nc plot for alkylbenzenes on silica gel or alumina columns. The a lines
depict the effect of methyl substitution in a monoalkylbenzene, the subscripts denoting the number of
carbon datoms in the alkyl group; ag is the hypothetical ag line with exclusion of mesomeric methyl effects;
A indicates the hypothetical location of benzene. The b lines depict the cffect of alky! substitution in a
methylbenzene, the subscripts denoting the number of methyl groups.

I-Methyl-4-ethylbenzene: starting from log &' (benzene), two moves upwards
along ao and one move downwards along b, are required, resulting in the following
calculations:

log £'(810;) = 0.375 + 2-0.085 — 1-0.052 = 0.493 (fit eqn. 11, 0.486; obs.. 0.435)
log £ (A, O3) = —0.032 + 2-0.117 — 1 - 0.097 = 0.105 (fit eqn. 13, 0.108; obs.,
0.104)

(6) Lengthening of the aliphatic chain in an alkylbenzene will gradually de-
crease log k' on both silica gel and alumina columns. An aliphatic behavioural pattern
will finally dominate, first on an alumina and then on a silica gel column.

It is interesting that the essential features of the relationships between log &7
and the number of carbon atoms in an alkylbenzene as shown in Figs. 3-5 can also
be found in the papers by Ageev er al.'* and KtiZ and co-workers?*-'¢. Ageev er al.
gave a line pattern corresponding to lines a and b in Fig. 3 for the retention of
methylbenzenes (a) and monoatkylbenzenes on a silica gel column, KiiZ er al. extend
the plot to more and heavier substituted alkylbenzenes'® and to alkylnaphthalenes'®.
Neither group used alumina packed colunms and-the scope-of their work was re-
stricted to qualitative considerations,

Silica gel versus alumina in alkylbenzene retention
Careful comparison of Tables 111 and 1V reveals a close parallel between the
observed retention values for at least some of the investigated alkylbenzenes. The
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correlation of alumina data versus those obtained on silica gel for the comptete data
set is given by

log k'(Al,0,) = 1.996 (£0.224)log k' (Si0;) — 0.847 (£0.107) (14)
n=38r=0949; 5 = 0.156; F = 324

The sensitivity for alkylbenzenes on an alumina column is twice that on a silica gel
column. Eqn. 14 confirms our findings that retentions obtained on both silica gel and
alumina are mainly regulated by bulk factors in the transported hydrocarbons (see
eqns. 1, 6, 11 and 13) and that any specific factor on alkylbenzene retention orig-
inating from the applied column packing is of only secondary importance.

Straight line A in Fig. 6 clearly reflects the mutuatl relationships in the inves-
tigated series, It is of interest how all ethyl compounds (marked with asterisks in Fig.
6) are clustered on the left side of line A and that especially the higher methylated
benzenes tend to follow a deviating pattern. This led us to check some non-linear
fits. All thirteen methylbenzenes could be correctly fitted by a “pit™ parabola:

log '(A1;03) = 1.857 (£0.127)[log k'(Si0)}? — 0.314 (£0.059) (15)
no=13;r = 0.995; 5 = 0.037; F = 1020

The six ethylbenzenes could be fitted by this equation (details in Table V) and the
complete methyl- and ethylbenzene set (thirteen data points) could be correlated as
follows:

log k'(A1,03) = 3.152 (£0.918)[log £'(Si0;)]* —

1.728 (£ 1.078) log £'(Si0;) + 0.242 (+0.295) (16)
=19 r = 0992, s = 0.048; F = 501

This equation is represented by curve B in Fig. 6 and it puts all alkylbenzenes higher
than ethyl benzenes aside, Their retention values on alumina remain considerably
lower than those obtained on silica gel and the effect depends to some extent on (a)
the number and (b) the size of the alkyl groups.

Halogenomethylbenzenes on a silica gel column

Table VI gives the experimentally derived log k’ values of a series of 28 halo-
genomethylbenzenes. Simple comparisons of analogous trios (1-10-25, 2-11-26, etc.)
clearly indicate an effect of increasing halogen bulk on the capacity factor. We de-
cided to account for this effect by the application of a suitable sct of indicator values
(dummy parameters). For chloro compounds D = 0, D, = 0, for bromo compounds
D, = | and D, = 0 and for iodo compounds D; = 0 and D, = 1. The simplest
parametrization gives the following equation:

log k' = 0.034 (£0.038)ny. + 0.034 (£0.015)D, +
+ 0.057 (£0.051)D; + 0.037 (+0.076) (17
n=28r=0747,5s= 0043, F = 11.6
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Fig. 6. Plot of fog &' (alumina) versus log &’ (silica gel) for 38 atkylbenzencs (data taken from Tables 111
and 1V). Curve A, eqn. 14; curve B; eqn. 16. @, Methylbenzenes; #, ethylbenzenes, @, higher alkylben-

ZENEes.

This equation is far from significant. Tt can be improved by the replacement of my.
by the parameters e + paras Hortho aNd Mparal

log & = 0.051 (£0.007WMmera+ para + 0.034 (£0.008)D; + 0.062 (£0.011)D, +
+ 0.022 (£0.005)450000 — 0.013 (£0.004)n2,,., + 0.040 (£0.007) (18}
no=28r=0990:;s = 0010; F = 245

There is a striking correspondence between the parametrizations of -eqns, 3
and-18. The algebraic signs of the a4, and #,,, regressors are the same, although
their values are no longer statistically equal. It is therefore justified to try the intro-
duction of a summed group dipole moment g as an additional parameter to eqn. 17.
For detailed information we refer to Table VI. The results of this calculation are

given in eqn. 19.
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TABLE V
CHROMATOGRAPHIC DATA FOR ETHYLBENZENES ON AN ALUMINA COLUMN
Benzene and toluene data have been added for comparison.
Compound Log ko, Log kg

Egn. 14 4 Egqn. 15 4 Egn. 15 A

1-Methyl-4-ethylbenzene 0.104 0.021 0.083 0.037 0.067 0.086 0.018
Ethylbenzene —0.027 —0.053 0.026 —0.021 —0.006 0.052 —0.079
1,3-Diethylbenzene —0.083 —0.053 0.136 —-0.021 —{0.062 0.052 0.031
1,4-Diethylbenzene 0.021 —0.197 0.218 —0.117 0.138 0.013 0.G08
1.2,4-Tricthylbenzene 0.152 —0.077 0.229 —0.037 0.189 0.045 0.107
1,3,5-Triethylbenzene 0.013 —0.185 0.198 -0.110 0.123 0.015 —0.002
Benzene —0.032 -0.099 0.067 —0.052 0.020 0.038 —0.070
Toluene 0.093 0.073 0.020 0.081 0.012 0.117 —0.024

log & = 0.030 (£0.007)nye + 0.055 (£0.019)D, +
+ 0.068 (£0.025)D, + 0.141 (£0.033)u — 0.221 (£0.062) (19)
n=28r=0947; 5 = 0.021; F = 55.8

in which the correlation cocfficient r has increased significantly from 0.747 in eqn. 17
to 0.947.

Halogenomethylbenzenes on an alumina column
The experimentally derived log &' values are given in Table VI. A regression
equation with a parametrization identical with that of ¢gn. 17 is
log & = 0.156 (£0.027)ny. + 0.154 (2£0.067)D; +
+ 0.385 (£0.091)D, — 0.001 (£0.063) (20)
n=28r=095;s = 0075 F = 8.1
In contrast with egn. 17, the statistics of eqn. 20 are acceptable, although the addition
of n,., and n,_, as extra parameters gives a substantial improvement:
log k" = 0.082 (£0.014)my. + 0.156 (£0.021)D, + 0.380 (£0.029)D, +
+ 0.034 (£0.020n,,, + 0.112 (£0.016)1,_, + 0.071 (£0.023) (21
n=28r=0995 s = 0025 F= 526

. The introduction of the sum group dipole moment in eqn. 20 was unsuccessful.

Comparison between methylbenzenes and halogenomethylbenzenes

From the preceding sections, it is obvious that the chromatographic behaviour
of methylbenzenes and halogenomethylbenzenes on both silica gel and alumina has
distinct points of concurrence. Close observation of the obtained regression equations
(compare egns. 3 and 4 with eqns. 18 and 8 and compare eqn. 9 with eqn. 20) reveals,
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however, that mutual similarities are not such as to allow the incorporation of both
$€ries In Qne regression equation.

A comparison of both series, based on a replacement of one methy! group
from a methylbenzene by a halogen atom, showed some striking parallels between
the methylbenzene and halogenomethylbenzene series. These parallels are illustrated
in Figs, 7 and 8. They also give the following set of equations:

(a) Bromomethylbenzenes with the bromine atom flanked by two methyl
groups:

on silica gel columns:

log kyeme = 1.152 (£0.316)log &y — 0.734 (£ 0.288) (22)
n==6r=10975s=0020;, F= 764

on alumina columns:

log kgrme = 1116 (£0.193)og kye — 0.234 (£0.167) (23)
n==6r=0992:5 = 0.034; F = 258

{b) The whole bromomethylbenzene series were correlated by applying an extra

PATameLer My, denoting the number of methyl groups in an orthe position with
respect to broming;

on silica gel columns:
log kigrme = 0.932 (£0.205)i0g Ape —
0.094 (£ 0.028)y,0 — 0374 (£0.114) (24)
n=15r = 0942; s = 0.023; F = 51.0
on alumina columns:
log kurme = 1.047 (£0.159)]og kne —
0.129 (£0.055),4, + 0.077 (£0.053) (25)
n=15r= 0984, 5 = 0.045, F = 198
(c) The integrated halogenomethylbenzene series coupled together by means
of a set of dummy parameters, identical with the set presented in Table VI:
on silica gel columns:
log Ktarme = 0.908 (£0.127Nog kye. — 0.093 (0.016)104, +
+ 0.036 (£0.016)D; + 0.064 (£0.022)D; — 0.395 (£0.068) (26)
n=28r=0958;5 =0019 F= 726
on alumina columns:
lﬁg k;h‘l-M\:' = 1.033 (:L‘Gl ig)iog kl’\de - 0.’133'(ﬂ:0.037)n¢,,,,w +
+ 0.161 (£0.037)D, + 0.392 (£0.050}D, — 0.07) (£0.039) (27)
n =28 r= 09855 = 0.043; F = 211
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10
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log k'py

0.2

10
togk'y
Fig. 7. Plol of log k" for halogenomethylbenzenes (log k7) on a silica gel column versus corresponding
data for related methylbenzenes (log &3). %, Chloromethylbenzenes; @, bromomethylbenzenes; M, iodo-
methylbenzenes. The superscripls 0, 1 and 2 denote the number of methyl groups in an erthe position with
respect to the halogen.

Eqns. 26 and 27 permit the nine parallel lines in Figs. 7 and 8 to be drawn.
Each of these lines comprises the halogenomethylbenzenes indicated by CI, Br and
I; the superscripts 0, 1 and 2 denote the number of methyl groups in an ortho position
with respect towards the halogen atom. The equivalence of both systems is surpris-
ingly evident, especially if one considers the regressor values of the first right-hand
terms in eqns. 26 and 27: they are not significantly differing from unity.

Owing to the difference between the weights of the halogen effects, as indicated
by the computed dummy regressor values, part of the line pattern in Fig. 8 has moved
compared with the pattern in Fig. 7, thus clearly demonsirating the difference be-
tween the (wo column packings.

CONCLUSION

Retention of methylbenzenes on silica (elution with a-hexane) is regulated by
the number of methyl groups and to a lesser extent by symmetry conditions. This

O.31 .

0.2
logK'p

as 06 0.7 0.8 0.9

Fig. 8. Plot of log &' for halogenomethylbenzenes (log &}) on an alumina column versus corresponding
data for related methylbenzenes (log k;,). Symbols and superseripts as in Fig. 7.
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can be correctly parametrized either by the Nome — Mpara numMber or by a summed
group dipole moment, On alumina the number of methyl groups is equally important
and, the additional parameter is the number of ortho pairs. Extension of a methyl
group to a higher alkyl leads to a network plot of log k" versus the number of alkyl
carbon atoms with an indication that larger alkyl groups give a “lift” to the adsorbed
aromatics away from the packing material. Introduction of one halogen atom in the
nucleus of methylbenzenes does not essentially change the features of retention, and
indicated above for methylbenzenes, the observed retentions run largely parallel.
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SUMMARY

Based on a recently proposed model of monomeric alkyl-bonded silica, the
hydrophobic-dispersive partition coefficient is considered as a complex function of
the polarity of the solute and of its molecular geometry, of the eluent composition
and of the amount of the alkyl ligates bonded. An equation for the coefficient is
derived by following the thermodynamic approach and using the solubility parameter
concept; it involves encrgy terms reflecting the solute interactions with the reversed-
phase system, A variety of experimental data is used for evaluation of the enthalpy
effects governing the retention of different solutes in RP-18-water—methanol systems.
The results are correlated with changes in mobile phase composition and the amount
of alkyl ligates in the packings. Conclusions are drawn concerning the rdle of hy-
drophobic bonding and its significance to the retention.

INTRODUCTION

Recently, a model for monomeric alkyl-bonded silica was proposed', account-
ing for the availability of unreacted surface silanols together with the anchored alkyl
ligates. In binary aqueous—organic mobile phases the silanols appear to be hydrated,
while the hydrocarbonaceous moieties are partially or fully solvated by molecules of
the organic modifier. Generalizing the numerous studies discussed in refs. 1 and 2,
it was suggested that the solute retention in an alkyl-bonded reversed-phase (RP)
system is governed (in absence of solute dissociation) by mixed silanophilic (SPH)
and hydrophobic-dispersive (HD) mechanisms. An appropriate retention equation
was derived?, written in the form

E = NanKsp + WarKuo (1)
where E is the so-called integral retention effect, representing the net retention volume

0021-9673/86/$03.50 @ 1986 Elsevier Science Pubiishers B.V.
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per gram of packing?, Kgp and Kyp are the partial partition coefficients related to the
SPH and HD mechanisms, respectively, Nay is the number of moles of the accessible
surface silanols and W, is the mass of the alkyl ligates, both Nug and W, being
expressed per gram of packing.

As already mentioned?, the hydrophobic-dispersive partition coefficient, Kyp,
is a complex function of a variety of factors such as the polarity and molecular
geometry of the solute, the eluent composition and the amount of the bonded alkyl
moieties, In the commonly used RP-18 systems, W, is large and varies within the
range 0.1-0.25 g g1, corresponding to a carbon content of 9-20%. Because of the
strong shielding effect of the alkyl chains on the silanols, W is usually enough to
prevent a contribution from the SPH mechanism. Then, the first term on the right-
hand side of eqn. | can be cancelled and the behaviour of the experimentally observed
capacity ratio, k, wil parallel that of Kyp.

A number of studies have dealt with ithe dependence of & {or In &) on the eluent
composition*~!?. Linear*? and quadratic®'° equations have been proposed to re-
present this dependence in the case of binary aqueous—organic ¢luents, Attention has
been paid also to the stationary phase effects in RP systems, including the interactions
of the solute with silanols, alkyl ligates and the solvating molecuies''+!2, However,
the absence of comprehensive publications dealing with the rigorous interpretation
of the dependence of &k on the amount of ligates is quite surprising, especially when
this dependence has been demonstrated experimentally!3-13.

In the present paper an attempt is made to derive an expression for Kup, which
encompasses all factors governing its complex character. Following a thermodynamic
approach, an equation is abtained that combines the energy terms for the various
interactions in the RP system with an appropriate function of Wj,.. The possibility
of an approximate evaluation of the HD interactions is considered.

THEORETICAL

Characteristic dependences relevant to the stationary phase

It is commonly accepted that the effect of a modifier on a stationary phase is
mainly due to solvation of the alky! ligates by oriented modifier molecules extracted
from the aqueous—organic eluent. Recent studies by McCormick and Karger!'® and
Yonker et al.'7-'% showed that the stationary phase is also mechanically associated
with molecules of the eluent. However, it is arguable whether all the stagnant mobile
phase components can be considered as stationary phase ingredients in an alkyl-
bended silica packing.

Following the above mentioned model'-2, a stationary phase will be considered
as a system consisting of modifier-solvated alkyl chains bonded to the silica surface,
whose unreacted silanols are hydrated. Each alkyl ligate is surrounded by a limited
space which is filled by solvating organic molecules, as well as by free (non-solvating)
molecules of the eluent, providing the hydrating water molecules do not enter this
“solvation space”. Obviously, the volume and moelecular capacity of this space are
dependent on the length of the alkyl chain and its configuration, on the amount of
ligates in the packing and on the mobile phase composition.

With pure organic modifier as the eluent, the solvation space has its maximum
capucity. For example, in a RP-18-methanol system it is supposed that the methyl



HYDROPHOBIC-DISPERSIVE PARTITION COEFFICIENT 379

groups of the solvating methanot motecules are oriented towards alkyl chains and
from an approximate monolayer around them. The capacity of this layer can be
cxpressed in terms of the number of solvating molecules that is equivalent to the ratio
nofna. where ng and n, are the numbers of motes of the solvating molecules and the
ligates, respectively, per gram of packing. Taking into account the molecular geom-
etrics of the C,4 alkyl chain and methanol'®, it can be shown that the maximum
solvation space capacity in pure methanol, i.e., nofn,, does not exceed 36 molecules.
There i1s evidence that in pure acetonitrile or tetrahydrofuran the selvation space
could be formed by more than one monolayer of solvating molecules'2. Hence, this
should be reflected in the different approaches to evaluating the maximum capacity
of the solvation space.

As shown later, the present study invelves characteristic dependences relevant
to the stationary phase. Unfortunately, it was not possible to derive them rigorously,
following any theoretical approach. They were determined by using the experimental
data of Yonker et ¢l.!” concerning the stagnant amount of water-methanol mobile
phase in a RP-18 packing. To obtain the important relationship between nofn, and
the eluent composition at a given Wy, the initial volume of extracted methanol (data
from ref. 17) was reduced at each mobilc phase composition by the volume of the
available non-solvating molccules. The latter was calculated by multiplying the vol-
ume of water present in the stagnant mobile phase with a factor equal to the meth-
anol-to-water volume ratio of the corresponding eluent. Having the volume of the
solvating molecules per gram of packing and the carbon content of the stationary
phase (19.8% according to ref. 17), simple calculations allowed the data to be repre-
sented in ng/ra values, which were correlated with the water weight fraction, , of
the eluent. Assuming this dependence holds for a relatively large W, range, the
following equation was proposed (see Appendix I)

Hofia = YA - exp(BWAL + CWal) ()
wherein
Y= (1 — /1 + ¥ (3)

The constants ineqn. 2; 4 = 29.97, B = 21.35and C = —10.02, were estimated by
using data for RP-18 packings of different W, prepared by Hennion et al.15. All
calculations were performed by the method of rigorous least squares adjustment
applicable to non-linear problems2°-21, The good fitness of egn. 2 to the recalculated
data from ref. 17 is illustrated by curve 1 in Fig, 2 and will be discussed later. Tt is
interesting that 4 represents Lhe average miximum capacity of the ligate solvation
space for a RP-18-methanol system. As seen, 4 < 36 and the difference, (36 — A),
can be referred to as the average number of the non-solvating methanol molecules
prescnt in this space.
The volume fraction of the solvating molecules, g%, can be defined as

ps = Vu/V* 4)

where V3 and V are the volumes of the solvating methanol molecules and the total
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solvation space, respectively, both per gram of packing at constant y and W,,. Ob-
viously, to calculate @g in the case of different ¢ and W, values, it is essential to
know F3, and V® as functions of these quantities. While V3 can be expressed as

Ve = maPy ¥ A - exp(BWE + CWayr) (5)

where 7y is the molar volume of methanol, no explicit function is obtainable for V=

Assuming as a first approximation that the relationship between P* and ¢ at
each W, parallels that between the total volume of stagnant mobile phase, Vi (per
gram of packing), and . Then, an useful plot of Vggfns vs. ¥ can be obtained by
recalculating the experimental data from ref. 17. Such a plot is presented in Fig, 2
and discussed later. Further, it can be written

¥o= Vsmax( VES/ Vll-:"S“) (6)

where Vi, and FES* are the corresponding maximum values of F° and Vgsat §f =
0. 1t is obvious that

Ves/ VES® = (Ves/na)/(VES™[na)
where Vigg/na (at given ) and VEE*/n, (at v = 0) are obtainable from the plot of
Vis/ina vs. . Moreover, according to egn. 3, in pure methanol, ¥ = 1 and therefore
Viaax can be expressed as

Vieax = naVuA’ - exp(BWiL + CWar) )]
where 4" = 36. Then, the combination of egns. 4-7 gives

@s = ¥ (AVE[A Ves) (8)
and hence the volume fraction of the solvating molecules can be approximated.

Thermodynamic considerations

The aqueous—organic mobile phase in a RP systern typically represents a mix-
ture of two liquids of non-limited mutual miscibility. By ascribing to the mixture the
properties of a single liquid, we can consider it under chromatographic conditions
as a solvent, in which the solute forms an infinitely diluted mobile phase solution.
Then, the solute chemical potential in the eluent, ug, can be expressed as

pe = p° + RT - In yeXe €

where u¢ is-the -bulk chemical -potential- of -the -pure solute, Xy-is the selute mole
fraction in the eluent, y;; is the corresponding solute activity coefficient and Rand T
are the gas constant and the absolute temperature, respectively.

It is supposed that on partitioning the solute molecules enter the ligate sol-
vation space, displacing preferentially the non-solvating free molecules of the eluent.
As a result, no change in the mobile phase composition upon displacement is ex-
pected, and this has been confirmed experimentally by Scott and Kucera?2. Once in
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the solvation space, the soluie molecules form a layer-like solution, whose surface-
to-volume ratio appears to be large. This enables us to consider it as a superficial
stationary phase solution, in which the solute chemical potential, us, can be presented
as

s = pd + RT - In ysX; (10)

where u¢ is the chemical potential of the pure solute as a layer and Xs and ys are the
corresponding solute mole fraction and activity coefficient in the stationary phase.
Taking into account that the superficial stationary phase solution immediately
comes into contact with the mobile phase solution and following the approach of
Lucassen-Reynders?3:2#, it can be shown that ys is related to ug by

pe = ps + A(ge — 0s) (1)

where the term A(sg — o) accounts for the excess surface energy change caused by
the difference between the surface tensions of both the mobile phase (o¢) and the
stationary phase (o) solutions. Here 4 represents the so-called partial molar area,
i.e., the interfacial surface area per mol of solute, Further, the combination of eqns.
9-11 leads to

RT - In (Xs/Xe) = RT - In(yefys) + (1° — pd) — A(oe — o5) (12)
where (u® — uf) represents the difference between the chemical potentials of the pure
solute in two different standard states, i.e., the bulk and layer, respectively. In ac-
cordance with the common convention??, the layer of the pure solute is considered
to be extended to a surface area of value 4. Then

W — = — Ao (13)
where ¢ is the solute surface tension and eqn. 12 can be rewritten in the form:

RT - In(Xs/Xe) = RT - In(yefys) — Alog — o5 + ) (14)

Bearing in mind the nature of the HD interactions®:25:26, the last term of eqn.
14 can be considered as an energy gain due to the hydrophobic bonding. Therefore,

it will be designated further by 4 Hy and interpreted as a partial molar excess surface
enthalpy effect?, ie..

AHy = A(og — o5 + 0) (15)
After introducing 4 Hy into eqn. 14, the latter can be rearranged in the form:

In(Xs/Xg) = In(yefys) — AHu/RT (16)
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As follows from eqn. 1, Kyp is defined by:

number of moles of solute interacting with the stationary
phase per gram of alkyl ligates
number of moles of solute dissolved in unit volume
of mobile phase

Kyp =

On the other hand
Xs/Xg = nsnel/(na + no)ni; (17

where 1§ and #nf are the numbers of maoles of solute present in the stationary and
mohile phases, respeciively, (na + ng) represents the number of moles of stationary
phase (including those of the ligates, na, and of the solvating molecules, no) and ng
is the number of moles of eluent. By rearranging egn. 17 and multiptying both its
sides by /M a, where Vg is the molar volume of the eluent and M, is the molecular
mass of the ligate, it can be shown that

(XsVE/XeM ) (1 + nofna) = ms(neVe)/(naMang (18)
nsVe/Wane = Kup

where Vg and W, are the total volume of the eluent and the total mass of the ligates,
respectively. Taking into account the previous discussion about the dependence of
no/na on iy and Wy, egn. 18 can be rewritten in the form

Kip = (XsVe/XeMa) [1 + {0y, WaL)) (19)

where, in case of a water-methanol mobile phase, f(yr, Wa,) is defined by eqns. 2 and
3. Further, a combination of eqns. 16 and 19 gives:

Kup = (Pe/Ma) [1 + (0. Wal)] (velys) exp (— AHW/RT) (20)

Eqn. 20 represents Kyp as a function of both ¢ and W, in an incomplete
form. As shown by Horvath er al.27, the molar volume, P, of a binary aqueous-
organic eluent can be evaluated from the expression

Pe = 1/lY/M. + (1 — )M} pe 21)

where pg is the eluent density and M, and M, are the corresponding molecular
masses of water and organic modifier in the mobile phase. Thus, P depends on 4.
On the other hand, yx and yg are also funictions of , while AH,; appears to depend
on both ¢ and W,,. Hence, to be practically employed, in eqn. 20 these quantities
need to be cither known or defined explicitly.

Unfortunately, it is difficult to find data for the above quantities as regards
different solutes in actual RP systems. There are also not many approaches to define



HYDROPHOBIC-DISPERSIVE PARTITION COEFFICIENT 383

them as explicit functions. An useful and simple approach is the regular solution
theory developed by Hildebrand and Scott?® on the basis of the so-called solubility
parameter concept. The latter has been applied by some authors'®29:3? to retention
problems in RP systems, but contradictory conclusions have been drawn concerning
its adaptability.

It must be mentioned, however, that in all cases of treating the retention by
the solubility parameter concept. no attention has been paid to the following evi-
dence: (i) the solute moleculcs form with the stationary phase a superficial rather
than a bulk solution, in which the surface energy change plays an important rdle,
and (ii) the solute concentration in the stationary phase solution is sufficiently high,
that within the zone spreading the solution cannot be considered as infinitely diluted.

According to the regular solution theory?8-31, the solute activity coefficient in
an infinitely diluted mobile phase solution is determined by

ve = exp [F(6 — 8e)%@d/RT)

where 7 is the solute molar volume, & and dg are the solubility paramecters of the
solute and the eluent, respectively, and ¢g is the volume fraction of the eluent in the
mobile phase solution. In the case of infinite dilution, ¢g = 1, hence:

ye = exp [M(6 — Je)*/RT] (22)
For a binary eluent mixture
Jg = @ds + (I = )0 (23)

where 8, and 8, are the solubility parameters of the organic modifier and water,
respectively?!-32; @, is the volume fraction of the organic modifier calculable from

@ = (L = W)Wfpw + (1 = §)pel 0o (24)

where p,, and p, are the densities of water and the organic modifier respectively.
Let us assume now that the solubility parameter concept is applicable to the
superficial stationary phase solution?®!, It then follows that

s = exp [V — 65)*p3/RT] (25)

where g is the volume fraction of solvating molecules in the superficiat solution,
referred to the entire solvation space and Js represents the stationary phase solubility
parameter defined as:

ds = @sdo T (1 — @g)de (26)

Note that @gand @ must be distinguished. As stated above, @; is the volume fraction
of solvating molecules in the solvation space before the solute molecules enter it. In
the case of a water-methanol mobile phase, @5 is calculable from eqn. 8.

Ancther problem is how to evaluate @s. This quantity depends not onty on
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both ¢ and Wy, but also on the molecular dimensions of the solute. Taking account
of the steric hindrance, it can be shown (see Appendix IT) that @y is related to ¢s by

¢s = ¢s (1 — p) (27)

where p is the probability of the solute molecule penetrating among the alky! ligates,
The simplest way of evaluating p is from the relationship

p = (d— d)/d, (28)

where d, is the average chain-to-chain distance determined as the square root of the
mean accessibie silica surface area around a ligate?. The parameter d, represents an
averaged linear dimension of the solute molecule. It 1s obtained from those molecular
dimensions which are smaller than 4, and, hence, enable either the full or partial
penetration of the solute molecule. Using available data!®, d,, can easily be evaluated,
Thus, the combination of egns. 27 and 28 leads to:

s = @sdu/d) (29)

Thus, by combining eqns, 25-29, it is possible to evaluate ys. It must be men-
tioned, however, that eqn. 25 enables the determination of only a “fraction” of the
activity coeflicient in the superficial stationary phase solution. This fraction corre-
sponds to that part of the solution consisting ol both the solute and the solvating
molecules. Hence, it i1s assumed that the non-solvating eluent molecules, present in
the solution, do not play a significant réle in the formation of the solution, although
their influence upon the intermolecular interactions is taken into account by dg in
enq. 26. Therefore, the ys value obtained by using eqn. 25 might be interpreted as
“directly contributing™ to the solute retention.

To proceed further, we introduce the right-hand sides of eqns. 22 and 25 into
eqn. 20. Then the latter acquires the more common and complete form:

(30)

4 Pl(6—8g)* —(6—85)23) — AH
KHD = FEA [1+f(l,ll,WAL)] Exp {V[( E) ( RTS) (p5] H}

As stated above, A Hy depends on both ¢ and W, and it would be desirable to know
this dependence. However, it is certainly difficult to define A Hy as an explicit function
of these guantities, altheugh egn. 15 shows a probable way. Hence, eqn. 30 cannot
serve for predicting K. Nevertheless, insofar as it enables the evaluation of 4Hy
on the basis of experimentally obtained Kyp values, a rearrangement in the form

KHI)MA } (31)

dHy = VI(8—05)’—(8—69)0d]—RT - In {m

will be quite useful because, as shown below, —AHy can also be conventionally
interpreted as the energy of the HD interactions between the solute molecules and
the alkyl ligates.
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EXPERIMENTAL

Materials

LiChrosorb Si 100 of mean particle size 7 yum and octadecyltrichlorosilane
(both from E. Merck, Darmstadt, F.R.G.) were used for preparing a RP-18 packing.
Eluent mixtures were made up from LiChrosolv grade methanol (E. Merck) and
twice distilled water. Additional solvents employed were tetrachloromethane and n-
heptane (E. Merck), both of LiChrosolv grade.

Twelve solutes of well specified solubility parameters®!-*?, benzene, toluene,
ethylbenzene, o-xylene, m-xylene, l-propanol, I-butanol, 2-propanol, 2-butanol, 2-
butanone, 3-pentanone and m-cresol, were selected for the chromatographic experi-
ments. All were obtained from Poly Science (Niles, IL, U.5.A.) and were of minimum
09.5% purity. Deuterated water (E. Merck) was used as a non-relained species for
determining the breakthrough time.

Apparatus

Experiments were performed with equipment assembled from a Sertes 2 liquid
chromatograph, a Medel LC-25 refractive index (RI) detector, a Model 2 calculating
integrator (all from Perkin-Elmer, Norwalk, CT, U.8.A.) and a Servogor Model RE
512 recorder (Goerz Electro, Austria), A polished bore stainless-steel column blank
of 250 mm x 4.6 mm [.D, obtained from Perkin-Elmer was used for preparing the
column. Both the detector and the column were thermostatted at 25°C by circulating
water.

Procedures

The RP-18 packing was prepared by using the procedure of Evans ef al.34,
suitably modified in the laboratory to allow more complete silica derivatization at
room temperature. A bonded phase containing 15.04% carbon was obtained, as
compared to that obtained with the conventional method (4-6%). The column was
packed via the balanced-density slurry method performed in a home-made device.
To determine the packing mass, a combination of weight measurements and a chro-
matographic determination of the column dead volume in pure methanol was em-
ployed.

Eluent mixtures were prepared gravimetrically, Prior to mixing, both methanol
and water were thoroughly degassed under vacuum. Portions of each liquid were
weighed with an accuracy of £0.01 g and mixed. During the experiments the eluents
were thermostatted at 25°C and continuously stirred magnetically for additional de-
gassing. At each composition the eluent density was measured at 25°C via the con-
ventional picnometric method,

Before the flow-rate measurements, the column was equilibrated with approx-
imately 200 mi of the corresponding eluent mixture. To avoid column contamination,
the packing was washed in all cases prior to changing the mobile phase composition.
This was performed by pumping solvents through the column in the order: methanol,
tetrachloromethane, r-heptane, tetrachloromethane, methanol. Eluent flow-rates
were measured by use of a precise burette thermostatted at 25°C. For determining
the extra-column volume, five replicate injections of 2H,0 were made into pure meth-
anol with the column removed.
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Samples were prepared by dissolving the selected solutes in methanol at typical
concentrations of 1-3 gl ml~'. Three to five successive injections of 3-5 ul from each
sample were made to estimate the average solute retention time. In the case of asym-
metrical peaks, the finite concentration technique developed by Conder®® was used
for determining the retention.

The solute integral retention effects, E (eqn. 1), were calculated and reduced
by the corresponding silanophilic contributions, Esp = NagKse, according to the
procedure described in ref. 2. Only net hydrophobic-dispersive retention effects,
Eup = WaKup, were taken into account when evaluating the solute Kyp values.

RESULTS AND DISCUSSION

Stationary phase model and characteristic dependences

Fig. 1 represents an attempt to visualize the model of an alkyl-bonded RP
system as discussed above. The mobile phase is a water—methanol mixture. Possible
interactions of two different molecules, #-hexane and phenol, with the stationary
phase are also illustrated.

Following eqn. 2, curve | in Fig. 2 demonstrates the dependence of no/n, on
Y at constant Way. Ttis in good agreement with the recalculated experimental data’?.
The ratio Vesfna is represented as a function of y by curve 2 in Fig. 2, and this
dependence is employed to evaluate the volume fraction, @5 For both curves 1 and
2, the points at iy = 0.241 corresponding to water—-methanol (20:80%, v/v) as mobile

ELUERT: WATER+METHANOL

Ko

(e

SILICA MATRIX

Fig. |. Model of a C,g alkyl-bonded RP system. Alky! ligates and solute molecules are depicted as shaded
circles. Eluent: water-methanol mixture, Solutes: n-hexane and phenol.
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Fig. 2. Dependences of g/ (1) and Fesfna (2) on ¥ at Wy, = 0.233 g g1, The points were obtained by
recalculating data from ref. 17 for a RP-18-water-methanol system.

phase!” are omitted, their relatively large deviations probably being due to incorrect
determination of Fgs. Both ngfns and Ves/na decrease at different rates with increas-
ing . However, this is readily explained in terms of the expected ligate shrinkage
caused by the water enrichment of the mobile phase.

The dependence of ng/n, on Wy, (eqn. 2) is demonstrated in Fig. 3 by a family
of curves for different  values, Each curve is drawn through a set of points calculated
for the corresponding cxperimental values of W4, 2:'5:17. It follows from eqns. 2 and
3, that at = 1, np/na = 0 in the full range of W,,. For cach ¢, the ratio ng/n,
decreases with increasing Wy, and tends to a minimum at W, = 0.234 g g7'. which
is nearly equal to the amount of ligates on the RP-18 packing used in ref. 17. With
further increase in W, a slight increase in ng/n, is observed in accordance with eqn.
2. To cxplain this, it should be noted that a W, value of 0.268 g g~' represents almost
the maximum amount of ligates that can be bonded to the silica (carbon content
23%). The mean chain-to-chain distance in this case is 0.24 nm, which is approxi-
mately half the average diameter of methanol molecules. Although methanol mole-
cule penetration among the ligates is strongly inhibited, solvation can occur around
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Fig. 3. Dependence of nofna on W,y at different ¢ values according to eqn. 2. All points correspond to
RP-18 packings of various W,,. O, Data from refs. 2 and 15; @, data from ref. 17. Eluents: water—
methanol mixtures.

the end methyl groups of the chains, the latter being able to form a relatively compact
layer-like structure, Thus, the existence of a complete solvating layer over this struc-
ture appears to be the reason for the slight increase in the ng/na ratio.

Values of all quantities depending on ¢ and characterizing both the mobile
and the stationary phases of the RP-18 system studied are presented in Table 1. As
expected, the mobile phase molar volume, Fg, decreases whereas the solubility
parameler, dp, increases with increasing . A similar behdviour of the stationary
phase solubility parameter, ds is observed; however, the rate of increase is lower than
that of dg in the  range of 0.1-0.9. In comparison with the moderately decreasing
volume fraction, @s, the ratio nofna decreases quickly with increasing . This is com-
patible with the relatively large ligale content of the packing, Wy = 0.1762 g g7,
the average chain-to-chain distance, &, varying within the range 0.2-0.5 nm.



HYDROPHOBIC-DISPERSIVE PARTITION COEFFICIENT 389

TABLE]

CHARACTERISTICS OF A RP-18-WATER-METHANOL SYSTEM AS FUNCTIONS OF THE
MOBILE PHASE COMPOSITION

Parent sitica: Si 100; surface area 363 m? g*. RP-18 packing: carbon content, 15.04%; mass in the column,
1.9980 g W, = 0.1762 g g~

] Mobile phase characteristics Stationary phase characteristies

pE Pt St nofnad ¥ 55 d

(g cm3) fem® mot™)  fcal cm3)} (cal em™3 )t {nm)
0.00 0.7865 40.74 14,50 9.949 0.833 14.50 0.494
010 038I55 36.45 15.23 8.140 0.692 14.72 0.479
020 0.8415 3295 15.99 6.633 0.570 15.14 0461
0.30 0.3673 29.95 16.78 5.357 0.471 15.71 0.441
0.40 0.8907 27.43 17.61 4.264 0.395 16.38 0.418
050 0.9i23 25.28 18.48 3.316 0.136 17.14 0.391
0.60 0.9310 23.46 19.39 2.487 0.297 17.94 0.359
0.70  0.9497 21.84 20.35 1.756 0.283 18.70 0.319
0.80 0.9660 20.44 21.36 1.105 0.281 19.43 0.267
090 0.9824 19.18 2242 0.524 0.254 20.41 0.195
100  0.9971 18.07 23.53 0.000 0.242 23.53 -

* Determined picnometrically at 25°C.
** Caiculated from eqn. 21.
*** Calculated from egn. 23.
§ Caleulated from eqn. 2.
§ Calculated from egn. §.
$ Caleulated from eqn. 26.
! Extrapolated value corresponding to the volume fraction of water molecules preseat in the sol-

valion space.

Energy terms governing retention
Let us rewrite eqn. 30 in the form

Kup = @ - cxp [(dHe — AHs — AHyW)/RT) (32)
where:
® = (Ve/Ma) [l + f(,Wa)l

According to the solubility parameter concept??, dHg = V(6 — §¢)? and 4Hg =
V(8 — 0s5)* @2 are the partial molar excess enthalpies of mixing in the mobile and the
stationary phascs, respectively. From egn. 32, the solute retention is governed by
three energy terms: A Hg, AHs and 4 Hy. Their calculated values depending on ¥ are
presented in Table Il together with the experimental values of Kyp for the selected
solutes. The solutes are additionally characterized by the values of their molar vol-
ume, P, solubility parameter, §, and average molecular linear parameter, d,. Because
of unfavourable retention, Kyp values are not listed for the aromatic hydrocarbons
with > 0.5; for the oxygen-containing solutes with ¢ = 0, for 3-pentanone with
iy = | and for m-cresel with ¢ > 0.8.
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In terms of the solubility parameter concept, the greater the enthalpy of mixing
in an infinitely diluted solution, the smaller is the solute solubility in the correspond-
ing solvent. As this helds for the mobile phase solution in a RP system, the increase
in AHg with increasing ¢ agrees well with the decreased solubility of the solutes in
the water-enriched eluent mixtures, With a predominant methanol content of the
mobile phase, AHg for the alcohols is smaller than that for the aromatic hydrocar-
bons, thus reflecting the higher solubility of the former in methanol. Ketones exhibit
AH;g values comparable with those for the hydrocarbons, while for m-cresol has AHg
values intermediate between those for alcohols and hydrocarbons.

As to the enthalpy of mixing in the superficial stationary phase solution, two
important factors leading to lower values should be mentioned. First, the stationary
phase solution is usually concentrated, which is a premise for higher solute solubility
due to strong solute—solute interactions. Secondly, the presence of passive alkyl li-
gates (favouring steric hindrance) lowers the overall energy of the stationary phase
solution and, hence, also the solute partial molar enthalpy of mixing, 4 Hs. This is
the main factor responsible for the decrease in AHs when ¥ varies between 0 and 0.5.
When ¢ > 0.5, the low solute solubility in the water-enriched stationary phase layer
becomes responsible for the gradual increase in AHs.

As seen from Table 11, for each solute the partial molar enthalpy, AHy, in-
creases with increasing . This corresponds to the reinforcement of hydrophobic
bonding upon water enrichment of the mobile phase. At constant eluent composition,
both the polarity and the area of contact of the solute molecule with the ligates
determine the extent of the hydrophobic effect. Usually, this effect is stronger for less
polar molecules and for those having a large non-polar moiety. Since the solubility
parameter, 3, is a measure of the solute polarity, a certain correlation between AHy
and 4 is ohserved. The smaller the solubility parameter, the greater is the hydrophobic
effect and vice versa. This correlation holds for most solutes within the full range of
i values in our study. Deviations are observed for the solute pairs toluene-o-xylene,
ethylbenzene-m-xylene and i-butanol-2-propanol and a brief explanation of their
behaviour is given below.

Toluene (6 = 8.93) is insignificantly less polar than ¢-xylene (6 = 9.06) and
the enthalpy effects of solvophobic bonding for both solutes, i.e., their AH, values
at i = 0, correlate well with the corresponding & values, the difference being negli-
gible. Aty = 0.1 however, AHy for e-xylene becomes greater than that for toluene.
This is due probably to a-xylene exhibiting a greater surface area than that of toluene.
As expected, with equal or slightly different solute polarities, the contact area plays
an important role.

Analogously, because of the weaker steric hindrance, the more compact mol-
ecule of m-xylene (6 = 8.88) exhibits a greater effective contact area in comparison
with that of ethylbenzene (6 = 8.84). This is especially evident, when molecules of
approximately equal polarities are able to penetrate among the ligates, f.e., when ¢
< (.5. With further increase in i, however, the penetration is avoided and then, in
agreement with the correlation observed, AHy for ethylbenzene tends to become
greater than that for m-xylene.

An interesting subject of debate involves the variations of AHy for both 1-
butanol (6 = 11.60) and 2-propanol (§ = 11.44). With methanol-enriched eluent
mixtures, AH); for 2-propanol is greater than that for 1-butanol, thus obeying the
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correlation with §. When the water content of the mobile phase becomes noticeable
(¢ = 0.6), an inversion occurs, so that the stightly more polar 1-butanol exhibits
greater AHy values in comparison with the less polar 2-propanol. To explain this
behaviour, let us compare the d,, values of both solutes (Table IT) with the chain-
to-chain distances, d,, at ¢ within the range of 0.1-0.5 (Table T). Even with meth-
anol-enriched cluents, the full penetration of these molecules among the ligates is
prevented. A partial penetration, however, seems possible, thus the difference be-
tween the effective contact areas of the molecules should be insignificant. Although,
in comparison with 2-propanol, 1-butanol exhibits a priori a greater molecular area,
at ¥ < 0.5 the two solutes are subject to approximately equal steric conditions and,
hence, the main factor responsible for their hydrophobic bonding appears to be the
solute polarity. With water-enriched mobile phases, however, the molecules of both
solutes interact under the conditions of a stationary phase layer. Then, in the absence
of steric hindrance, the size of the area of effective contact becomes more substantial
for the hydrophobic effect than the soluie polarity.

Further, let us compare the variations of the hydrophobic-dispersive partition
cocfficient with those of the corresponding enthalpy effects for the solutes under the
same chromatographic conditions. It is evident from Table II that there is no dom-
inant dependence of Ky on the any of the energy terms which would be capable of
explaining the deviations observed. Obviously, Kyp is a characteristic quantity that
incorporates the influence of the three AH terms, thus describing quantitatively the
solute retention in a RP system. Comparing all AH values for a solute, it can be
concluded that the strongest interactions arise in the mobile phase, in accord with
accepted opinion!2:27, However, it 15 of interest to discuss the role of the hydrophobic
bonding and its significance to the retention.

It is well known that the hydrophobic effect is connected with the repulisive
forces between a solute and the water molecules in a mobile phase. As a consequence,
the solute molecules are constrained to associate with the alkyl ligates. The energy
gain, AHy, that accompanies this process can be considered to have “originated”
from the mobile phasc and to be “introduced™ into the stationary phase. This enables
us to interpret the hydrophobic bonding as a result of the so-called HD interactions
between the solute molecules and the ligates!-2. Conventionally, we can ascribe a
negative sign to the AHy value, i.e., — AHy, and consider it as a partial molar energy
of the HD interaction. It should be borne in mind, however, that this “interaction
energy” does not follow from the reduction of the internal energy of both the sta-
tionary and the mobile phases. Finally, it is apparent that the hydrophobic bonding
“compensates”™ energetically the weak interactions associated with the stationary
phase. In other words, it increases the solute concentration in the stationary phase,
thus realizing the retention itself.

Dependence of retention and hydrophobic bonding on the amount of alkyl ligates
Experimental data of Hennion ¢t al.'$ enabled us to study the retention be-
haviour as well as the hydrophobic bonding of the polyaromatic hydrocarbons and
the hydroxy-aromatic compounds as a function of the amount of ligates. Solute Kyp
values obtained with RP packings of different W, were taken from ref. 2. Two
water-methanol eluent mixtures (30:70 and 60:40, v/v, respectively) have been used
in the experiments. The values of all the mobile and stationary phase characteristics,
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TABLE 111
MOBILE AND STATIONARY PHASE CHARACTERISTICS DEPENDENT ON THE MOBILE
PHASE COMPOSITION

Calculated according to the experimental conditions of Hennion et af.?®

Eluent ¢ Mobile phase Stationary phase

Py pr 3 @5 ds

(en mol™) (g om™) (cal cm™3)} (cal cm )
Water-methano! (30;70) 0352 28,60 0.8793 17.21 0.415 16.09
Water-methanol (60:40)  0.655 22.53 0.9419 19.92 0.289 18.35

dependent only on ¢, are presented in Table [T1. Those stationary phase character-
istics which depend on both  and W, are given in Table IV.

A serious problem connected with the calculation of the enthalpy effects in
eqn. 32 was the absence of data for the solubility parameters. Usually, & values are
given for liquid compounds at 25°C31.33, Except for benzene, the solutes listed in
Table V are solids under normal conditions and no data for their solubility param-
eters were available, To use the experimental information, we attempted to evaluate
d following the recommendations reviewed in ref. 33. The method of the so-called
molar attraction constants*® was employed in the case of polyaromatic hydrocar-
bons. As it is inapplicable 1o the hydroxy-aromatic compounds, their & values were
evaluated by using Hildebrand’s empirical equation®®, mainly applied to liquids.
Obviously, there is no guarantee of the reliability of the calculated values, however,
they enabled us Lo estimate approximately the enthalpy effects and hence to shed
some light on the dependence of both the retention and the hydrophobic bonding
upon the amount of alkyl! ligates.

All solutes listed in Table V are characterized by the values of 7, § and 4.
Since the hydrocarbons and the hydroxycompounds were eluted with different mobile

TABLE 1V
STATIONARY PHASE CHARACTERISTICS DEPENDENT OF BOTH THE MOBILE PHASE
COMPOSITION AND THE AMOUNT OF ALKYL LIGATES

Calculated according to the experimental conditions of Hennion et al.'?,

Amount of ¢ = 0.352 Y = 0.655
alkyl ligares,

Wy« 1073 nofna dy Hofn, d,
(gg™') (nm) (nm)
3.39 10.48 2.10 4.559 2.08
5.62 8.750 1.53 3.806 1.49
7.62 7.578 1.21 3.296 1.16
11.0 6.177 0.829 2.687 0.746
13.5 5.480 0.619 2.384 0.521
16.9 4.861 0.467 2,14 0.383

268 4.540 0.203 1.974 0.158
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phases (¢ = 0.352 and 0.655, respectively), they are presented as two separate groups
together with the corresponding data and the calculated results.

The dependence of Kuyp on Wy, for the solutes studied is conveniently visu-
alized in Figs. 4 and 5. For each compound there is an obvious tendency for Kyp to
increase with increasing W) up to a definite value, beyond which Kyp decreases. As
seen from Fig. 4, the maxima for hydrocarbons lic within a narrow W, range be-
tween 0.16 and 0.19 g g1 For the hydroxycompounds, however (Fig. 5), the maxima
appear at different W, values. Hence, the observed phenomena seem well compati-
ble with the solute molecular structure and dimensions, which to a large extent de-
termine the possibility of penetration among the ligates.

As is evident from Table V, the solubility parameters of the polyaromatic
hydrocarbons increase slightly with the number of rings. The rise in polarity is un-
doubtedly connected with the increased effect of conjugation in the molecules, Never-
theless, their & values remain substantially lower than those of the hydroxy-aromatic
compounds, whose polarity is determined by the presence of hydroxyl groups. There-
fore, a difference is observed in the solubilities of both types of solutes in the mobile
phase. With increasing 6, the enthalpy of mixing of the hydroxy-compounds with the
eluent, A Hg, decreases, corresponding to a higher solubility. On the contrary, except
for anthracene, increase in & for the hydrocarbons leads to a greater AHg value, in
agreement with their lower solubility, as soon as the number of rings rises. Obviously,
the different nature of the polarity is responsible for the observed phenomenon. In
terms of the solubility parameter concept, this is due to the higher energy of cavity
formation necessary for the large hydrocarbon molecules.

As expected, the enthalpy of mixing with the stationary phase, 4Hs, is small
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Fig. 4. Dependence of Kup on W, for polyaromatic hydrocarbons under the experimental conditions of
Hennion et af.'%: RP-18 packings; cluent mixture, water~methanol, ¢ = 0.352. O, Benzene; @, naph-
thalene; [, phenanthrene; @, anthracene; A, pyrene.
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Fig. 5. Dependence of Kyp on Wy, for hydroxy-aromatic compounds under the experimental conditions

of Hennion e al**: RP-18 packings; eluent mixture, water—methanol, ¢ = 0.655. O, Hydroquinone;
@. resorcinoel; [J. 5-methylresorcinol; B, phenol.

for all the solutes. It tends to increase slightly as Wy increases to a definite value.
Obviously, the restricted penetration of the solute molecules among the ligates leads
to a lowering their solubility in the stationary phase. As soon as full penetration of
the molecules becomes impossible, their interactions with the stationary phase layer
remain invariable, corresponding to the constant AHs values obtained with large
amount of ligates.

Comparing the enthalpy cffects of hydrophobic bonding for the polyaromatic
hydrocarbons, it is seen that AHy generally increases with the number of rings, in
spite of the increased polarity. This is duc to the enlargement of the molecular surface
area capable for contact with the ligates. Since the molecules of phenanthrene and
anthracene exhibit cqual areas, their hydrophobic bonding is governed by the polar-
ity. Therefore, the 4Hy values for anthracene (6 = 9.66) always remain lower than
those for phenanthrene (6 = 9.56).

An interesting exception is the large molecule of pyrene (6 = 9.70). Contrary
to initial expectations, its AHy values are generally lower than those for phenan-
threne. However, one should not forget that the hydrophobic effect is favoured by
the contact arca between the solute molecule and the ligate, rather than by the whole
solute molecular surface area. It may well be that the fourth ring contributes negli-
gibly to the extent of the contact area realized with a molecule having three rings.
Moreover, the penetration of pyrene into the stationary phasc appears to be sterically
more hindered than that of phenanthrene. Therefore, we consider the AH, values
obtained as quite reasonable.
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As for the hydroxy compounds, their 4Hy values correlate well with the cor-
responding solubility parameters. The more polar the solute, the weaker is the effect
of hydrophobic bonding. Nevertheless, in comparison with the hydrocarbons, these
solutes have been eluted with a more polar mobile phase, and their 4Hy values are
smaller, Hence, this is also evidence of the importance of both the polarity and the
contact area for the hydrophobic effect.

As is seen from Table V, the molar enthalpy of hydrophobic bonding decreases
for all the solutes with an initial increase in the amount of ligates. This is in agreement
with the decreased concentration of the free eluent molecules in the ligate solvation
space and especially that of water. As soon as the solute penetration becomes impos-
sible at a definite value of Wy, the molecules start to associate with the end methyl
groups of the chains. Then, further increase in W, leads to a more compact ligate
tayer structure, thus increasing the probability for a better contact with the solute
molecules. As a result, AHy also starts to increase in correspondence with the con-
ditions favourable for hydrophobic bending.

The behaviour of AHy is illustrated in Fig. 6. For hydrocarbons the minimum
AHy value conforms to the maximum of the hydrophobic-dispersive partition coef-
ficient, Kyp. An analogous situation is observed for the hydroxy compounds. How-
ever, comparing Figs. 5 and 6, it is seen that for the different solutes the A Hy mini-
mum generally appears at a slightly higher W, value than the corresponding max-
imum of Kyp. A probable explanation of this discrepancy could be looked for in the
inaccuracy of the calculated solubility parameters, especially since Hildebrand’s equa-
tion tends to give increased values for §.
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Fig. 6. Dependence of 4Hy on W, for solutes chromatographed under the experimental conditions of
Hennion e al.’®. Polyaromatic hydrocarbons: O, benzene; @, naphthalene; O, anthracene; B, phenan-
threne; A, pyrene. Hydroxy-aromatic compounds: A, hydroquinone; ¢, resorcinol; €, S-methylresor-
cinol; V, phenol.
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[n conclusion, it must be emphasized that the retention of even non-dissociated
solutes in an alkyl-bonded RP system is an exiraordinarily complex phenomenon
governed by a variety of factors. The most important of them are:

(1) The nature of the solute expressed in terms of its molecular structure and
dimensions, polarity, solubility in both the mobile and the stationary phases

(2) The mobile phase composition including the type of organic modifier and
the water content

(3) The stationary phase formation determined by the structure, dimensions
and amount of ligates causing the steric hindrance, as well as the composition of the
extracted solvent filling the ligate solvation space.

The combined influence of all these factors determines the solute interactions
with the RP system as a whole and, hence, the magnitude of the corresponding energy
terms refiecting the solute behaviour in the system. If the so-called “side effects™
occur, e.g., equilibria connected with solute dissociation, then additional investiga-
tions are required in order to obtain insight into the nature of retention.

ACKNOWLEDGEMENTS

The authors gratefully acknowledge fruitful discussions with Assoc. Professor
Dr. E. Sokolova, Department of Physical Chemistry and with Assoc. Professor Dr.
Y. Dimitriev, Department of Silicate Technology, both from the Higher Institute of
Chemical Technology, Sofia.

APPENDIX ]

The correlation between ng/n, and ¢ at W, = const. can be approximated
by the function

nofna = YL{WaL) (Al)
where

¥=00-P+y)
and L(Wa,) is a parameter dependent on Wup. At Wy = const., L(W,.) must also
be constant, as confirmed on the basis of data in ref. 17. The relative deviations of
the calculated L values from the average L value were within £ 1%.

Further, it was assumed that eqn. Al holds for a rclatively large Wy range.
An adequate approximation for L(W,) was achieved as follows.

(1) Since ng is obviously dependent on both ¥ and n, (where 1y = War/Ma
and M, is the molecular mass of the alkyl ligates), then, at ¥ = const., np will be
a function only of W,.. Hence:

no(Wa)War = (P/MA)L(Wa) (¥ = const) (A2)
Rearranging eqn. A2 in the form

L(WaL) = (Q/WaLlno(WaL) (A3)
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where O = M,/¥ is a constant, it becomes evident that L{W,,) can be represented
as a product of two functions: Q/W,, and no(W,.). The first one is an hyperbolic
dependence, which tends to decrease, always remaining positive when Wy, increases.
According to the accepied stationary phase model, ag(Way) is expected to the positive
and will increase with increasing W, However, ng(#..) cannot be linearly depen-
dent on Wy, because an increase in the surface ligate concentration will lead to a
rapid decrease in the solvation space and, hence, 1o a non-proportional increase in
Ro.

{2) On the other hand, at W, = 0, i.e., ny, = 0, it follows that ng(W, ) = 0
(or ne = 0), therefore L{W,.) is undefined for W,, = 0. However, for W,, values
very close to zero, the ratio ng/n, must be a real positive number, less but nearly
equal to the maximum capacity of the solvation space at a given ¥.

Summarizing the above considerations, the following conclusions can be made
about the character of the Z(W,,) function at each-¥ = const.: (i) as a product of
two positive functions, the first of which rapidly decreases while the second slowly
increases with increasing W, L(W4) will be a positive decreasing function, having
a minimum; (ii) when W, tends to zero, L{Way) approaches its greatest value; (iii)
with increasing W, L(W,.) decreases nearly in inverse proportion to Wy, thus
reaching its minimum at a definite W, value. Hence, a plot of L{Wa.) vs. Wy 1s
expected to show a nearly parabolic dependence, which can be approximated either
by a second-degree polynomial or by an exponential function of the type 4 - exp
(BW%. + CW,,). Since the exponential function offers some advantages, it was
preferred over Lhe polynomial,

(3) It follows from eqn. Al that npfns depends linearly on ¥ at each Wjy.
Considering this dependence in a three-dimensional coordinate system (itg/na vs. ¥
vs., Wap) and using ordinary trigonometric rearrangements, it can be shown that at
a reasonable constanl ng/n, value, a definite value of ¥ corresponds to each Wy,
The ¥ value can be determined by solving a lranscendental equation of the type
¥ = flngfna, War, cosarctg A (¥, Way )], employing the conventional Newton it-
crative procedure. Thus, for a set of RP-18 packings of different W,.'?, the corre-
sponding ¥ values were calculated and a system of equations was obtained on the
basis of

Holna = WA - exp (BW3%L + CW,y) (A4)

holding no/ns the same as when determining the ¥ values. Further, the constants 4,
B and C were specified by using the method of rigorous least squares adjustment,
applicable to non-linear problems?.2!,

APPENDIX 11

In the case of a very low ligate concentration on the silica surface, we can
consider the solute partitioning not to be sterically hindered. Then, it might be ex-
pected that the solute molecules are able to occupy the entire ligate solvation space,
the solute volume fraction being equal to unity. Theréfore, the following equation
will hold

Al — o) = 1 (AS)
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remembering that (1 — ¢g) is the solute volume fraction in the mobile phase solution,
while 4 is a proportionality parameter.

As far as eqn. A5 is valid for the entire solvation space, it must also be valid
for that part of this space initially occupied only by the solvating molecules, ¢t Then:

¢s = Al — @g) 95 (A6)
In other words, eqn. A6 reflects the Fact that the volume fraction of the solute, which
has displaced the solvating molecules, remains equal to their initial volume fraction,
P5.

In a real RP system the surface ligate concentration is usually sufficiently high
to cause steric hindrance to the solute partitioning. Under these conditions, the su-
perficial stationary phase solution is formed by both the solvating and the solute
molecules, their volume fractions being ¢g and ¢, respectively. Since the latter are
referred to the solvation space, we may write

¢s + @ = ¢s
or

Ps = @s — (AT)
Hence, in the case of steric hindrance, instead of eqn. A6 we have

9 = Al — @e)osp (A8)

where p is the probability of the solute molecules penetrating among the ligates. A
combination of eqns. A5 and A8 yields

¢ = psp
which, when introduced into eqn. A7, leads finally to eqn. 27, e.g:
os = ps (I — p)
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SUMMARY

Triethylamine (TEA) was evaluated as a competing base for the retention con-
trol and peak shapc improvement in the reversed-phase high-performance liquid
chromatographic (RP-HPLC) analysis of selected acidic, basic, and neutral drugs.
The effects of this amine on the capacity factor and theoretical plate number values
of ephedrine, phenol, and sulfamerazine were examined on three unmodified com-
mercial octadecylsilane chromatographic columns. Based on these results, a general
RP-HPLC elution scheme using a #Bondapak C,g 10-gm column, methanol-acetic
actd-TEA-water mobile phases, and an ultraviolet detector was developed for more
than 150 drugs of pharmaceutical interest. The proposed method was applied to the
separation of groups of chemically or pharmacologically related drugs that included
sympathomimetic amines, anthihistamines, phenothiazines, local anesthetics, Cin-
chona and tropanc alkalods, xanthines, sulfonamides, and sieroids. [n addition, pai-
red-ion drugs such as physostigmine salicylatec and combinations of ascorbic acid,
benzoic acid, salicylic acid, pamoic acid, and 8-chlorotheophylline with various basic
moieties were readily and effectively resolved into their ionic components using al-
most identical RP-HPLC conditions.

INTRODUCTION

This laboratory is currently working on the development of uniform and
straightforward approaches to the analysis of drugs of pharmaceutical interest by
reversed-phase high-performance liquid chromatography (RP-HPLC). Only a few
such procedures have been described in the literature. For example, Lurie and Dem-
chuk!-? described RP ion-pair HPLC conditions for the separation of a wide range
of drugs of forensic importance that included ergot and opium alkaloids, phenyl-
ethylamine, local anesthetics, and barbiturates. Likewise, Hoogewijs and Massart?,
Detacvernier et al.*, and De Smet ef al.5 reported standardized analytical strategies
for analyzing basic drugs in pharmaceutical dosage forms by HPLC on bonded phas-
es with polar and non-polar mobile phases. More recently, and at variance with the

0021-9673/86/303.50 @© 1986 Elsevier Science Publishers B.V.
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RP-HPLC modality, Jane er af.® have described HPLC conditions for the analysis
of more than 450 basic drugs on unmodified silica columns with non-aqueous ionic
cluents using photometric, fluorescence, and electrochemical oxidation detections,

In RP-HPLC, mobile phase additives represent the first form of in situ column
modification for effecting selectivity changes as well as remediating peak asymmetry’.
Many substances have been used la alter selectivity but alkylamines and alkylsul-
fonate ion-pairing reagents are the most common ones, Alkylamines act primarily
by hydrogen bonding to non-derivatized silanol sites, thereby reducing adsorption
and/or ion-exchange effects®, The addition of an alkylamine to a mobile phase can
dramatically improve peak shapes with little loss of retention. In addition to their
ability to reduce peak tailing, alkylamines are also usefu] as selectivity-enhancing
agents.

A number of publications have dealt with the inclusion of amines in the eluent
to control peak retention and to improve column efficiency. Eggers and Saint-Joly*
studied the effects of amine modifiers on the RP chromatographic behavior of sal-
butamol. Hung et al.'® investigated the effects of various organic amines on the
ion-pair chromatographic analysis of tricyclic antidepressant drugs. Pennington and
Schmidt!! added tetraethylammonium ions to the mobile phase for the quantitative
determination of mixtures of atropine, hyoscyamine, and scopolamine in pharma-
ceutical products. Cooke and Olsen'? discussed the effect of a hydrophilic amine
such as nonyl amine on the RP chromatographic behavior of a number of phcno-
thiazines. The suitability of amines as silanol-masking agents and their effect on the
retention characteristics of a variety of phenylethylamines??, dibenzo-crown ethers
and peptides'?, and tricyclic antidepressanis!®, has also been considered.

This paper describes the use of triethylamine (TEA) as a mobile phase modifier
for the RP-HPLC separation of acidic, basic, and neutral drugs; and e¢xamines the
behavior of prototype drugs in terms of retentions and column efficiencies on three
brands of unmodified oc¢tadecylsilane (ODS) columns. The positive influence of TEA
on the resolving efficiency of methanol-acetic acid-TEA-water mobile phases was
demonstrated by achieving the separation of mixtures of structurally related drugs
and of several of their paired-ion combinations.

EXPERIMENTAL

Equipment and experimental conditions

The liquid chromatograph consisted of a Model 3500B solvent delivery system,
a Model 770 variable-wavelength detector, a sampling valve fitted with a 10-pl sample
loop (Spectra-Physics, Mountain View, CA, U.5.A.), and a Model 3380A recording
integrator (Hewlett-Packard, Avondale, PA, U.5.A.). The chromatographic columns
were a 10 gm pBondapak C,g, 300 x 3.9 mm.1.D. (Waters Assoc., Milford, MA,
U.S.A), a § iam Zorbax ODS, 250 x 4.6 mm 1.D. (DuPont, Wilmington, DE,
U.S.A)), and a § um Ultrasphere ODS, 250 x 4.6 mm 1.D. (Beckman Instruments,
Berkeley, CA, U.S A.). All analyses were performed at ambient temperature with the
mobile phase delivered at a flow-rate of 1.5 ml/min.

Chemicals
The test compounds used throughout the study were of reagent grade or better,
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and were obtained from commercial sources. Mobile phases were prepared using
HPLC-grade methanol (J. T. Baker, Phitlipsburg, NJ, U.S.A.), reagent grade glacial
acetic acid (Fisher Scientific, Fair Lawn, NJ, U.S.A)), reageni grade TEA (J. T.
Baker), and water that had been double-distilled in glass.

Chromatographic solutions

Capacity factor (£") and theoretical plaie number (V) values of model drugs
were determined using solutions that contained | mg/ml of ephedrine, 0.1 mg/ml of
phenol, and 0.05 mg/ml of sulfamcrazine in methanol-acetic acid-water
(22.5:1.5:76.0). To study chromatographic mobility behaviors as a function of the
concentration of methanol in the mobile phase, test compounds were individually
dissolved in methanol-water (1:1) to contain (0.5 mg/ml. Solutions of mixed sympa-
thomimetic amines and tropane alkaloids were prepared in methanol-water (1:1) to
contain 1 mg/ml of each component. Solutions of antihistamines, phenothiazines,
local ancsthetics, steroids, Cinchona alkaloids, sulfonamides, and xanthines were also
prepared in methanol-water (1:1) to contain 0.25 mg/mi of cach component. The
prednisolone peak appearing during the separation of the steroids represents an im-
purity of prednisolone succinate, Solutions of the paired-ion drugs hydroxyzine pa-
moate, pyrantol pamoate, pyrvinium pamoate, and physostigmine salicylate were
individually prepared in methanol-water (1:1) to contain 0.25 mg/ml of each sample.
The paired-ion combinations of 8-chlorotheophylline and quinine were prepared by
dissolving equal amounts of the corresponding moieties in methanol-water (1:1) to
obtain sotutions containing (.25 mg/ml of each component.

RESULTS AND DISCUSSION

Normalization of the retention behavior of a solute can be achieved by incor-
porating TEA in the eluent to serve as a competing base for masking accessible
surface sitanol groups and for providing heterogeneity on the RP bonded surface.
Kiel et al.® and Bij et al.'* have previously shown that retention s practically inde-
pendent of sample load if an amine 1s present in the cluent, and that short chain
tertiary amine modifiers like TEA arc highly cffective in reducing or e¢liminating

TABLE |
EFFECTS OF TEA ON PEAK RETENTION AND COLUMN EFFICIENCY

k' and A values for ephedrine, phenol, and sulfamerazine on pBondapak C,5 (A), Zorbax ODS (B), and Ultrasphere
ODS (C) columns as a funclion of the concentration of TEA in the mobile phase. Mobile phases were mixtures of
methanol-acetic acid-TEA-water [22.5:1.5:(0 or 1):{76 or 75)).

Drug k' hY

0% TEA 1% TEA 0% TEA 1% TEA

A B o} A B C ; B C A B C
Ephedrine A-O.GO 2279 2010 097 L73 226 494 75 20 2784 2880 4900
Phenol 2.65 5.23 625 244 590 648 4018 10076 14604 3836 9423 13395

Sulfamerazine .75 1.26 243 73 320 246 2832 4239 4746 2750 3823 5150
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silanophilic interactions. Similar effects have been described for other amines!?.16.17,

The eflects of TEA on &’, a measure of retention, and on N, a measure of
efficiency, were mvestigated on three model drugs by using mobile phases that only
differed in the concentration of TEA present, and three brands of ODS RP columns.
In this study &' is defined as (rrfr0) — 1, where 1g and ¢, are the retention times of
the compound under investigation and a non-retained compound, respectively, and
where 1o was measured as the first distortion of the base line following the injection
of water. Of the several methods of measuring column plate count, the peak width
al half height method, i.e. N = 5.54 (tg/ Wy 5)%, was found the most convenient.

As shown in Table 1, although the concentration of amine in the eluent played
little or no role in determining the £’ and N values of the relatively neutral phenol
and acidic sulfamerazine, irrespective of the column used, it however greatly influ-
enced the values of the weak base ephedrine. Interestingly, in the case of ephedrine
a sharp reduction in &’ values occurred on the Zorbax ODS and Ultrasphere ODS
columns, whereas the N values increased on all three columns used,

Plots of &’ and N values against the concentration of TEA in the eluent re-
vealed further relationships between the concentration of modifying amine and the
chromatographic behavior. As illustrated with ephedrine (Fig. 1), these plots demon-
strated that although on all three columns the same concentration of alkylamine, J.e.

22
= 24} C
[ ____'__n—r-”'"
Q
o B
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16 ’_—.—’__._’_.,_-o—"“
3- i g
.g |
g A
o . -
o
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2]
\
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e tw
o & &

Theoretical plates (N) »100
=

oo Q2 04 06 o8. 10
“% Triethylomine fn the mobile phase

Fig. ). Effect of the concentration of TEA in the mobile, phdSC on k' and N values of ephedrine. See Tuble
I for columns and mobile phases. .



g

REVERSED-PHASE HPLC OF DRUGS

(g0p *d wo panunuo)

- o ¥£'0 ge'l e 15 S0°01 - - = sutwenuaydsoyd
- = = = 600 £Z0 1£0 = = = APIZTRIYIOIONYTY
- - 900 iro EL0 L0l €0 = - == autjj{ydoayioioyD-g
- - = = 1o 1£°0 66'0 - - - auinbolo[yy
- - - = o 0 60 = = = auieaoidosoyd)
- 120 LLo 65°¢ £3°¢ £es| - - = - JUIZPIA2I0ID
= = ¥t0 Sl 861 Yo'y 05701 = =, = auIRXOUIqIR]
el o 01°0 1£°0 90 vL'O 81 Iy = = AWIYED

12°0 080 Lse 0’6 o - - - - - suizniadeing
- - = = 18°0 £o'l pes = = ~— auroring
- = = = LE'l #8T £19 - - = auieoeardng
= 1T0 SP'0 £l I$'T 459 09'e1 = = = aunuenuaydwong
- ¥0 650 i1 oLs 88°tl - = o= - sunueipAyuaydipouolg
= = §6°0 ore - - - - - - aurdosizuag
= = PT0 L6'0 or't 8L'T 8¢9 = = = UEI0ZUSY
- - - a0 1€°0 £9°0 68'0 6l't 816 o= iAypw auidony
- - - 810 9€°0 SL'0 60l 9Tt el - aurdony
& = €10 050 690 bT'l 09T §v9 = = supkdpuy
- - 8070 8+°0 051 0Tt - - = - JuNozRINY
- - - - Eo - <80 £9°1 €T - surwriaydwy
A= 0 1€°0 8’1 = = = = = = uinbripoury
- §T0 $6'0 ¥z £8'9 - - - i = sutffidnnuy
= 90 680 6LT - - - - - - suzewordounuy
- == = 6£°0 Il 98¢ L' = = = a[ozuxosy|ns K130y
- o 6L°0 T e - - - - = auizeuaydo1aoy
= = 61°0 170 SE0 o'l FA 19t - - apIIUBIADY
06 08 0L 09 0§ 0F /13 0z o1 0

aspyd apqowt fo sind goy 42d joumpaa fo s1wg

Enae

‘aseyd afiqow (dunjoa

£q sund 001 PraId 01 ‘FGEHEAIC(:S" | :9]GBMEA) J3EM—Y T ] —PIOE JNA0E—~[OUBYISW B Y)Im PRINSTIW 219m ‘Ul §°F = 1 asaym ] — (O1f*) = 1o1om) Liowded = |y

ASVHd 31190W FHL NI TONVHLIW 40 NOLLVELNIONOD JHL 40 NOLLONNA ¥ SV SANTVA ¥

113918VL



R. W. ROOS, C. A. LAU-CAM

= = = - - — ueslsy
- — — — — = oSy
- — = e - = JEI A |OIpRIIST
= = = = = — aeuord4d jorpeiisy
- - - - — - 31B0ZU3G |OipBaSH

408

- - - - - - [01pBIIST
&84 = = = = - sunuelodig
L0 S¥°0 0L'o 69°C - = auraouodsg

- - §6°0 PO'T oLl LT aupagdy

= To 0L'o 0s'1 = = aut|iydacy
1£°0 FO'T €0z ¥y - = SUIEB[AXO(]

- T - 6981 - - ampesfdiAvaydiq
L'l 20'¢C ¢’y . = = aunusapiyuaydig
Lt d 16'L - - = = amumbolpAyig
91z 886 = = = = awpiinboipiyiy
61 SSL == = - = aund4&rogiacipiyiqg
9T [44 - - - - SUNsU0I120IpALIQY
9t’l 9Ty = = = =% sujwiooodroIpiyiq
81 ¥t = = = == UOLIUIIOIPAYIC]
791 60°F - - - - uE__u_:c:u:_uEthO
89t 691 = - — = [onsagqsjAiang
OL'¥ ol - = = e [olsauslg
SL'T 09 - - - = surgang Iy
S| ¥1'C 19 = i — ueydioylawonxaf
91°C 89S - - - - sunurrdisaq
L'l o'z s = = = L)
SLO 1€¢ - - - - aprzeiqiopRsD
LYl Lyt I - = = QU4

= = = = = = 21B130€ JUCSILIOD)
[0y - - - - - a[0ZIMAD
Il 092 = — = = AULLOYIYLD)
£zl £6'C = = = = UIpIUeYIUID
8T - - - = = surzewoidiony

0¢ 4 0 0 or 0

osyd apgow jo siand gor aod joumyiaw fo srng anag

(panupiuos) |1 VL



REVERSED-PHASE HPLC OF DRUGS

(o1 d uo panupuo)

90'0
a0

050
wo
17°0
170
10
L0
990
P10
1T0
1§°1
01'0
LL'o
Po'l

170

PIT
81’0
SET
§TT
LTl

600

66’9
(40

UHA0RUSY
anzeuaydrag
auzetadio|yaad
aumusfisuaydixo
auAiduion

21N1308 AUOIPUIIION]
JUOIPULYIAION
autjozeydep
AUOIDISOISA[AYIA N
uagrind| Ay
aedopiAyiap
auzrwaidAxoyla
sutwmaydwedxoymapy
aurzeadawn oyl
autjuidmyiay
auneeloydweyaw
[OuBAHSIA
AUIZBPLIOSAIA

aura uAydaly
a1opaor auosstsaordAxoIpap
AWz

2UIRIOpI]
Jouataordosy
aunuradiwg
autwesasod}
auzAx0IpAY
urureioydwedxoipiy
AMBIOT JUOSII0D0IPAE]
SUOSII0I0IPAY
apizeypawnpyospl 4
APIZRIJIOIONYI0IPAL]
1Aqiaurn audos ewmoy
surdonieitoy
aeylurud amzeuaydngg
NwOUTIAP autzrudydnrg
auizruaydn(

JOIPRASS [Aulyry



R. W. ROOS, C. A. LAU-CAM

410

- - 1o 120 00 S} £9°1 86E - aulwelodoag
- - — 050 0t'[ = = = = piae a1 fanus
- 1o 87’0 990 FE0 617¢ ETY == = SprwR|A g
= L - 681 6v's - - - == autumd)
- == = £9°1 1Ty = = = = autpluingy
- v'e ¥o°cl - - s = - = wnguiaifg
= 620 801 09°1 or'e L' - - - sunueufg
- - 0z'0 09°0 = = =2 = = [alueliyg
- - - - = §¢0 Lol 96'1 4 auupaydsoprosg
£1'0 £L'0 £0T 9L's - - - - = autpaydonolg
7o 090 §L°1 oF'd - = = e = AZBYIOWOIL
vT'0 90 7o'l PO'S - = s = = Juzewalg
1670 6t 9t'01 = - - - - - Ju010159d0.g
[4R] ¥’ A SL9 iz = = = = aurzesadiogyaold
- - - aro €20 - S1°I - = blidlaled 8 |
+0'0 980 $8°0 = = = - - - Juosiupalrd
980 00'r EL bl = o = = = = 21BING3 u0joSIUpA4
00 980 £ - == = - - - alei00r JuojosIUPald
ore L0 £zl = = = = - — UOOSIUpAs]
- - - - L50 091 = = = aunwdnsosAyd
- - 610 L0 Tl £6'¢ 6LE1 - — JjozBIIRJASA[RY G
FEO 1+°0 00T £0°¢ £9L = = - - ANUIBXO[O)[AUSJ
— - — - — - . $7°0 260 suuydajfudyd
= = - - - 70 6L°0 eIl 81 sunurgjouwedordiiusy
- €10 S0l 0s°1 Iv'c L89 = — = QUIWB|OIAY 4
- - e - - oF'[ 16T SES = JuuIRUAYJ
0’0 90 8.1 Ls'e L$°9 = = - - JUIUBZUDQAXOUIY]
L¥'o 981 Iss - a = = — — SUFZRIYIOUDN
= Lro §9°0 80 9l ov'e - - = QUIWIBIIUAY, ]
- - - 99T 9 = = = = AUTWRPUILIY]
08 0L 09 0§ 0F 0€ o o4 0

aspyd apqow fo siavd gof 4ad joupyaiu fo sriog

ansqg

(ponunton) |1 4714dVL



411

REVERSED-PHASE HPLC OF DRUGS

££°0

[4:41)

0z0
£20
F0°0
e
(AR}
010

(A3}
oF'e
€571

950
ol

1€°0
61°¢
80T

EFQ
L0
1o
1770
890

9’0
1+°0
LN
80
9T

91°0
€0
LS
0’0
95°11
970
1o

Lo
L'y

610
6L'1

(A%

s
[A

proe 2idos ],
autprioadis
auywreuuafadi ),
aurzesdauwna g,
auizewosdnpu ],
surzesad[Ayiang,
D[OZRIINUIONYDL ]
aulwejdzoyy
ANTEPLION T
aui||Aydoay ],
WOIQOIY ]
aumedenay,

aeuoideld auoialsoisay
SIRYIURUS JUOJIIISOI1SA ],
speuotdAd sucINs0sa ],
AUOIANSOISIY,
ajozexosyIng
suTpIuCsHng
s[ozenpRyng
awpuidu)ng
sjozeuaydeyng

pLoE Jfjiuejng
Splruring
auzepuAdAxoyiswejing
sjozexoylawe)ng
JozIIAWE)Ng
AUEEYIWEI NG
JUZEINNENG
auixoylawWIprj|ng
auizuipring
auizepuidioporing
apluezUAQR)|Ng
spezrIIR)|nsjhutoong
auoiarjouoldg

[Ay1sw aunurjodoog
sprxounw® amueodoss



412 R. W.ROOS, C. A. LAU-CAM

Phenylpropanalamine
d 2
Ephedrine
Pseudoephedrine E 3
: : :
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Fig. 2. Chromatographic separation of phenylpropanolamine and the diasterecisomers ephedrine and
pseudoephedrine. Column, pBondapak €,y mobile phase, methanol-acetic acid-TEA-watcr
(5.0:1.5:0.5:93.0); detector sensitivity, 0.16 a.u.fs.

Fig. 3. Chromatographic scparation of sympathomimetic amines. Column, pBondapak C, 3; mobile phase,
methunol-acetic acid-TEA-waler (15.0:1.5:0.5:83.0); detector sensitivity, 0.16 a.u.fs. 1 = Hydroxyam-
phetamine; 2 = phenylprepanclamine; 3 = ephedrine; 4 — amphetamine; 5 = methamphetaniine; 6 =
phentermine; 7 = mephentermine.

0.2%, provided retention control, the same is not true of the peak shapes, as evi-
denced by the increase in N values with increasing amine in the eluent. Hence, control
of N will require an amount of TEA that is dictated by the brand of column used.
For example, whereas 0.5% of TEA was adequate for controlling the retention and
peak shape of ephedrine on the yBondapak C;g and Zorbax ODS columns, a 1%
concentration was needed on the Ultrasphere column. In any event, the same con-
centration (1.5%) of acetic acid in the mobile phase was sufficient to render the pH
below 4.5, even at the maximum (1%} concentration of TEA added. Under these
conditions weak bases will become ionized and weak acids will remain non-ionized.

Methanol-acctic acid-water mobile phases that contained 0.5% TEA, together
with an arbitrarily selected RP-HPLC column (uBondapak C,s), were used to de-
termine the chromatographic behavior of a large number of pharmaceutically im-
poertant drugs, many ol which are currently listed in the United States Pharmaco-
peial®. Table 11 gives the & values for 166 compounds as a function of the concen-
tration of methanol in the maobile phase. The data show that as the concentration of
methanol increases the retention decreases, as would be expected in RP-I1PLC3.
From the compilation of &k’ values for a range of methano! concentrations in the
mobile phase the most appropriate elution system may be selected for a given com-
pound, whether this compound occurs singly or in combination with other listed

compounds.
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Fig. 4. Chromatographic scparation of antihistamines. Column, pBondapak C;s mobile phase,
methanol-acetic acid-TEA-water (50.0:1.5:0.5:48.0); detector sensitivity, 0.16 a.u.fis. 1 = Pheniramine;
2 = thozylamine; 3 = tripelennamine; 4 = chlorpheniramine; 5 = brompheniraming; 6 = phenind-

amine; 7 = phenyltoxamine; 8 = clemizole.

Fig. 5. Chromatographic separation of phenothiazines, Column, pBondapauk C,s; mobile phase,
methanol-acetic acid-TEA~water (70.0:1,5:0.5:28.0); detector sensitivity, 0.32 a.u.f.5. | = Mesoridazine;

2

n 4

7 = butaperazine; 8 = thicthylperazine.
4
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promethazine; 3 = acctophenazine; 4 = chlorpromazine; 5 = thioridazine; 6 = prochlorperazine;

Fig. 6. Chromatographic scparation of local anesthetics, Cotumn, pBondapak C.4; mobile phase,
methanol-acetic acid-TEA-water (50.0:1.5:0.5:48.0); delector sensitivity, 0.16 a.ufs. 1 = Lidocaine;

= butacaine; 3 = bupivacaine: 4 = benzocaine; § = tetracaine.
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Fig. 7. Chromatographic separation of tropane alkaloids. Column, uBondapak C;s; mobile phase,

methanol~acetic acid~TEA-water ((5.0:1.5:0.5:83.0); detector sensitivity, .08 a.u.f.s. 1 = Homatropine;
2 = scopolamine; 3 = methscopolamine; 4 = tropic acid: 5 = atropine methyl; 6 = atropine.

Fig. 8. Chromatographic scparation of Cinchona alkaloids. Column, pBondapak C;y; mobile phase,
methanol~acetic acid~-TEA-water (40.0:1.5:0.5:58.0); detector sensitivity, 0.64 a.u.l's. | = Cinchonidine;
2 = cinchonine; 3 = dihydrocinchonine; 4 = dihydrocinchondine; 5 = quinidine; 6 = quinine; 7 =

dihydroquinidine; 8 = dihydroguinine.

254 nm
M

F T T T 1 1
o] 8. 16

dMinutes
Fig. 9. Chromatographic separation of xanthines. Column, yBondapak C,q mobile phase, methanol-
acetic acid-TEA-water (25.0:1.5:0.5:73.0); detector scnsitivity, 0.16 a.u.f.s. | = Theobromine; 2 = dy-

phylline; 3 = theophylline; 4 = cafleine; 5 = 8-chlorotheophylline.
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Fig. 10. Chromatographic separation of sulfonamides. Column, pBondapak C,s; mobile phase,
methanol-acetic acid-TEA—-water (20.0;1.5:0.5:78.0): detector sensitivity, 0.32 a.u.fis. | = Sulfanilic acid;

2 = sulfanilamide; 3 = sulfadiazine; 4 = sullapyridine; 5 = sullamerazine; 6 = sulfamethizole; 7 =
sulfamethazine; 8 = sulfamethoxazole; 9 = sulfisoxazole; 10 = sulfachlorpyridizine.

Fig. 11. Chromatographic separation of steroids. Column, pBondapak C;a; mobile phase. methanol-
acetic acid-TEA-water (60.0:1.5:0.5:38.0); detector sensitivity. (.32 a.u.f.s. 1 = Prednisonec; 2 = predni-
solone; 3 = prednisolone succinate; 4 = hydrocortisone acctate; 5 = norethindrone; 6 = methyltestos-
terone; 7 = progesterone.

From a qualitative point of view, a few structure-chromatographic behavior
correlations become cvident from the data in Table II. Among halogen-containing
compounds, the halogenated derivatives consistently eluted after the corresponding
parent compounds, as found for the pairs pheniramine and chlorpheniramine, cycli-
zine and chlorcyclizine, procaine and chlorprocaine, and theophylline and 8-chlor-
theophylline. Among phenolic compounds, hydroxylated ones eluted ahead of the
parent compounds, as for hydroxyamphetamine and amphetamine. Compounds ex-
hibiting multiple hydroxyl groups in the aromatic ring, like the catecholamines, were
not retained by the ODS columns. An exception, however, was the catecholamine
methyldopate, whose &’ values are given in the same table.

The resolving efficiency of the proposed TEA-containing mobile phase systems
for the RP-HPLC separation of groups of structurally or therapeutically related im-
portant drugs is illustrated in Figs. 2-11. Shown are chromatographic separations of
sympathomimeltic amines (Figs. 2 and 3), antihistamines (Fig. 4), phenothiazines
(Fig. 5), local anesthetics (Fig. 6), tropane (Fig. 7) and Cinchona (Fig. 8) alkaloids,
xanthines (Fig. 9), sulfonamides (Fig. 10}, and steroids (Fig. 11). Whereas most of
these separations entailed weakly basic drugs (Figs. 2-8), two included weakly acidic
drugs (Figs. 9 and 10), and one included neutral steroids (Fig. 11). In general, ex-
cellent resolutions were obtained with a'mobile phase containing 1.5% acetic acid,
0.5% TEA, and various ratios of a methanol-water mixture.
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TABLE 11

PAIRED-ION DRUGS ANALYZED BY RP-HPLC USING MOBILE PHASES CONTAINING TEA AS A
MODIFIER

Drug Componenis Main therapeutic use
Buse Acid
Physostigmine salicylate  Physostigmine Salicylic acid Miotic, Belladonna alkaloids antidote
Hydroxvzine pamoate Hydroxyzine Pamoic acid Tranquilizer, sedative
Pyrantel pamoale Pyrante] Pamoic acid Anthelmintic
Pyrvinium pamoate Pyrvinium Pamoic acid Anthelmintic
Dimenhydrinate Diphenhydramine 8-Chlorotheophylline  Antihistaminic, antiemetic
Piprinhydrinate Diphenylpyraline  8-Chlorotheophylline  Antihistaminic, antiemetic, sedative
Promethazine teoclate Promethazine B-Chloratheophylline  Antihistaminic, antiemetic
Quininc ascorbate Quinine Ascorhic acid Smoking deterrent
Quinine benzoate Quinine Benzoic acid Antimalarial, analgesic
Quinine salicylate Quinine ) Salicylic acid Antimalarial, analgesic

Based on the foregoing results, the same RP-HPLC system was applied to the
resolution of a number of paired-ion drugs into their molecular components. Table
II1 lists ten paired-ion drugs along with their chemical compositions and main ther-
apeutic uses. Since without exceptions all the ionic components absorbed ultraviolet
light above 230 nm, the proposed HPLC system will readily detect them in the

Physostigmine salicylate

CHy ‘i—‘*; coou

Ly Ok
Q
]
HNCD |
I
Lyy 1
2
1
13
c
&
o
o

VA

Minytes

Fig. 12. Chromatographic separation of the components of physostigmine salicylate, Column, pBondapak
C,g; mobile phase, methanol-ucetic acid-TEA~walter (35.0:1.5:0.5:63.0); detector sensitivity, 0.32 a.ufs.

1 = Physostigmine; 2 = salicylic acid.
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Fig. 13. Chromatographic separation of the components of the paired-ion drugs hydroxyzine pamoate (1
= pamoic acid; 2 = hydroxyzine), pyrantel pamoate (1 = pyrantel; 2 = pamoic acid), and pyrvinium
pamoate (I = pamoic acid; 2 = pyrvinium). Column, uBondapak C,q; mobile phases, methanol-acetic—
TEA-water (58.0:1.5:0,.5:40.0) hydroxyzine pamoate; (50.0:1.5:0.5:48.0) pyrantcl pamoate; and

{67.0:1.5:0.5:31.0) pyrvinium pamoate. g
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-
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Fig. 14. Chromatographic separation of paired-ion combinations of 8-chlorotheophylline. Column, uBon-
dapak C,g; mobile phase. methanol-acetic acid-TEA-water (60.0:1.5:0.5:38.0); detector sensitivity, 0.32
anls.

Fig. 15 Chromatographic separation of paired-ion combinations of quinine. Column, uBondapak C,s;
mobile phase, methanol-acetic acid-TEA-water (40.0:1.5:0.5:58.0); detector sensitivity, 0.64 a.u.fs.
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230-260 nm wavelength range. Chromatographic separations were achieved for the
components of physostigmine salicylate (Fig. 12), pamoic acid combinations with
hydroxyzine, pyrantel, and pyrvinium (Fig. 13), 8-chlorotheophylline pairs with di-
phenhydramine, diphenylpyraline, and promethazine (Fig. 14), and paired-ions of
quinine with ascorbic, benzoic, and salicylic acids (Fig. 15).

In light of the results presented here, it is evident that the simultaneous addition
of TEA and an organic acid such as acetic acid to a methanol-water mobile phase
can provide both effective ion suppression of acidic drugs and ionization of basic
ones, with the eventual improvement of column efficiency and peak shapes. A salient
aclvantage to be gained from this type of mobile phase is the possibility of simulta-
neously analyzing a wide variety of weakly basic and acidic drugs and their paired-
ion combinations using the same ODS column and ratio variations of the components
of the quaternary mobile phase.
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COLUMN POISONING BY MULTIVALENT CATIONS IN ION CHROMATO-
GRAPHIC ANALYSIS FOR ALKALI METALS

DENNIS R, JENKE
Travenal Laborataries, fne., 6301 Lincoln Ave, Maorton Grove, IL 60053 (U.5.4.)
(Reccived August 14th, 1986)

SUMMARY

Multivalent cations from the mobile phase, stainless-steel components of the
chromatographic system and analyzed samples are not eluted from the analytical
column under normal elution conditions used for alkali metal determinations by ion
chromatography. Thus the analytical column becomes poisoned during use with the
net result that performance degrades with time. Systems properties affected include
retention time, resolution, plate count and peak heights while peak areas are unaf-
fected by changing capacity until resolution is compromised. While various methods
are proposed for counteracting or preventing the poisoning effect, a technique which
couples a protective precolumn to scavenge mobilized metals from steel system com-
ponents with systematic injection of a flush solution to remove other interfering
cations represents the most cost effective option.

INTRODUCTION

Monovalent cations (Na*, K*, NHZ, organic species) are separated and quan-
titated by ion chromatography with columns containing low capacity resins and weak
acid eluents'™*. The elution conditions are such that under these conditions multi-
valent cations are irreversably bound to the column (regardless of manufacturer or
type). Thus multivalent cations present in the chromatographic system will then poi-
son the analytical column. The net result of this column poisoning is degrading chro-
matographic performance as manifested in decreasing retention, efficiency and reso-
lution but an apparent increase in peak height sensitivity. Primary sources of these
multivalent species include: (1} impurities/contaminants in the mobile phase, (2) non-
inert components of the chromatographic system and (3) components of the sample
themselves. The first source is readily circumvented through the use of high-purity
reagents for mobile phase preparation. While the second source of column contam-
inants would readily be eliminated through the use of chemcially inert (e.g. Tygon,
plastic) pumps, injectors, valves and tubing, such components are relatively uncom-
mon in operating laboratories and are available from a limited number of vendors.
Although stainless-steel components of chromatographic systems can potentially be
passivated by exposure to more concentrated acids, it is this authors experience that
such treatments are not completely effective in climinating metal leaching during
operation.

0021-9673/86/803.50 @ 1986 Elsevier Science Publishers B.V,
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Since the multivalent species which commonly cause the column poisoning can
be re-mobilized with cither stronger acid or complexing flush solutions, column re-
generation is relatively easy to accomplish. However, if column poisoning occurs
relatively quickly or only small changes in performance can be tolerated in a par-
ticular application, complete regeneration of the column must be performed relatively
often and becomes cost and time ineffective. It is the purpose of this study to evaluate
the magnitude of the column poeisoning effect and to explore methods for its elimi-
nation/alleviation,

EXPERIMENTAL

Chromatographic system

The system employed included a Perkin Eimer Series 3B pump, a Petkin Elmer
LC600 autosampler, a Bio-Rad conductivity monitor, a Linear stripchart recorder,
a Dionex CFS-1 fiber suppressor and a Hewlett-Packard 3357 LLAS computer inte-
grator. The columns used were all Wescan type 269-024 high-speed cation separators.
Automation equipment used for column/solvent switching included Autochrom
Model 201 solenoid interface and Model 401 valve module and a Linberg Enterprises
Model CD4SN ChronTrol® timer/controller. The mobile phase was 5 mM nitric acid
supplied at a flow-rate of 2 ml/min. Depending upon application, connecting tubing
and sample injector loops were either 316 stainless steel or Tygan.

Chromatographic studies

While exact experimental conditions varied in lerms of analyte concentration,
sample size and experimental design, the general process involved continuous injec-
tion of samples into a specific apparatus; analyte retention time, peak characteristics,
peak areas and height were continuously monitored. Chromatographic columns were
regenerated at the beginning and end of each analysis set by flushing with 0.1 M
nitric acid for a period of 30 min followed by re-equilibration with the mobile phase.
Both sodium and potassium were used to monitor chromatographic performance;
calcium was used as a model to intentionally produce column poisoning. Both nitric
acid and EDTA were evaluated in terms of their abilily to act as regenerants for the
columns,

Reagenty

Samples were prepared by several dilutions of stocks prepared from the chlo-
ride salts of Na®, K* and Ca?*. Acids used for mobile phase-regenerant preparation
were Ultrex® grade. All salts used were reagent grade. Deionized, distilled water was
obtained from a Millipore Milli-Q® cartridge system.

RESULTS AND DISCUSSION

As noted previously, the two contributors to the capacity loss mechanism in-
clude multivalent cations either leached from the stainless-steel components of the
chromatographic system or contained in the samples being characterized. In order
to demonstrate the magnitude of these effects, the two processes were isolated and
evaluated independently. Considering the latter process, it is commeon for samples
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analyzed for alkali metals at Travenol to contain approximately 10 ug Ca®>*/Mg**
per injection. As shown in Fig. 1, the continued injection of a sample containing this
amount of Ca®* causes a five-fold increase in the rate at which Na* retention time
degrades as compared to a water matrix containing no Ca?*. The small loss of
retention which occurs with the water matrix is attributed to leaching of transition
metals from the staintess-steel components of the chromatographic system. While
this effect was minimized by making all component connections with Tygon tubing,
the pump and injector were still steel and thus prone to leaching. It is observed in
passing that knowledge of the concentration of Ca?* injected and the absolute loss
of retention caused as a result of the injection allows one to estimate the total capacity
of the column(s) being used.
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Fig. 1. Effcct of sample composilion on the rale of retention loss due to column poisoning. Data is for a
sample using 60 ppm Na* (the species being followed) in either a water maltrix or one containing 40 ppm
Ca?*. A chromatographic system with inert tubing was uscd in this study. The number in brackets in-
dicates the number of injections which produces a 10% loss in retention time.

Since a truly inert chromatographic system was not available to this research
to provide a true baseline, it was impossible to assess experimentally the true magni-
tude of column poisoning by leaching of metals from a typical stainless-steel chro-
matographic system. However, it was possible to demonstrate the effect of stainless-
steel connecting tubing (versus inert Tygon). As shown in Fig. 2, the presence of a
minimum length of steel tubing increascs the rate of column poisoning by nearly a
factor of two. The column degradation observed was linearly related to mobile phase
flow-rate, did not change in magnitude over the duration of the experiment (indi-
cating no long term passivation is occuring) and was reproducible from column to
column,

At this point in the discussion it is appropriate to note that neither type of
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Fig. 2. Effect of the composition of connecting tubing on the rate of retention time loss due to column
poisoning. Sample is 60 ppm Na ™ in water. Numbers in brackets indicate the pumber of injections which
produces a 10% loss in retention time.

poisoning is truly irreversible in that both alkaline earth and transition metals can
be removed from the column by use of a “'sironger” eluent (flush). Appropriate flush
solutions might include higher concentration acid (e.g. 0.1 M nitric acid} or a com-
plexing mobile phase (e.g. EDTA). In some applications, the simplest way to deal
with the retention loss is to ignore it (since the absolute change per sample is relatively
small) and regenerate the column after a given number of injections has been made.
Regeneration is accomplised by rinsing the column with one of the flush solutions
mentioned above. This approach is appropriate if resolution is not critical, if only a
small number of samples are to be analyzed or if peak arcas are to be used for
quantitation. Most pharmaceutical applications do not conform to these criteria and
therefore alternative methods of eliminating/alleviating the problem were examined.

Considering the two loss mechanism separately, it is clear that three ways are
potentially applicable for eliminating retention loss caused by multivalent species
present in the sample. One approach would be to pretreat the sample prior to analysis
(for example by selective extraction and/or precipitation). However, this approach
is not time and cost effective and one must be concerned with quantitativeness as
well. The latier two approaches fall under the category of column cleaning and differ
with respect to quantitation of the column poisoning agent, In one scenario, the
column is flushed with a higher concentration mobile phase for the sole purpose of
metal removal while in the other (gradient elution) the change in mobile phase com-
position is such that the poisoning species can be quantitated along with the ana-
lyte(s}). While in concept both approaches are sound, in practice their need for special-
ized equipement (gradient controllers, detectors which do not respond to the chang-
ing mobile phase) and increased per sample analysis time severly limits their utility.
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Focusing on the other source of poisoning, clearly the most effective way to
prevent leaching of contaminants from the chromatographic system is for the system
to be completely inert. While such a system is now commerically available, it is not
currently in exclusive use in cation chromatography. Thus a pertinent question raised
in this research is how can one make a conventional stainless-steel system appear to
be inert. Obviously, the use of PTFE or plastic connecting tubing represents an im-
portant step in this direction; however, as documented earlier, stainless-steel pump
and injector components still contribute to column degradation. It is particularly
difficult to isolate contaminants from the injector since to do so would require inter-
vention after sample introduction. The intervention must be such that analytical
performance is not adversely affected; an appropriate mechanism to accomplish this
could not be identified by this researcher. Two aproaches which were examined both
deal with pump related effects but differ in their ability to control the injector prob-
lem. In one approach, shown in Fig. 3, a pre-column containing a high-capacity
cation exchange resin is placed between the pump and injector and serves to scavenge
metals leached from the pump. In this study, the column contained a Dowex resin
which had been hand-packed inte an inert shell. Such a configuration contributes
little or no back pressure to the system, cannot effect chromatographic performance,
and is capable of effective columnn protection for long periods of use. This approach
has the additional advantages of low cost and instrumental simplicty. The second
approach, shown in Fig. 4, also utilizes a pre-column but in this case the column and
samplc injector can be switched either in or out of the analytical system. For “nor-
mal™ operation, the pre-column is switched in-line and effectively protects the ana-
Iytical column as the sample is being chromatographed. During sample introduction,
the injector is switched in-line with the net result that the column is essentially un-
protected. However, since the introduction process is only a small fraction (0.5% or
less) of the total analysis time, column poisoning is minimized. While both these
approaches result in a system which is virtually immune from metal poisoning (Fig.
5), the latter approach is instrumentally more complex and is not suggested for
routine applications.

From this discussion, it is apparent that in order to deal effectively with both
sources of column poisoning one would need to adopt a methodology that uses both
protection and sequential flushing. An optimally protected system would thus include
inert connecting tubing, a scavenging pre-column between the pump and injector and
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Fig. 3. Schematic diagram of the chromatographic system in which inertness is achieved by use of a
scavenging pre-column,
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Fig. 4. Schematic diagram showing the approximation of an inert system obtained by switching between
a pre-column scavenger and a sample injector.

injection ot a flush solution (e.g. 0.1 N EDTA) at various points during the analytical
run (say after every 30 injections of a sample). Thus one can envision a scenario in
which the analyst performs a series of sequences which involves 30 sample injections
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Fig. 5. Performance of both chromatographic systems shown in Figs. 3 and 4. Samples injected contained
200 ppm Na* (the species followed) und either water or 40 ppm Ca®* as the matrix. O = data from
system in Fig. 3; @ = data from system in Fig. 4.
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TABLE
LONG TERM STABILITY OF THE CHROMATOGRAFHIC SYSTEM: ACCURACY

Concentration injected (ppm} Acitual concentration (ppm)

Flush sequence

I 2 3 4 5
Sodium
30 29.5 29.1 300 205 29.6
70 69.3 69.3 70.5 70.6 69.9
100 98.6 100.7 99.3 100.1 99.6
Porassium
30 29.1 306 30.5 30.0 29.9
70 70.2 70.8 71.3 71.3 70.8
100 101.1 101.9 101.8 101.6 101.5

foliowed by a duplicate injection of the flush solution and a single injection of mobile
phase (to allow total elution of the Na* from the EDTA flush) and then repeats this
process as often as is necessary to complete his job. In order for this to be an effective
strategy. an extremely small change in retention characteristics should be observed
over the course of the run, no significant change in response should occur and no
intra-sequence bias should exist. In an attempt to address these issues, samples con-
taining 30-100 ppm Na* and K* in a matrix which was water (standards) or 20 ppm
Ca’* (simulated product) were repetitivily analyzed in an extended run which lasted
over 27 h and involved 5 fiush sequences. Results of the quantitation of samples
against standards for each of the five flush sequences are shown in Table I; results
obtained in every sequence are statistically equivalent at the 95% confidence level.
As shown in Table II, the net change in retention observed over the course of the
experiment, which consisted of over 150 injections, was extremely small. Both Na*
and K * retention times changed at a rate of ~0.12% per hour. While the peak height
response change observed over the course of the experiment was relatively large at
nearly 4%, peak area response was statistically equivalent over the entire course of
the run and no trend in response was observed.

TABLE Il
LONG TERM STARILITY OF THE CHROMATOGRAPHIC SYSTEM: RETENTION

Elapsed time Retention time (min)
(h:min)
Sodium Potassium
:00 4.19 8.96
T.05 4.12 8.83
15:08 4.19 9.08
24:03 4.07 8.69

27:10 4.06 8.65
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CONCLUSION

Under conditions used to quantitate alkali melals, ion chromatography col-
umns can be poisoned by multivalent cations contained in the samples themselves or
leached from the stainless-steel components of conventional chromatographic sys-
tems. Utilization of a scavenging pre-column containing a high-capacity cation ex-
changer placed between the pump and injector coupled with sequential column flush-
es by injection of EDTA-containing solutions represents an effective solution to the
long term degradation in column performance which results from the poisoning pro-

£eSS.
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SUMMARY

A new flow cell has been designed and tested for continuous, medium-term use
in an electrochemiluminescence detector. It is found that the cell efficiency may be
maintained over periods of weeks by careful control of the excitation potential and
by incorporating a cleaning agent within the eluent. A number of example chro-
matograms obtained in the presence of tetrabutyl ammonium chloride as a cleaning
agent are reported.

INTRODUCTION

Electrochemiluminescence (ECL) is light emitted during the electrolysis of so-
lutions of (usually) organic compounds. ECL was first observed! in 1927, although
was not investigated in any dctail?-® unti! 1964. There was much interest in the phe-
nomenon throughout the tate sixties, with particular emphasis on studies related to
the mechanisms involved. During the 1970’s the mechanisms were elucidated as the
species involved became identified with the aid of electron spin resonance and mag-
netic field effects. Progress during this period has been thoroughly reviewed and the
mechanistic processes summariscd*~%. In recent years attempts have been made to
enhance the ECL intensity observed from dilute solutions, generally to investigate
the potential of ECL measurement as an analytical technique. The approaches adop-
ted invariably reflect the requirements of the annihilation mechanism in that the
emphasis has been on encouraging the interaction of the anion and cation formed
during electrolysis, and on rigorously excluding species such as oxygen and water
which are known to quench ECL emissions. ECL has been used as a detection tech-
nique for normal-phase liquid chromatography (LC), using a thin cell with tin oxide

* For Part 11, see ref. 10,
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transparent electrodes™®. However, the lifetime of the clectrodes was said to be lim-
ited, and became very short in the presence of water.

We have been investigating the use of ECL as a detection technique for re-
versed-phase LC using relatively simple ¢lectrode assemblies which both avoid the
complexity of moving electrodes and have much greater durability than tin oxide
electrodes. We reported earlier® that a modest sensitivity could be achieved with a
relatively simple two-electrode cell arrangement and non-deoxygenated eluents in-
volving 10-20% water. Our initial experiments were carried out with a d.c. electroly-
sis current and invelved flowing liquids through cells in which the electrodes were up
to 2 cm apart. The major proportion of the emitted light was found to originate from
the vicinity of the anode, even when the anode was upstream of the cathode. The
light emission intensity from a given sample was found to be proportional to the
total cell current, even at applied veltages up to 100 V d.c. We subsequently report-
ed!% on the improvement in sensitivity obtained through the use of an a.c. elevirolysis
potential, and more recently have detailed results obtained from lumograph studies'!,
i.e. the variations of emission intensity as a function of electrolysis potential and
frequency.

Our earlier experiments demonstrated that ECL offered some attractions as a
detection technique for reversed phase high-performance liquid chromatography
(HPLC), in that many classes of compounds appeared to emit light during electrolysis
and the sensitivities for detection in a relatively crude cell were reasonable. However,
potential problem areas were observed once the apparatus had been in use for any
length of time. The two main problems we have observed are: (1) lack of reproduc-
ibility; on some occasions highly reproducible chromatograms could be obtained |
daily for several days, whereas at other times successive chromatograms differed both |
in terms of absolute peak height and even in relative peak heights for a multicom-
ponent test sample. (2) Fouling of the flow cell; the first flow cells were glass tubes
with pairs of platinum wires passed through the wall. The wires were small (requiring
a magnifier for examination) and the electrolysis currents used routinely were small
(typically < 1 mA). When we fabricated more substantlal cells and operated with
higher electrolysis currents and potentials, we found that the electrodes became
covered with a brown deposit which, qulte apart from lowering the light output,
eventually blocked the cell.

Furthermore both problems became progressively worse over a period of about
a year. It became clear that the more care we exercised in cleaning electrodes and
purifying the components of the eluent, the more rapidly the problems returned. The
present work was undertaken in an attempt to overcome these difficulties. We report
below on a new flow cell design which allows operation at substantially higher cur-
rents than previously, and on new electronic and chemical approaches we have adop-
ted to permit an ECL detector to.operate reproducibly for long periods.

EXPERIMENTAL

Fig. 1 shows a block diagram of the elements of the ECL detector used. The
_major elements are the flow cell, the excitation supply, and the light detection system,
“and these are described in detail below. The other ¢quipment used consisted of an
HPLC pump (Biotech Instruments), a sample loading system (a Rheodyne valve,
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Fig. 1. Block diagram of ECL chromatography system.

Model 7125, fitted with a 20-ul loop), a 25-cm Spherisorb ODS (10 um) column
(Phase Separations), and a digital flow meter (Phase Separations) which monitored
the flow-rate post cells. The chromatography was performed using the eluents de-
scribed for each of the sample chromatograms reported below,

The flow cell design adopted is shown in Fig. 2, and was chosen to provide a
large electrode surface area and a constant path length for current flow. The cell
body was made from Kel-F, and tapped to accept standard Altex fittings to carry
the eluent through 1/16 in. PTFE tubing. The electrodes were prepared from a disk
of platinum 1 mm thick and approximately 10 mm in diameter. The disk was cut into
two Ds and platinum wire conductors spot welded to each. The electrodes fitted into
a circular recess in the cell body, and the conductors passed through narrow holes
to the rear of the cell. The face of the cell (i.e. the part protruding beyond the recess
holding the electrodes) was polished to accept a quartz window, held in position by
a securing ring bolted to the cell body. The result was a narrow corridor between the
two Ds of platinum, sealed at the rear by the Kel-F body, and at the front by the
quartz window. Eluent entered this corridor via a hole drilled at one end of the
corridor through to the rear of the cell, although to minimise dead volume we allowed
the inlet PTFE tubing to pass through this hole and reach the bottom of the corridor.
Etuent left the corridor via a (larger) hole drilled at the other end of the corridor.
The dimensions of the corridor were approximately 10 x 1 x I mm, giving a cell
volume of approximately 10 ul.

The cell was subsequently modified to allow a third electrode to be introduced
as close to the corridor region as possible. In this work the third electrode has been
a fine platinum wire passed, via an additional Altex connector, into the eluent outlet
hole. In practice we position the end of this wire as close to the cell’s corridor as
possible. This electrode is used to provide a reference level for the control of the
working electrode level. While a platinum wire is not normally considered to be
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Fig. 2. Diagram of the ECL flow cell used, showing the cautela view (a) and the photomultiplier’s view
of the electrodes (b). The active volume of the cell is the channel between the clectrodes, which in this
work had a volume of approximately 10 ul.

adequate as a reference clecirode for electrochemical measurements, it does offer the
advantage of simplicity and small size, and was found to be useful under the con-
ditions of the present experiments.

The excitation supply system is shown schematically in Fig. 3. The unit main-
tains one of the electrolysis electrodes at ground potential and sets the potential of
the other to a level which causes the potentia) of the reference electrode to equal a
predetermined level. The circuit compares the buffered potential difference between
-the reference electrode and ground with a level input from a poteniial divider {ad-
justable between 0 and 5 V), using the difference to drive one of the two 759 power
amplifiers, The amplifier driven, and so the electrode which operates as a cathode,
is selected by a 4066 CMOS switch which operates at a frequency determined by an



FLOW CELL FOR ELECTROCHEMILUMINESCENCE DETECTOR 431

ok
ar2
=9
Sk
Sk
2 - =@ kHz2 REFERENCE
ELECTRODE
OSCILLATOR
ELECTROLYSIS
ELECTRODES

Fig. 3. The electrolysis supply circuit which maintains a constant amplitude for the potential between the
electrolysis anode and thc reference electrode. The clectrolysis electrode acting as anode changes every
half cycle. (k = k).

external TTL oscillator, the two switched channels opening and closing alternately.
The amplifier which is not driven through the switch has its input puiled to ground
through the 10 k€2 resistor, thus ensuring that the appropriate electrolysis electrode
(the anode) is operating at ground potential.

The light measurement system is shown in Fig. 4. Tt consists of a photomui-
tiplier tube {Thorn EMI type 9789QB) together with a low-power bias supply (op-
erated at approximatcly 1000 V), a prcamplifier/discriminator which converts those
anode pulses exceeding a preset threshold into TTL compatible logic pulses, and a
low-cost microcomputer (Commodore 64) which counts the logic pulses and calcu-
lates the pulse rate. Details of the operation of this simple photon counting system
have been reported!?.

Errors
The instruments used in recording potentials, current and light levels were
calibrated and unlikely to provide significant sources of error for either d.c. elec-
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Fig. 4. The ECL intensity measuring system.
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trolysis or for square wave electrolysis above 10 Hz. For low-frequency electrolysis
the current measurements do fluctuate as the sampling frequency of the mulumeter
is of the same order as the electrolysis frequency. However, we have taken the max-
imum values recorded for the purposes of this work. (An alternative technique has
been developed for recording currents during lumograph studies, and these will be
reported in due course.) For the present we assign error limits of 10% to current
reading below 10 Hz. The chromatograms recorded below were reproducible to
within 5% from a given set of samples and eluent. Over a period of time and using
different batches of eluent and samples, the reproducibility was found to be within
10%.

Materials
The sample materials, purity and manufacturer used in this work are: anthra-

cene, naphthalene, Analar (Fisons); acenaphthylene, chrysene 95% (Aldrich); fuor-
anthene, 98% (Aldrich); pyrene, perylene, >99% (Aldrich); di-butylphthalate, di-
hexylphthalate, di-octylphthalate, >98% (Phase Separations Qual-kit). Pesticide
samples (courtesy of the Laboratory-af the Government Chemist; no detaited purity
information available): 1-naphthyl methylcarbamate (carbaryl), 4-chloro-2-butynyl-
3-chlorophenylcarbamate (Barban), 1,1,)-trichloro,2,2-bis{(4-methoxyphenyl)ethane
(methoxychlor), 2,2-bis(4-chlorophenyl)-1,1-dichloroethylene (p,p"-DDE), 1,1-bis(4-
chlorophenyl)-2,2,2-trichloroethane (p,p'-DDT).

All test compounds were used without further purification. Tetrabutylammeo-
nium perchlorate (TBAP) was prepared by neutralising a concentrated solution of
tetrabutylammonium hydroxide (Aldrich) with AR perchloric acid (Fisons) and was
purified by two recrystallisations from ethylacetate-pentane. HPLC-grade acetoni-
trite (Rathburn Chemicals) was found to have a water content of about 700 ppm.
Dry acetonitrile was prepared from HPLC-grade acetonitrile, either by distillation
from phosphorus pentoxide or by standing over 3 A molecular sieve (BDH Chemi-
cals) as discussed in an earlier paper'!. Distilied water was further purified using a
Water-1 purification unit (Gelman Sciences) and filtered through a 0.45-um, Milli-
pore filter,

RESULTS AND DISCUSSION

We have determined that the formation of the deposit on the platinum elec-
trodes could be prevented by maintaining a concentration of chloride ions in the
carrier electrolyte. (A similar effect is produced by bromide ions.} Fig. 5 shows the
vartation of the signal-to-noise ratio (i.e. peak height to r.m.s. noise ratio) for the
chromatographic peak produced from 100 ng of naphthalene eluted at 2 ml min~*
using an eluent of acetonitrile~water (95:5), with the concentration of added chloride,
in the form of tetrabutylammonium chloride. (Electrolysis electrode-reference elec-
trade potential difference 7V and electrolysis frequency 5 Hz.) The ratio was deter-
mined from the average of six successive sample injections over a fixed period of 1
h. Thus variations in peak height {(and we have found that reductions in the peak
heights of successive peaks are a reliable indication that deposit is forming) show up
as a reduction in the signal-to-noise ratio. The results indicate that a concentration
of tetrabutyl ammonium chloride of less than 5 - 107* M is insufficient to prevent
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Fig. 5. Variation of the signal-to-noise ratio (§/N) recorded from 100 ng samples of naphthalene as a

function of tetrabutylammonium chloride (TBACH) concentration in an acelonitrile—water (95:5) eluent.
Scc text for chromatographic and ECL details.

the formation of deposit, and that much higher concentrations, while preventing the
formation of deposit, also reduce the intensity of ECL emission from the sample.

- Similar results have been obtained using other sample materials. From these results
we selected 5 - 10™* M as the oplimum concentration of tetrabutylammonium chlo-
ride for this particular cluent.
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Fig. 6. Variation of the signal-to-noisc (S/N) ratio from 100 ng samples of naphthalene as as function of
the electrolysis anode—refercnce electrode potential difference at an electrolysis frequency of 5 Hz. Ses text
for eluent details.
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The variation of the signal-to-noise ratio recorded from the same sample and
an eluent of acetonitrile-water (95:5), made 5 - 107% M in tetrabutylammonium
perchlorate and 5 - 10™* M in tetrabutylammonium chloride, as a function of the
amplitude of the electrolysis electrode-reference electrode potential difference is
shown in Fig. 6. Again the eluent flow-rate was 2.0 mi min~! and the electrolysis
frequency was 5 Hz. The maximum potential difference which can be generated by
our present a.c. potentiostat is 7V (corresponding to an electrolysis voltage of about
10 V), and the results of Fig. 6 indicate that it may be desirable to go to somewhat
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Fig. 7. Typical chromatograms tecorded using the ECL flow cell of Fig. 2 in the presence of chloride. (a)
ca. 27 ng each ol naphthalene, anthracene, fluoranthenc and chrysene; (b) ca. [4 ng each of acenaphthyi-
ene, pyrene and perylene; (c) carbaryl (96 ng), methoxychlor (150 ng), DDT (295 ng) and DDE (54 ng);
(d) ca. 500 ng each of di-butyl, di-hexyl and di-octyl phthalates.
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higher potentials. The chromatograms reporied below were obtained with an elec-
irolysis electrode-reference electrode potential difference of 7 V.

Some typical ECL chromatograms obtained using the eluent and potential
described above are shown in Fig. 7, and serve to illustrate a selection of the materials
which may be detected by ECL. Fig. 7a shows a chromatogram obtained from a
sample of polynuclear aromatic hydrocarbons, consisting of (in order of elution),
naphthalene (26.9 ng), anthracene (29.5 ng), fluoranthene (26.8 ng) and chrysenc
(28.4 ng). Fig. 7b shows the separation of acenaphthylene (13.6 ng), pyrene (14.8 ng)
and perylene (13.4 ng). Fig. 7c shows a chromatograms from a sample of pesticides,
consisting of carbaryl (96 ng), methoxychlor (150 ng), p.p'-DDT (295 ng) and p,p'-
DDE (54 ng), cluted using the same conditions. Fig. 7d shows the separation of a
series of phthalate esters, di-butyl (507 ng), di-hexyl (542 ng) and di-octyl (720 ng),
recorded using an eluent of acetonitrile made 5 - 107° M in tetrabutylammonium
perchlorate and 5 - 10™* M in tetrabutylammonium chloride, with an clectrolysis
electrode-refercnce electrode potential difference of 7 V and an electrolysis frequency
of 60 Hz.

Although we arc still sceking improvements in sensitivity, we are encouraged
by the reproducibility of chromatograms. Fig. 8§ shows a pair of chromatograms
recorded from the same sample solution four weeks apart (the system was in virtually
full time use in between). This result is typical of many others and indicates that the
electrodes may be maintained in a relatively constant condition by the use of chloride
ion in the eluent during electrolysis. An important consequence of the improvement
in the consistency of the condition of the electrodes is that the linearity of responsc
as a function of sample size has also improved considerably. Fig. 9 shows how the
integrated peak area (i.e. the total number of photons detected, corrected for back-
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100 U S we |
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Fig. 8. Two ECL chromatograms recorded from a mixture of naphthalene, anthracene, fluoranthene and
chrysene four weeks apart, illusirating the medium term reproducibility of the system when used with
chloride containing clectrolyte.
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Fig. 9. Variation of peak area as as function of sample size for samples of (a) naphthalene and (b) Barban.
Elution conditions as in Fig, 7.

ground) varies with the mass of sample injected for an aromatic hydrocarbon (naph-
thalene, Fig. 9a) and a pesticide (Barban, Fig. 9b), over the range 10-1000 ng.
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SUMMARY

A reaction detector has been developed for the selective detection of thiram
and disulfiram. The detection is based on the post-column complexation of these
analytes on a solid-state reactor packed with finely divided metallic copper to form
a coloured copper complex, copper(I1) N,N-dimethyldithiocarbamate, with an ab-
sorption maximum at 435 nm. The method is combined with a pre-concentration
and clean-up step on a pre-column to permit the sub-ppb determination of, e.g.,
thiram in surface water samples or disulfiram in urine. Separation is achieved by
reversed-phase liquid chromatography.

INTRODUCTION

A major portion of the world fungicide use is represented by dithiocarbamates
and their derivatives, the so-called thiuram disulphides!. Compounds such as thiram,
ferbam and ziram (Fig. 1) are widely used as protective fungicides in agriculture.
Other uses of dithiocarbamates are as accelerators in rubber vulcanization and, spe-
cifically, of disulfiram as a drug against alcohol abuse?.

A review of the chemistry of this important group of compounds has been
given by Thorn and Ludwig?. One characteristic property of the dithiocarbamates
is their ability to form strong metal complexes with a wide variety of metal ions?-*.

CHy S S fCHy CHs 3 S CoHy
_N-C-8-5-C-N_ MC-5e5-C N,
CHj CHy CHg CH,
TRIRAM DISULFIRAM

CH ;
E Fe (). FERBAM
[CH-N‘C\S_ Mel) 7o m):ziRAM
3 o Cu(MxCulDTC),

Fig. 1. Structures of the most imporiant dithiocarbamaie fungicides.

0021-9673/86/303.50 © 1986 Elsevier Science Publishers B.V.
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Hence, they are widely applied in heavy metal analysis®-. On the other hand, some
photometric methods for the determination of dithiocarbamates and thiuram disul-
phides are based on their complexation reaction with metal ions such as copper(H).
The intensely yellow coloured copper(ll) dithiocarbamate has an analytically useful
absorption maximum at 435 nm?2/7,

Gas chromatographic methods for the determination of dithiocarbamates are
maostly based on the determination of carbon disulphide, which is produced by acidic
digestion of the dithiocarbamates’. In recent years, several high-performance liquid
chromatographic (HPLC) methods have been developed. Kirkbrighi and Mullins®
used cetyltrimethylammonium bromide (cetrimide) in the mobile phase to achieve
the separation of sodium dimethy!- and diethyldithiocarbamate and thiuram disul-
phides. Smith et al.® separated dithiocarbamates and thiuram disulphides as their
nickel(IT) and cobalt(I1T) complexes. BrandSteterova and co-workers!?.'! determined
dithiocarbamate fungicides by normal- and reversed-phase chromatography with UV
detection. Gustafsson and Thompson'2? determined thiram in food by HPLC with
UV detection at 272 nm after extraction with chloroform and clean-up on a silica gel
column.

Generally, the methods described are rather non-selective. UV detection, which
was employed in ail HPLC methods, requires several clean-up steps such as purifi-
cation on silica gel, if contaminated samples are to be analysed. The aim of this work
was to develop a selective analytical method for the most widely used fungicide of
this group, thiram, in order to allow its determination in environmental or biological
matrices without complicated sample pre-treatment. The method is based on the
liquid chromatographic separation and the post-column derivatization of thiram with
metallic copper. Furthermore, investigations were carried out on the pre-concentra-
tion of thiram on C,z-bonded silica and its stabilization in water samples to avoid
losses due to complexation reactions with metal ions. In addition, some preliminary
investigations were carried out to demonstrate the feasibility of this method for the
determination of disulfiram in urine.

EXPERIMENTAL

Chemicals
Thiram (tetramethyithiuram disulphide) and disulfiram (tetracthylthiuram di-

sulphide) were purchased from Fluka (Buchs, Switzerland) and were of Y8% purity.
Sodium N,N-dimethyldithiocarbamate [Na(DTC)) and EDTA were supplied by
EGA Chemie (Steinheim, F.R.G.). All other organic chemicals were of analytical-
reagent grade (Baker, Deventer, The Netherlands). Copper(Il) sulphate, copper(l)
chloride, calcium chioride and potassium citrate were Baker Analyzed Reagents. So-
dium borohydride was ot 99% purity (Baker).

Copper(II) N,N-dimethyldithiocarbamate [Cu(DTC),] was prepared by add-
ing a 1 mM solution of copper(11) sulphate to a 2 mAM agueous solution of Na(DTC)
in 10 mM phosphate buffer (pH 6.8). After the reaction, an aqueous [ mAf solution
of EDTA and potassium citrate was added to avoid the formation of Cu(DTC)* due
lo the reaction of Cu(DTC), with excess of Cu®* ions. This positively charged 1:]
complex could not be chromatographed in a reversed-phase HPLC system. Injections
of the poorly soluble Cu(IDTC), were made from fresh solulions to aveid precipi-
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tation. Solutions of copper(I) chloride (10 mAf) were made in 0.1 M acetate buffer
{(pH 4.5) containing 0.1 M calcium chloride [which was added to increase the solu-
bility of copper(I) chloride] and used directly after preparation.

Instrumentation

The HPLC system (Fig. 2) consisted of a Hewlett-Packard (Waldbronn,
F.R.G.) 1090 liquid chromatograph and a 200 x 2.1 mm [.D. stainless-steel column
packed with 5 um Hypersil ODS (Shandon Southern, Cheshire, U.K.). A Zeiss (Ob-
erkochen, F.R.G.) PM2 DLC spectrophotometer or a Hewlett-Packard 1040 diode
array detector was used as the detector at a detection wavelength of 435 nm. The
pre-concentration pump was an Orlita (Giessen, F.R.(G.) pump used at a flow-rate
of 1.0 mi/min. Enrichment was carried out on laboratory-made!? 4.0 x 2.1 mm I.D.
pre-columns, which were hand-packed with a slurry of § jim LiChrosorb RP-18 (E.
Merck, Darmstadt, F.R.G.} in methanol using 2 syringe. For the post-column reactor
the same type of pre-columns of length 2.0 and 4.0 mm and 1.D. 2.1 mm wcre used.
In the pre-column derivatization mode, injections of the derivatization reagent were
made with a 500-pl loop connected to a laboratory-made six-port injection valve,
Acetonitrile-aqueous acetate buffer (10 mM, pH 5.0) (65-75:25-35) was used as the
HPLC mobile phase,

sample or flush
solution

(b} inj 1

10

wasie

¥
v

Fig. 2. Schematic diagram of the apparatus. | = HPLC pump; 2 = six-port injection valve; 3 = analytical
column; 4 = detector; 5 = recorder/integrator. (a) Pre-column derivatization: 6 = pump; 7 = 500-ut
loop; 8 = pre-column packed with C,g-bonded silica. (b) Post-column derivatization: 9 = copper post-
column reactor: 10 = 10-pl injection loop.
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Procedure for the pre-column derivatization system (Fig. 2a)

As a first step, thiram was pre-concentrated on a pre-column packed with
C,g-bonded silica. Subsequently, 500 ul of 10 mAf copper(l) chloride solution were
injected on Lo the pre-column to form Cu(DTC),. After flushing the system with 10
mM EDTA to remove excess of copper(l) chloride, the Cu(DTC), was eluted on-line
to the chromatographic system.

Procedure for the post-column derivatization system {(Fig. 2b)

Derivatization was carried out using a solid-state reactor filled with metallic
copper prepared by reduction of copper(l) chloride. The reactor consisted of 2.0 or
4.0 mm long columns, which are conventionally:used as pre-concentration columns.
The metallic copper was prepared by carefully adding 1 g of solid copper(i) chloride
to a solution of 2 g of sodium borohydride in 20 ml of doubly distilled water. The
resulting (black) copper modification was washed twice with doubly distilled water
and methanol to remove remaining borohydride and borate. It was suspended in
methanol and treated in an ultrasonic bath to give fine particles. The slurry was then
dried on tissue paper and pressed as densely as possible into the column with a
micro-spatula. The post-column reactor was used immediately after preparation in
order to avoid inactivation of the reactive reduced copper due to oxidation to cop-
per(I1) oxide.

RESULTS AND DISCUSSION

Derivatization principle

Fig. 3 shows the main reactions of the thiuram disulphides with copper com-
pounds. Fredga'* described the reaction of disulfiram with copper bronze (reaction
1), which yields Cu(DTC),. With longer reactiop times and jn the presence of an
excess of copper bronze, Cu(DTC) was formed (reaction 2)'%:1¢, This again reacts
rapidly with thivram disulphides to form Cu(DTC), (reaction 3)'5. The same product
was obtained if copper(]) compounds such as copper(l) iodide were used instead of
copper bronze (reaction 4)1¢,

The copper(Il) dithiocarbamate complex that is formed in this reaction has an
absorption maximum at 435 nm with ¢ = 13000 in CCl, (see spectra in Fig. 4).

Reaction 1
- ) S 5

R-C-5-§-C-R + Cu ~——» R-CE-5-Cu-5-C-R

Reaction 2
g S

R—G-5-Cu-S-€-R + Cu —+ 2 R—(-S—Cu
Reqgtion 3 o < s

2 R--5-Cy + R-é-s-s-?.-n——-z R-E—S-Cu-s-é-R
Reaction 4

Lost Z g

R-C-5-5-&-R + Cul —» R-C'§-Cu-S-C-R - 12 1,

Fig. 3. Main reactions of thiuram disulphides with copper compounds.
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THIRAM Cu (DTC)E

Fig. 4. UV-VIS absorption spectra of thiram and coppcr(ll)‘dimethyldithiocarbamatc.

Hence the transformation of the colourless thiuram disulphides into coloured deriv-
atives offers an elegant possibility of enhancing the selectivity of the method, with
almost the same sensitivity as UV detection at 254 nm.

Pre-column derivatization

[nitially, copper(I) chloride was used as a derivatization reagent, as batch ex-
periments had shown that thiram reacts rapidly and quantitatively with this com-
pound. The formation of Cu{DTC); was confirmed by comparison of the absorption
spectrum of the reaction product with that of a standard Cu(DTC); solution.

The above reaction was shown to be suitable for the on-pre-column derivati-
zation of thiram (Fig. 2a). After pre-concentrating the non-polar thiram on C,3-
bonded silica, Cu(DTC]), was easily formed by rinsing the pre-column with a small
volume of a copper(l) chloride solution. Because of its low pelarity, Cu(DTC); was
readily adsorbed on the pre-column; it was eluted to the chromatographic system
after flushing the pre-column with 2 ml of 10 mM EDTA solution to remove excess
of copper(l) chloride. With this method a mean recovery of 93.5% with a relative
standard deviation (R.S.D.) of 9.5% (n = 5) was obtained. In addition to the poor
reproducibility and the relatively complex instrumentation required, the pre-column
derivatization has the disadvantage that no distinction can be made between thiram
and other possible fungicidal metal dithiocarbamates such as ferbam or ziram, which
also react with copper(I) chloride to form Cu(DTC),. In order to overcome these
drawbacks, a post-column dernivatization system based on a solide-state reactor was
developed.

Post-column derivatization ‘

Attempts to use copper(I) chloride mixed with C,4-bonded silica as a solid
derivatization reagent were unsuccessful owing to the instability of copper(I) chloride
towards the HPLC eluent. Further, it was found that red metallic copper reacted
only slowly with thiram and therefore was not suitable in a post-column derivati-
zation system. The reaction rate could be increased considerably; however, if the
post-column reactor was packed with metallic copper prepared by the reduction of
copper(I) salts with sodium borohydride. The instantaneous and quantitative for-
mation of Cu(DTC), using this reduced copper as a derivatization reagent was con-
firmed by recording the absorption spectra of the Cu(DTC),; peak using the diode
array detector.

Optimization of the reactor performance
Influence of reactor bed length and eluent conditions. The reactor bed length
and the pH of the eluent are the most important factors influencing the response of
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the post-column reactor. Optimal results were obtained with 2.0-4.0 mm long col-
umns (2,1 mm 1.D.) and eluent Row-rates between (.2 and 0.4 ml/min. A column
longer than 4.0 mm resulted in a decreased response, possibly owing to catalytical
degradation of Cu(DTC),. Flow-rates higher than 0.4 mi/min led to pressure drops
greater than 300 bar for the total system and were therefore not suitable for the
described chromatographic system.

The optimal pH of the eluent was between 4.5 and 6.0, under which conditions
the thiram response remained almost constant. The response increased slightly if the
pH was decreased; however, dithiocarbamates and thiuram disulphides are less stable
at low pH3. pH values higher than 7.0 caused deactivation of the copper reactor,
probably owing to (hydr)oxide formation. The same effect was observed when a
phosphate buffer was present in the eluent [formation of copper(I1) phosphate]. Ace-
tonitrile was the only organic modifier that was used. A methanol-containing eluent
led to a decreased column efficiency and to deactivation of the reduced copper. With
an eluent consisting of acetonitrile and agueous acetate buffer (10 mM, pH 5.0),
optimal reactor performance was obtained.

Band broadening and stability of the reactor. The use of the post-column reactor
did not cause substantial additional band broadening, as no retention takes place
and only a small residence time is required. The increase in the peak width at half-
height was 10% (with 6 cacor = 2.1 8). In addition, the demands on column efficiency
are not too high owing to the high inherent selectivity of the detection method. If
the post-column reactor is used for scveral days, the asymmetry factor increases from
1.3 to 2.5 or more; it can therefore be used to monitor the gradual depletion of
reduced copper in the reactor. The useful lifetime of the post-column reactor is de-
termined by the amount of thiuram disulphides injected and by the presence of oxy-
gen, which causes passivation. Typically, with a 2.0 mm long post-column reactor
that contains about 8 mg of reduced copper, more than 200 injections of nanogram
amounts can be made.

Stabilization of thiram samples against complexation reactions

A problem in the determination of dithiocarbamates is their instability in
aqueous solutions in the presence of metal ions®. In environmental samples and par-
ticularly in surface water, the reaction with metal ions such as Cu?* can lead to a
considerable reduction in the free dithiocarbamate concentration within a short time.
Our experiments have shown that the addition of 0.1 mM copper(1]) sulphate to a
solution containing 35 ppm of thiram resulted in a 50% decrease in the thiram con-
centration after 20 min. As dithiocarbamates and, to a lesser extent, thiuram disul-
phides possess a high affinity to many metal ions?, the presence of these ions will
generally lead to a rapid decrease in the free thiram concentration. Owing to the high
complex stability constants of the metal -dithiocarbamates and, especially,
Cu(DTC),317, complexing reagents such as EDTA, tarirate or citrate cannot
compete against this complexation reaction. However, it was found that a 1:1 mixture
of 10 mAf EDTA and 10 mM potassium citrate was able to prevent the complexation
reaction of thiram with Cu?™, If a thiram sample was stabilized with this mixture,
no significant losses were observed, even if the sample was stored for 16 h. Water
samples were thus routinely stabilized with 10 mAM EDTA -citrate (1:1) prior to analy-
sis.
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Fig. 5. Chromatogram of the duplicate injection of surface water spiked with 10 ppm of thiram and 20
ppm of Cu(DTC),;. HPLC cenditions: analytical column, 200 x 2.1 mm 1.D. packed with 5 gm Hypersil
QDS; copper reactor, 2.0 x 2.1 mm; cluent, acetonitrile-aqucous acetate buffer (10 maf, pH 5.0) (70:30);
flow-rate, 0.3 ml/min; injection volume, 20 yl; detection wavelength, 435 nm.

Fig. 6. Determination of disulfiram in urine. HPLC conditions: analytical column, 200 x 2.1 mm LD.
packed with 5 pm Hypersil ODS; pre-column, 4.0 x 2.1 mm L.D. packed with 5 pm LiChrosorb RP-18;
copper reactor, 2.0 x 2.1 mm; ¢luent, acctonitrile-aqueous acetate buffer (10 mM, pH 5.0) (65:35);
flow-rate, 0.4 ml/min; detection wavelength, 435 nm (0.02 a.u.fs.). Pre-concentration of 1.0 ml of urine
spiked with 87 ppb of disulfiram (sample stabilized with 10 mM EDTA-citrate).

Analysis and pre-concentration of thiram samples

The calibration graph obtained using a 2.0 mm long copper-containing post-
column reactor showed good linearity over almost three orders of magnitude with
r = 0.9992. An absolute detection limit of 3.0 ng (signal-to-noise ratio = 3; 10 gl
injection) was obtained. The mean R.S.D. was generally less than 2% (n = 5) at
concentrations between 1 and 200 ppm. Fig. 5 shows the analysis of surface water
spiked with 10 ppm of thiram and 20 ppm of Cu(DTC);. Cu(DTC); is one of the
main degradation products of thiram if Cu®* is present. Using the copper-containing
post-column reactor both compounds can be separated and detected at 435 nm.

In order to decrease the detection limit for thiram, the possibility of its pre-
concentration on hydrophobic materials was investigated. As thiram is fairly non-
polar, high enrichment factors can be obtained. A breakthrough volume for a 4.0
x 2.1 mm L.D. pre-column packed with 5 um C,g-bonded silica of more than 50 ml
was measured with a standard solution. This means that an enrichment factor of at
least 5000 can be obtained compared with 10-ul injections. That is, thiram concen-
trations at the sub-ppb level can easily be determined. Pre-concentration of 40 ml of
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a 5 ppb thiram solution resulted in a mean recovery of 93.4% with an R.S.D. of
5.0% (n = 5}

Determination of disulfiram in urine

The dpphcabxlny of the proposed method for the determmanon of thiuram
disulphides in urine was also studied. With the use of the copper-containing post-
column reactor no complicated sample pre-treatment was required. Filtered urine
was spiked with 87 ppb of disuifiram and stabilized with 10 mAf EDTA-citrate. A
1-m] volume of the undiluted sample was pre-concentrated on a 4.0 mm long pre-
column packed with C;g-bonded silica and then eluied to the chromatographic sys-
tem with acetonitrile-aqueous 10 mM acetate buffer (65:35). With UV detection al
254 nm only onc large band could be seen without the possibility of isolating the
analyte signal. In contrast, the use of the copper-containing post-column reactor and
detection at 435 nm aliowed sufficient separation of the disulfiram peak for correct
quantification (Fig. 6). Further work on the optimization of the method is in progress.

CONCLUSION

A post-column reactor packed with metallic copper offers the possibility of
determining thiuram disulphides such as thiram and disulfiram selectively in complex
samples. The conversion of thiram and disulfiram into the corresponding Cu(DTC),
is instantancous and complete. A detection limit of 3 ng was obtained for thiram at
435 nm with a relatively old detector. Use of a modern detector will easily yield about
10-fold lower detection limits. The long lifetime of the post-column reactor allows
the analysis of a large number of samples before a new reactor column is required.
Owing to the selectivity of the detection wavelength, only short analysis times are
required (3—5 min).

Trace enrichment of aqueous samples coupled 1o this detection mode can be
powerful. The relatively low polarity of thiuram disulphides permits sample volumes
larger than 30 ml to be pre-concentrated on 4-mm bed lengths of reversed-phase
materials, yielding trace enrichment factors of over 5000. In addition, the method
can be automated and, thus, permits the fast work-up of large series of samples in
routine screening. The reaction principle can conceivably be used for many other
chelate-forming analytes with fast reaction kinetics and favourable detection char-
acteristics of the resulting complexes.
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HEADSPACE GAS ANALYSIS

QUANTITATIVE TRAPPING -AND THERMAL DESORPTION OF VOLA-
TILES USING FUSED-SILICA OPEN TUBULAR CAPILLARY TRAPS
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Laberatory for Ecological Chemistry, University of Stellenbosch, Stellenbosch 7600 ( South Afvica)
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SUMMARY

A system has been devised with which volatiles can be effectively trapped from
headspace gas samples at relatively high fow-rates. Material is trapped in fused-silica
capillary traps, ! m in length, and coated with either an immobilized SE-30 layer, or
a suitable adsorbent such as activated carbon or a powdered porous organic polymer
supported on immobilized SE-30. These fused-silica traps are installed and used in
stainless-steel tubes (desorption tubes) through which an electrical current is passed
to effect on-line thermal desorption of the trapped volatiles. Thermal conversion of
labile compounds such as a-pinene and p-terpinene can be avoided by temperature-
programmed or -controlled desorption in conjunction with cold trapping of the de-
sorbed volatiles on the capillary column. The capacity of different traps was com-
pared for a number of compound types and their versatility demonstrated by carrying
out headspace gas determinations on, for instance, wine, urine and an imitation fruit
drink.

INTRODUCTION

The compounds employed by insects and mammals in semiochemical com-
munication are normally isolated and identified by extraction of the secretion-pro-
ducing glands with a suitable solvent and subjecting the extract to the conventional
methods of separation, bioassay and identification of the biologically active constitu-
ents, If the interest in the active material is merely of a qualitative nature, the rate
at which it is released into the surrounding atmosphere, may be considered to be of
lesser importance. In recent years. however, it has transpired that semiochemical
communication is largely an extremely complex process! and that several compounds
often have to be present in a specific quantitative ratio Lo ¢licit the expected response
in the insect or animal?. Since semiochemicals are mostly released into the atmo-
sphere in minute quantities, the qualitative and quantitative determination of these
air-borne volatiles is essentially a headspace-analytical problem and the techniques
developed for the gas chromatographic determination of the headspace volatiles of
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food, beverages, plastics, etc., could therefore, with certain limitations, also be ap-
plied to semiochemical research.

The technigues employed in headspace gas analysis have recently been re-
viewed by Nufiez er al.2, and several books and monographs have appeared on this
subject*-5. However, as Grob and Habich® have pointed out, these techniques have
been developed for packed column gas chromatography and, when applied to cap-
illary analysis, have given unsatisfactory resuits, the most serious problem being in-
complete transler of the sample from the trap onto the capillary column. This is due
to the difference in the flow-rate required for complete and rapid desorption from,
for example, a packed 3-mm 1.D. concentration trap and the flow-rate through a
capillary column. Grob and Habich® approached this problem by using capillary
traps with approximately the same diameter as the capillary column, whereby the
linear flow-rate through the trap is increased to facilitate rapid sample desorption,
Two trap types, a charcoal-coated open tubular trap (COT) and a trap coated with
a thick layer of immobilized PS-255 (FT), were used with excellent results.

In our work on the exocrine secretions of the male African sugarcane borer
Eldana saccharina, extracts of the wing gland and abdominal hair pencil secretions
of this moth were found to contain more than 30 compounds ranging from 4-hy-
droxy-4-methyl-2-pentanone to several unidentified Ci5 compounds’. However,
trans-3,7-dimethyl-6-octen-4-olide (eldanolide), one of the major constituents of the
mile wing gland secretion, was the only compound eluted from the active charcoal
filter when the volatiles were trapped under closed-loop stripping conditions, from
air flowing over calling males®. The (rapped material did not contain any of the other
prominent constituents of the exocrine secretions of the male, such as vanillin, which
is produced in such quantities that it can be detected by the human nose at a con-
siderable distance from sugarcane plantations infested with this insect. Obviously,
the y-lactone, eldanolide, was adsorbed preferentially on the active charcoal with the
cxclusion of all the other air-borne volatiles. Although this problem can be eliminated
by using several activated carbon filters in series, the coated open tubular traps de-
veloped by Grob and Habich® presented an alternative approach to the trapping of
the semiochemicals emitted by insects.

Any method employed for this purpose must meet requirements imposed by
the fact that the volatiles to be determined originate not simply from a large volume
of liquid serving as a replenishing reservoir, but from a living organism which, de-
pending on circumstances, will produce varying amounts of material and which will,
furthermore, only produce these compounds if natural conditions can be imitated
sufficiently accurately to induce calling behaviour in the insect. One possibility is to
trap all the volatiles from a brisk stream of air flowing over the calling insect, thus
restricting adsorption of the semiochemicals on glass surfaces or on the insect itself.
Although some of the compounds secreted by E. saccharina were trapped quantita-
tively on short FTs, almest-immediate break-through of vanillin was observed, al-
ready at a relatively low flow-rate of 30 ml/min. This flow-rate appears to be too
high for this particular compound and the break-through of vanillin is therefore most
likely due to its slow dissolution in SE-30 and not to saluration of the trap with this
compound.

The composition of this secretion illustrates a situation that is often encoun-
tered in semiochemical work where compounds such as acetaldehyde and hexy! hexa-
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noate® or formic acid and pentacosyl formate’®, i.e. compounds with widely different
volatilities and polarities may be present in the same secretion and have to be deter-
mined in widely different concentrations. Rather than reverting to packed-trap con-
centration techniques for this type of problem, the feasibility of using longer capillary
traps for the trapping of volatiles at reasonably high flow-rates, was investigated. A
system which would meet the following requirements, was devised: (1) off-line trap-
ping with on-line desorption of volatiles onto the analytical capillary column, (2)
temperature-programmed or at least temperature-controlled thermal deserption of
the trapped material, (3) traps in which, depending on prevailing circumstances, the
properties and advantages of film- and charcoal-coated open tubular traps can be
utilized, and (4) traps which would, as far as possible, give quantitative retention of
volatiles at reasonably high flow-rates.

In this paper the preparation of fused-silica traps, 1 m in length and coated
with SE-30 or with SE-30 plus an adsorbent, the thermal desorption of volatiles
trapped on the capillary traps and experiments carried out to establish the capacity
of these traps for a number of reference compounds are described. In addition, several
headspace determinations were carried out to demonstrate the applicability of this
system to the headspace gas analysis of biological samples, beverages, etc.

EXPERIMENTAL

Gas chromatographic analyses were carried out with a Carlo Erba Fractovap
4160 gas chromatograph (Carlo Erba, Milan, [taly) equipped with a flame ionization
detector, using helium as carrier gas. Fused-silica capillary columns (40 m x 0.32
mm [.D. and 28 m x 0.32 mm [.D.) coated with SE-30 (film thickness 0.84 um) were
used for analytical separations. Gas samples were made up with nitrogen which was
purified through a column (200 mm x 30 mm) of activated charcoal. Gas samples
were injected onto the traps at specific flow-rates using gas-tight syringes (10 ml or
50 ml) installed in an infusion pump (Sage Instruments, White Plains, NY, U.S.A.).

Preparation of fused-silica capillary traps

Film open wbular traps (FOTTs}. Lengths of deactivated!! fused-silica capil-
lary tubing (ca. 1.12 m x 0.32 mm 1.D.) were statically coated with SE-30. The
stationary phase was thoroughly removed from both end sections of the capillary
with n-pentane, leaving the coating in the central 1-m section of the capillary intact,
whereafter it was immobilized by subjecting the traps to y-radiation (7.5 MRad) from
a 9°Co source'2. The traps were not rinsed with a solvent, but were conditioned at
230°C with a carrier gas flow of 20 mI/min before use. Traps with film thickpesses of
3 um (FOTT-3) and 12 um (FOTT-12) were prepared.

Film—activated carbon open tubular traps (FACOTTs). Film traps were coated
with SE-30 (3 pm) and the stationary phase removed from the end sections as de-
scribed above, whereafter the stationary phase in the central section of the traps was
coated with a uniform layer of activated carbon by sucking the adsorbent into the
traps, The particle size of the charcoal was determined by electron microscopy. Par-
ticles of carbon remaining in the end sections of the traps were carefully removed
with dichloromethane. The stationary phase layer with imbedded activated carbon
was immobilized by y-radiation as before. Two trap types, FACOTT-10 and
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FACOTT-80, were prepared using 1-10 um and 10-80 um activated carbon respec-
tively.

Film-organic polymer apen tubular traps (FOPOTTs). Traps with particles of
Porapak Q imbedded in a layer of SE-30 were prepared using pulverized Porapak Q
(1-10 pm) instead of activated carbon. The supporting SE-30 film was also immobi-
lized by y-radiation (7.5 MRad).

Combination film and film-activated carbon open tubular trap (FOTT)
FACOTT). Using the methods described above, a trap was prepared in which one
half of the middie [-m section of a 1.12-n fused silica tube was coated with activated
carbon (1-10 gm) supported on SE-30 (3 um), and the other half with SE-30 (12
#m). This was accomplished by first coating ca. 500 mm of the tube with SE-30 and
activated carbon, removing all activated carbon particles from the rest of the tube,
and then coating the second 500-mm length of the tube with SE-30 from its other
end. A short section remained uncoated between the coated sections of this FOTT-
12/FACOTT-10 combination trap.

Thermal desorption tube
A stainless-steel tube (I m x 1.0 mm O.D. x (.65 mm L.D., 1.2 @/m) was

silver soldered to a Carilo Erba ferrule-supporting conical washer as shown in Fig.
1. The stainless-steel tube was electrically insulated with PTFE tubing (1.5 mm 1.D.).
Using crocodile clips and conlacts soldered to the desorption tube, the two ends of
this tube were connecied to the output terminals of a 12-V, 20-A transformer (Os-
borne Electric Co.) which was in turn plugged into a 2.5-kVA powerstat voltage
regulator (Superior Electric Co., Bristol, CT, U.5.A.) as shown in Fig. 1. This ar-
rangement allowed manual control of the temperature of the desorption tube by
regulating the current flowing through the tube. For safety it is imperative that a
secondary step-down transformer be used in series with the voltage regulator as no
more than 10 V should ever be delivered to the desorption tube or its exposed tips.
To calibrate this desorption device, a number of slits were made lengthwise in the
PTFE insulating sheath, through which crystals of various organic compounds such
as, for example, benzoic acid and p-nitrobenzoic acid, could be inserted and brought
into contact with the desorption tube. By using the melting points of these com-
pounds a calibration curve of the temperature of the desorption tube vs. the voltage
regulator setting was obtained. Although this calibratien procedure was complicated,
to some extent, by the sublimation of the crystals near their melting points, suffi-
ciently accurate results for the purpase for which the desorption tube was to be used,
were obtained.

Several identical desorption tubes were manufactured. Fused-silica capillary
traps were inserted into these desorptian tubes as required for various headspace gas
determinations.

Manipulation

A series of experiments were carried out to determine the capacity of the dif-
ferent traps for various compounds and compound types.

Rreak-through curves were recorded for a number of reference compounds by
connecting one end of a trap to the needle of one¢ of the gas-tight syringes, using a
butt conneclor, and the other end to the flame ionization detector of the gas chro-
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Fig. 1. Installation of a fused-silica open tubular trap in a Carlo Erba gas chromatograph: 1 = injector,
2 = fused-silica trap, 3 = ferrule-supporting conical washer, 4 = stainless-steel desorption tube soldered
to conical washer, 5 = PTFE insulating sheath, 6 = crocodile clip attached to contact which is silver-
soldered to the desorption tube, 7 = butt connector, 8 = analytical glass or fused-silica column, 9 =
detector,

matograph. Gas samples were prepared by adding 1-ul quantities of methanol, chlo-
roform, toluene, n-pentane and n-octane, respectively, to 5 1 of purified nitrogen in
5-1 flasks. A gas sample containing propane was similarly prepared by adding 1 ml
of propane gas to 51 of nitrogen. The gas mixtures were pushed through the traps
at a steady pre-selected flow-rate using a syringe-type of infusion pump. The detector
response was recorded vs. the volume of gas passing through the trap. Due to the
compressibility of gases, the volume of the gas flowing through a trap lags behind
the volume displaced by the plunger of the infusion pump syringe, resulting in a
discrepancy which increases with increasing flow-rates. The flow-rate through a trap
was, therefore, calibrated at different infusion pump settings by using a bubble flow
meter connected to the outlet end of the trap.

The results obtained from these break-through curve determinations were ver-
ified for a number of reference compounds on different traps by determination of the
perceniage break-through at different sample sizes by employing two traps in series.

Applications

Headspace gas analyses using a FOTT-12, FACOTT-10 and FOPOTT-10 were
carried out on a gas sample containing limonene, y-terpinene and a-pinene (1 ul
each on some glass wool in 100 ml of nitrogen) to determine the influence of thermal
desorption parameters on thermally labile compounds. For comparison, a sample
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containing these three terpenes, dissolved in dichloromethane, was injected onto the
same capillary column, using split injection. The versatility of the fused-silica open
tubular traps was further demonstrated by carrying out headspace gas analyses on
citrus peel, a commercial cool drink, wine and a canine urine sample. For these
determinations headspace gas samples were transferred from a 100-ml screw-capped
bottle onto the traps with either helium from the detector of the gas chromatograph
or with purified nitrogen. Sampling was carried out at room temperature (25°C) and
sample sizes were measured at the outlet end of the traps using a bubble flow meter,
For these determinations all glass-ware and the PTFE-lined gaskets used in the screw-
capped bottles, were heated before use in a well veniilaied oven at 100°C for 12 h,

RESULTS AND DISCUSSION

Since it is impossible to produce a fused-silica trap coated with activated car-
bon by the method described by Grob and Habich¥, attempts were made at producing
a uniform layer of activated carbon on an inert material such as polyimide resin
{Alltech, Deerfield, IL, U.§.A.). Fused-silica capillaries were dynamically coated with
the resin, whereafter pulverized activated carbon was sucked into the coated capil-
laries and the resin cured at elevated temperatures. Although this procedure was
found to be feasible for short traps, the carbon particles moving through the capillary,
gradually removed the resin from the capillary wall. The front sections of longer
traps were thus left uncoated, while the carbon in the rest of the traps was partially
covered in resin. The resulting traps were expected to have low capacities and this
approach was abandoned. Far superior results were obtained with a gum phase such
as SE-30 as supporting layer. Such FACOTTs have the added advantage that they
will retain headspace volatiles by dissolution as well as adsorption, thus extending
the capacity and efficiency of the traps.

Initially the activated carbon was applied by forcing air-borne particles of the
material from a small glass bottle into the capillary with a brisk stream of nitrogen,
but as the capillary soon became clogged, the flow had to be regularly reversed to
remove the excess of carbon from its front end. Better results were obtained by
sucking the activated carbon into the capillary. Since a stationary phase film is ex-
pected to support an essentially mono-particulate layer of the adsorbent on the film,
the capacity of the trap will depend on the particle size of the adsorbent, larger
particles producing layers with a higher capacity. On the other hand, larger particle
sizes would result in incomplete and slower desorption, with accompanying unac-
ceptable catalytic effects. This aspect was not investigated in detail, but activated
carbon with particle sizes betow 1 pm was found to produce traps with such a thin
layer of carbon that they remained almost transparent; whereas material with a par-
ticle size of 1-10 um gave a satisfactory uniformly black layer of carbon. When these
traps were coupled to the detector of the gas chromatograph for the recording of
break-through curves, particles of carbon were transported into the detector resulting
in an almost constant production of spikes. The carbon particles, therelore, appeared
to adhere rather loosely to the stationary phase. The activated carbon layer could,
however, be stabilized and the production of spikes totally eliminated by subjecting
the traps to y-radiation.

The capacity of a trap for a certain compound or headspace sample is usually
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determined by using a second trap in series with the first one to trap any maierial
not retained by the first trap. From the relative peak sizes obtained by gas chro-
matographic analysis of the material desorbed from the two traps, the percentage
break-through can then be calculated. The determination of the efficiency with which
material is retained on a trap at different sample sizes, usually requires a series of
determinations, the results of which can be used to plot a break-through curve of
amount of break-through vs. sample velume. Similar information can, however, also
be obtained by using the flame ionization detector of the gas chromatograph instead
of a second trap to detect break-through. Although this method does not give the
percentage break-through at a specific sample volume, it can be employed to deter-
mine the volume range over which the trap may be safely used with total sample
retention, Examples of such break-through curves are given in Fig. 2A-D. In these
figures increasing detector response indicates break-through which increases until a
situation is reached where the activated carbon is saturated or where the material,
transported through the film-coated tube by normal chromatographic processes,
reaches the outlet end, whereafter the trap merely acts as a tube conducting the gas
sample to the flame ionization detector. The observed fluctuation of the detector
response as this stage of the determination is approached, is due to the irregular
movement of the syringe plunger.

In using this method a few precautions have to be taken into consideration.
Sertous errors may result from the fact that, due to the compressibility of the gas
sample, the volume of sample actually flowing through the trap will lag behind the
volume displaced by the infusion pump syringe plunger. The resulting discrepancy
will increase with increasing flow-rates. Thus, before carrying out a break-through
curve determination, a calibraiion curve has to be set up by plotting the volume
flowing through the trap, as measured with a bubble flow meter connected to its
outlet end, vs. the volume indicated on the infusion pump syringe at the flow-rate
to be used in the break-through curve determinations. Corrected volumes are used
in the presentation of the results in Fig. 2 A-D and in Table I,

The presence of volatile impurities in the sample under investigation or in the
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Fig. 2. Break-through curves for 0.2 ppm a-pentane in nitrogen dctermined at 24°C by using the flame
ionization detector (attenuation, x 32) to detect break-through. (A) FOTT-3, flow-rate 1 ml/min; (B}
FOTT-12, flow-rate 1 ml/min; (C) FACOTT-10, Aow-ratc 10 ml/min; (D) FOPOTT-10, flow-rate 3
ml/min.
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gas which is used in the preparation of gas samples may also result in confusing
results as the response of the detector to such volatile impurities may be interpreted
as sample break-through. It is therefore essential that the gas used in the determi-
nation of break-through curves be purified, for example by passing it through an
activated carbon filter. To guard against misinterpretation of results, it is furthermore
advisable to desorb and identify the material which had accumulated on the trap
when break-through is observed by, for example, retention time comparison. Re-
moval of gas samples from the 5-1 flasks in which the gas mixtures were made up,
results in the dilution of the material in these flasks. More reliable information would
therefore have been obtained by using gas sampling bags. Glass-ware was neverthe-
less preferred, since contaminants originally present in some bags and the high price
of other types precluded their use in this investigation. To keep the dilution of the
material in the flasks within limits, a freshly prepared mixture was used when more
than 200 ml of the mixture had been removed from such a container.

Examples of break-through curves obtained for n-pentane on the FOTT-3,
FOTT-12, FACOTT-10 and FOPOTT-10 at a flow-rate of 10 ml/min are given in
Fig. 2 A-D. Whereas almost immediate break-through was observed on the FOTT-3,
and the FOTT-12 has an only slightly higher capacity for n-pentane, the FOPOTT-
10 and especially the FACOTT-10 have high capacities for this compound.

Parameters such as film thickness, activity and particle size of the activated
carbon, exact length of the coated section of a trap and the temperature at which
material is collected on the trap, will influence the capacity of a trap. Break-through
curves should therefore only be used to obtain information as to the sample volume
range over which the trap may be used without the risk of break-through occuring.
This information should be checked regularly. Since information obtained from the
break-through curves of gas samples containing single reference compounds are not
applicable to the headspace determination of complex samples, it is essential to carry
out break-through curve determinations at least for every type of sample under in-
vestigation. The break-through curves of simple reference gas mixtures may nevet-
theless be used to obtain information on the long-term behaviour of a trap or to
compare the capacity of different traps and trap types, and is preferred to the time
consuming determination of break-through with two traps used in series. In the pres-
ent investigation the results obtained by break-through curve determinations were
nevertheless verified for some traps and gas samples by carrying out percentage-
break-through determinations at sample volumes at which, according to the break-
through curves, break-through is expected to set in. The results of these determina-
tions are included in Table 1.

Whereas reasonably consistent results were obtained when determinations
were repeated with FOTTs having the same film thickness, results varied with the
FACOTTs, since it is obviously impossible to apply the activated carbon in an ab-
solutely reproducible manner. With n-pentane, for example, break-through volumes
particle size of the activated carbon used in the FACOTT-80 increased the capacily
of this type of trap for n-pentane to almost 1.51. A break-through volume for propane
of 46 ml indicates that this trap should also trap other volatiles quite effectively, On
the other hand, however, it may retain thermally labile compounds so effectively that
it may not be suitable for general purpose applications. This aspect was not pursued
any further in the present investigation.
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TABLE T

BREAK-THROUGH VOLUMES OBTAINED WITH DIFFERENT FUSED-SILICA OPEN-TU-
BULAR TRAPS

Gas samples were prepared by adding 1 il of the respective compounds to 5 1 of purified N, in a 5-1 flask.
The propane sample was prepared similarly by adding 3 mi of propane gas to 51 of Nj.

Compound Trap Flow-rate Break-through Percentage
{mi{min) volume (ml) break-through
at volume

specified {ml)

Propanc FOTT-12 i 0.2 2.7(0.2)
FOPOTT-10 i 0.8 4 (L0}
FACOTT-80 10 46, 0.1 {47)
n-Pentane FOTT-3 } 0.4 -
FOTT-12 1 09 12 (..
FOPOTT-10 5 10 =
25 10 4 (10)
FACOTT-10 10 56 -
1060 55 —
FACOTT-80 10 1480 1 (i510)
n-Octane FOTT-3 10 7.5 2 (8.5)
FOTT-12 10 26 —
25 29 i
100 28 -
FOPOTT-10 20 340 -
FACOTT-10 10 500 0.3 (550)
Toluene FOTT-12 t 13 6 (13.8)
FOPOTT-10 10 133 1 (138)
FACOTT-30 10 > 1000 o
Chloroform FOTT-12 1 35 2 37
FOPOTT-10 10 40 4 (41)
FACOTT-80 10 > 1000 -
Methanol FOTT-12 i 0.4 5 08
FOPOTT-10 1 4.0 1.3 (4.6)
FACOTT-10 10 32 -
FACOTT-80 10 233 0.1 (238)

As far as the FACOTTs are concerned, the following observations emerge
from a consideration of the data in Table 1. The same general trend found in Fig. 2
A-C, viz. that the FOTTs have relatively low capacities and that the FACOTT-10
has a much higher capacity, was also observed for other volatile compounds such as
propane, methanol, chloroform, and toluene. As expected, chloroform was trapped
more efficiently on non-polar FOTTs than methanol, which gave almost immediate
break-through on both FOTTs. The high break-through volume of methanol on the
FACOTT is therefore almost exclusively due to the contribution of the activated
carbon layer. Methano! should be a useful reference compound for the determination
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of the adsorptive capacity of a trap or for the comparison of traps containing dif-
ferent types or grades of adsorbent.

At extremely high flow-rates, traps could be expected to exhibit, to a certain
extent al least, lower break-through volumes. This was, however, not found to be the
case at the flow-rates between | and 100 ml/min which had been used in the present
investigation. Since the infusion pump motor was not powerful enough to maintain
constant plunger motion at high flow-rates, most of the break-through-curve deter-
minations were cirried out at a flow-rate of 10 ml/min. Some of the results obtained
from successful determinations at higher flow-rates are nevertheless included in Table
L.

A strong argument against using activated carbon in headspace traps is the
production of artifacts from labile compounds when (rapped material is thermally
desorbed. However, the high capacity of the FACOTT made this type of trap so
attractive for the quantitative headspace gas deicrmination of the complex type of
samples often encountered in biological work, that it was decided to investigate pos-
sible methods by which material could be desorbed without accompanying thermo-
lysis or rearrangement of thermally labile compounds. Temperature programming of
the trap by manually increasing the current flowing through the desorption tube and
increasing the flow of the carrier gas through the trap during this step were possible
techniques to achieve this goal.

Previous experience in our laboratory has shown that high injector tempera-
tures tended to induce the production of artifacts from y-terpinene and a-pinene and
it was therefore decided to use a gas mixture containing these two terpenes as well
as the thermally more stable limonene as test compounds, The results obtained by
thermal desorption of these compounds are given in Fig. 3. Desorption of the ter-
penes from the FOTT-12 and FOPOTT-10 at 150°C for 3 min, the capillary column
being kept at 25°C for the same period before starting the temperature programme,
did not result in any appreciable production of artifacts. In the resulting gas chro-
matograms shown in Fig. 3B and C, respectively, the terpenes produced peaks almost
as sharp as those obtained by a conventional analysis of a solution of the terpenes
in dichloromethane (Fig. 3A). Considerable artifact formation was observed with the
FACOTT-10, even when the desorption tube was temperature programmed from 70
to 150°C at 11°C/min (Fig. 3D). Increasing the carrier gas flow during the desorption
step from a normal 1.7 ml/min to 3.4 ml/min and programming the trap from 70 to
130°C at 8.5°C/min suppressed, but did nol totally eliminate artifact formation (Fig.
3E). However, as is illustrated in Fig, 3F, thermal conversion of the terpene mixture
was almost totally eliminated by using a carrier gas flow-rate of 3.4 mi/min and
temperature programming the trap from 80 to 120°C at 5°C/min.

The possibility of eliminating the conversion of thermally labile compounds
by careful selection of desorption parameters adapted to the compound or sample
under investigation, increases the attractiveness of the FACOTT type of trap for
work with headspace samples of unknown composition which could possibly contain
highly volatile components. The advantages offered by the FACOTT are illustrated
by headspace analyses carried out on an imitation fruit drink and fresh citrus pecl.
In these and all further headspace gas determinations temperature-programmed de-
sorption of the trapped volatiles was employed.

The results of headspace determinations, carried out with the FOTT-12 and
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Fig. 3. Analysis of the headspace gas of thermally labile terpenes. Column, 40 m x 0.32 mm LD. fused
sitica, 0.84 um SE-30; temperature programme, from 25 to 180°C at 5°C/min; carrier gas, helium at 28.6
cm/s. {A) Split injection of the mixture of terpenes dissolved in dichloromethane. Injector, 80°C; detector,
220°C. Peaks: | = a-pincne, 2 = limonene, 3 = y-terpinene. Headspace analyses were carried out by
trapping 1 ml of a headspace gas sample containing these three terpenes on different traps to determine
which desorption parameters would allow desorption without thermal conversion of the compounds. (B)
FOTT-12. desorption temperature, 150°C (3 min): fow-rate through trap during desorption step, 1.7
ml/min; on-line desorpiion and analysis using a butt connector. (C) FOPOTT-10, desorption temperature,
150°C (3 min); flow-rate through trap. 1.7 mlfmin; on-line desorption and analysis using a shrink-PTFE
connection. (D) FACOTT-10, desorption temperature increased from 70 to 150°C at 11°C/min; flow-rate
through trap during desorption, 1.7 ml/min; on-line desorption and analysis using a butt connector. (E}
FACOTT-10, deserption temperature increased from 70 to 130°C at 8.5°C/min; flow-rate through trap
during desorption, 3.4 mlfmin; on-line desorption and analysis using a butt connector. (F) FACOTT-10,
desorplion temperature increasced from 80 to 120°C at 5°C/min; flow-ratc through trap during desorption,
3.4 mlymin; on-linc desorption and analysis using a shrink-PTFE connection. Material was cold-trapped
(25°C) on the capillary column during the slow desorption from the traps.
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the FACOTT-10 on equal volumes of the headspace gas of an imitation passion-fruit
cool drink, are compared in Fig. 4 and clearly show the much higher capacity of the
FACOTT-10, especially for the more volatile constituents of the sample. The quan-
titative differences between the two analyses as far as the less volatile constituents
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Fig. 4. Analysis of imitation passion-fruit cool drink headspace gas. Column, 40 m x 0.32 mm 1L.D. fused
silica, 0.84 um SE-30; carrier gas, helium at 28.6 cm/s; temperature programme, 25 to 160°C at 3°C/min;

attenuation, x 16; 5 ml of headspace gas; desorption, 70 to 130°C at 12°C/min; on-line desorption and
analysis using 4 butt connector. (A) FOTT-12 (B) FACOTT-10.
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are concerned, could be due to the fact that the cool drink sample was not thermo-
statted and some time elapsed between the two analyses. Similar conclusions can be
drawn from the results of the determination of the headspace gas of a I x 1 cm piece
of citrus (kumquat) peel shown in Fig. 5.

A further number of headspace gas determinations were carried out on more
complex samples such as urine and wine. Different trap types were used to collect
the volatiles and a second trap was used in series with these traps to determine the

b L

A B

Fig. 5. Analysis of citrus (kumgquat) peel headspace gas obtained by leavinga [ x | cm piece of kumqual
peel in a 100-mi screw-capped bottle for 2 h. Column, 40 m x 0.32 mm 1.D. fused silica, 0.84 pm SE-30;
carrier gas, helium at 28.6 cm/s; temperalure programme, 25 to 160°C at 3°C/min; attenuation, x 16, 3
m! headspace gas; desorption, 70 to 130°C at 12°Cjmin; on-line desorption and analysis using a butt
connector. (A) FOTT-12 (B) FACOTT-10.
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amount of break-through, if any. In order to obtain the best possible gas chromato-
graphic separations of the volatiles on the capillary column, the material desorbed
from the traps were focussed on the capillary column by cold trapping using solid
carbon dioxide as coolant. In these determinations the traps were removed before
the analyses were started and the column connected directly to the injector (on-line
desorption, off-line analysis).

In the first of these analyses, 35 ml of headspace gas of a sample of urine of
the female red jackal, Canis mesomelas, was passed through a FACOTT-10 as first
trap and a FOTT-12 as sccond trap. The results presented in Fig. 6 show almost
total retention on the FACOTT, only traces of one of the major, apparently very
polar compounds, breaking through to the FOTT. In the next set of analyses, the
results of which are given in Fig. 7TA, the headspace gas of a white wine (Gewiirztra-
miner) was trapped with the FACOTT-10 as first and the FOTT-12 as second trap.
The analysis was then repeated with the FOTT-12 as first and the FACOTT-10 as
second trap (Fig. 7B). In the first of thesc analyses only ethanol and small quantities
of one or two other volatile components broke through the FACOTT to be collected
on the FOTT, whereas, with the FOTT-12 as first trap, major break-through of a
large number of volatile compounds was found, The efficiency of the separations on
the analytical column and the sharpness of the peaks in the gas chromatograms were
found to be quite satisfactory.

A similar analysis was carried out using the FOPOTT-10 as first and the
FACOTT-10 as second trap. In this analysis considerable break-through of a number
of compounds, subsequently identified as alcohols, was observed. This type of trap
could possibly be used to advantage in wine headspace analysis since, as was pointed
out carlier, it does not have the strong catalytic activity of activated carbon towards
thermally labile compounds and furthermore, it could be used to concentrate com-

3
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* FACOTT-10 ROTT-12

Fig. 6. Analysis of the headspace gas of the urine of a female red jackal (Caris mesomelas). Column, 40
m x 0.32 mm LD. fused silica, 0,84 pwm SE-30; carrier gas, helium at 28.6 cm/s; temperature programme,
25 to 180°C at 3°C/min; attenuation, x 8; 35 ml headspace gas; desorpiion, 70 to 160°C at 13°C/min;
peaks: 1 = desorption and cold trapping of the desorbed material on the capillary column with solid
carbon dioxide, 2 = shrink-PTFE connection and trap removed, 3 = programme started. FACOTT-10
as first trap and FOTT-12 as second trap.
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Fig. 7. Analysis of the headspace gas of a white wine (Gewiirztraminer). Column, 28 m x 0.32 mm 1.D.
fused silica, 0.84 um SE-30; carrier gas, helium at 28,6 cm/s; (emperature programme, 25 to 180°C at
3*C/min; attenuation, x 16; 5 m] headspace gas; desorption, 70 to 140°C at §5°C/min; peaks: 1 = de-
sorption and cold trapping of the desorbed material on the capillary column with solid carbon dioxide,
2 = butt connector and trap removed, 3 = programme started. (A} FACOTT-10 as first trap and
FOTT-12 as second trap. {B) FOTT-12 as first trap and FACOTT-10 as second trap.

ponents other than the short-chain alcohols, thereby eliminating one of the annoying
problems in wine flavour analysis.

Instead of using different traps in series, different phases and adsorbents can
be used in different sections of the same fused-silica trap. To illustrate this, a com-
bination FOTT-12/FACOTT-10 wrap, having one haif of its length coated with SE-
30 and the other half with activated carbon supported on SE-30, was prepared. This
trap was used with headspace gas flowing through it from the FOTT towards the
FACOTT section. Only the most volatile components are thus expected 1o reach the
FACOTT section and to be retained there. Since desorption was carried out with
reversed flow, thermally labile compounds will come into contact with the activated
carbon layer onty if they are also highly volatile, and then only to the extent to which
they are not retained by the FOTT section of the trap.

If, in addition, the desorption tube temperature is also carefully increased
(manually programmed) it should be possible to restrict the thermal production of
artifacls to an absolute minimum by using a combination type of trap. An analysis
of the headspace gas of a white wine (Crouchen blanc), using a FOTT-
12/FACOTT-10 combination trap, is shown in Fig. 8.
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Fig. 8. Analysis of the headspace gas of a white wine (Crouchen blanc) using a FOTT-12/FACOTT-10
combination trap in such 4 manner that the FOTT section acis as first trap and the FACOTT section as
guard trap. Desorption was carried out with carrier gas flowing in the opposite direction and with the
trap temperature programmed at 11°C/min from 70 to 140°C. Gas chromatographic conditions as in Fig.
7; attenvation. x 4.

CONCLUSIONS

The present tnvestigation can be seen as an extension of the work of Grob and
Habich® on the development of open tubular traps for headspace gas analysis. The
finger-printing of the volatile secretions produced by insects and other animals re-
quires quantitative trapping of all the compounds in such exudates, which in turn
requires traps with a high capacity for a wide range of compound types. In order to
remove volatiles quantitatively from the atmosphere surrounding such a secreting
organism, traps must preferably also allow quantitative trapping at relatively high
flow-ratcs. A system was devised in which material is trapped on fused-silica open
tubular traps coated with a suitable stationary phase or with an adsorbent supported
on a film of immobilized SE-30. Trapped material is desorbed by installing the trap
in a coiled stainless-steel tube which is heated electrically by passing an electric cur-
rent through it. Connecting the traps directly to the flame ionization detector of a
gas chromatograph when trapping volatile compounds from gas samples containing
individual reference compounds, and recording the detector response vs, the volume
of the gas sample introduced into the trap, proved to be a simple but rigorous test
for break-through. From the results obtained with various volatile compounds, a
trap coated with activated carbon on an immobilized film of SE-30 is clearly to be
preferred to traps coated with the stationary phase only, as some volatiles are lost
almost completely from the latter type of trap. Increasing the flow-rate at which a
headspace sample is pushed through the traps up to 100 ml/min did not have an
appreciable effect on the effectivity with which headspace volatiles are trapped. This
is in agreement with the results obtained by Grob and Habich®.

When using a trap containing activated carbon, thermal conversion of material
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during the desorption step can be avoided by gradually increasing the temperature
of the trap during this step and using cold trapping to focus the material on the
analytical column, instead of employing isothermal desorption at high temperatures
to obtamn sharp bands of the desorbed material on the capillary column. As expected,
increased carrier gas flow-rates facilitated desorption at lower temperatures. In those
cases where thermal conversion on activated carbon is expected to take place in spite
of programmed desorption at a high flow-rate, artifact formation could possibly be
avoided by using a FOPOTT instead of a FACOTT, or otherwise by using a com-
bination FOTT/FACOTT in such a way that the headspace gas volatiles will hit the
FOTT section of the trap first. Only the most volatile components will then reach
the FACOTT section and if desorption is carried out in the reverse direction, ther-
mally unstable compounds with a lower volatility may not come iiio contact with
the activated carbon at all. The relative lengths. of the sections could also be adapted
1o the type of sample that has to be trapped.

Trapping the headspace volatiles from a number of samples of the type that
are often encountered in headspace-analytical work, such as wine, urine, etc., pro-
duced such promising results that we believe that usig this type of trap could prove
to be 4 valuable addition to the already excellent traps introduced by Grob and
Habich, especially in those cases where quantitative trapping of highly volatite con-
stituents is essential in order to obtain an exact aromagram of the headspace sample.

Since the application of these traps to the determination of the material secret-
ed by living organisms introduces further problems peculiar to research on insects
and animals, the resulis of these determinations wil be published elsewhere.
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MATOGRAPHY WITH HYDROGEN FLAME IONIZATION AND ELEC-
TRON-CAPTURE DETECTION
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SUMMARY

Ten methods of derivatization of phenolic acids and the suitability of the de-
rivatives so obtained for non-polar (SE-30, OV-1) capillary gas chromatographic
(GC) quantitation with the flame ionization detection (FID) and electron-capture
detection (ECD) have been studied. The phenolic acids included three benzoic and
three trans-cinnamic acids, both series consisting of 4-hydroxy, 4-hydroxy-3-methoxy
and 4-hydroxy-3,5-dimethoxy derivatives. The trimethylsilyl (TMS) ethers of the phe-
nolic acid methyl esters, the TMS ethers of the phenolic acid TMS esters and the
heptafluorobutyrates of the phenolic acid methyl esters were found to be suitable for
quantitation with FID and the first mentioned derivatives are preferred. For quan-
titation with ECD, the perfluorobutyrates of the phenolic acid methyl esters were the
best derivatives. The quantitation of phenotic acids by GC-FID is suitable for sam-
ples with concentrations in the range of 0.01-10 ug per injection. The concentrations
applicable to GC-ECD quantitation are much lower, 0.05-1 ng per injection.

INTRODUCTION

Derivatization is a common praxis when analyzing relatively non-volatile com-
pounds and polar molecules including various functional groups by gas and liquid
chromatography. There are also many specific reasons for the use of derivatives, e.g.,
(i} to improve the resolution of closely related compounds, (ii) to increase the detector
response for trace components and (iii) to utilize selective detection such as electron-
capture detection (ECD) and nitrogen-phosphorus detection (NPD), which allow the
analysis of complex mixtures without prior separation from the matrix. Numerous
examples of applications of various derivatization reactions have been described* ~*.

Extracts from soils contain small amounts of phenolic acids which occur to-
gether with humic substances*. Extractable matter from Finnish peat was found to
contain phenolic acids although at a very low concentration®. Phenolic acids must
be modified prior to their gas chromatography (GC) and numerous derivatization
methods have been presented'-3. The present paper describes the derivatization of
simple phenolic acids with various reagents to test their analytical usefulness for GC

0021-9673/86/303.50 @© 1986 Elsevier Science Publishers B.V.
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quantitation with flame ionization detection (FID) and ECD. The model compounds
include various benzoic and cinnamic acids with one free phenolic hydroxyl group,
one carboxyl group and 0, | or 2 methoxy groups.

EXPERIMENTAL

Reagents and solvents
The following phenolic acids (purities 97-99%) were obtained from EGA-

Chemie (Steinheim, F.R.G.): 4-hydroxy-, 4-hydroxy-3-methoxy- and 4-hydroxy-
3,5-dimethoxybenzoic acids, and trans-4-hydroxy-, trans-4-hydroxy-3-methoxy- and
rrans-4-hydroxy-3,5-dimethoxycinnamic acids. 3-Hydroxy-4-methoxybenzoic acid
(99%, EGA-Chemie) was used us an internal standard.

The derivatization reagents were: N,O-bis(trimethyisilyDtrifluoroacetamide
(BSTFA) containing [ % trimethylchiorosilane (TMCS) (purum; Fluka, Buchs, Swit-
zerland), pentafiuorobenzoyl chloride (PFBC) (98%, EGA-Chemie), bromoacetyl
chloride (BAC) (Sigma, St. Louis, MO, U.S.A)), chloroacetic anhydride (CAA) (Sig-
ma), iodoacetic anhydride (1AA) (Sigma), trifluoroacetic anhydride (TFAA) (99%,
EGA-Chemie), heptafluorobutyric anhydride (HFBA) (EGA-Chemig), pyridine (si-
lylation grade; Chrompack, Middelburg, The Netherlands), Diazald (N-methyl-N-
nitroso-p-toluencsulphonamide) (99%, EGA-Chemie), potassium hydroxide (puruni;
EKA, Surte, Sweden). Diethyi ether, ethyl acetate, methanol (all of analytical grade)
and toluene (LiChrosolv) were supplied by E. Merck (Darmstadt, F.R.G.). Ethanol
(Aa, 99.5 wt. %) was obtained from Oy Alko Ab (Helsinki, Finland). All reagents
and solyents were used as received.

Gas chromatography

All the products formed in the reactions between the reagents and phenolic
acids in the model compound mixture were analyzed on a Micromat HRGC 412 gas
chromatograph (Orion Analytica, Finland) equipped with both flame ionization and
electron-capture detectors. The two-channe! instrument was adapted with two similar
wall-coated open tubular (WCOT) fused-silica capillary columns (25 m x 0.32 mm
1.D.) coated with SE-30 silicone polymer at a film thickness of 0.25 um (Oriola Pro-
lab, Finland), or with one WCOT fused-silica capillary column (50 m x 0.20 mm
1.D.) with chemically bonded OV-1 stationary phase at a film thickness of 0.10 um
(Oriola Prolab) (connected to the operating channel). Hydrogen was used as the
carrier gas at flow-rates of 2.7 mlfmin (0.50 bar) for the SE-30 columns and 0.6
mi/min (1.30 bar) for the OV-1 column (at 120°C). The make-up gases for FID were
hydrogen (0.30 bar) and air (1.00 bar). The optimum standing current for S*Ni-ECD
was adjusted with the make-up gas (argon-methane, 95:5), 0.70-1.00 bar, and the
compensation current, 180-255 units, The splitting ratio was adjusted to abput 30:1,
and the injection volume was 0.7 gl for the'SE-30 columns and 0.2-0.3 ul for the
OV-1 column. The temperature was raised from 120 to 270°C at 8°C/min (SE-30) or
from 100 to 250°C at 4°C/min (OV-1). The injector and detector temperatures were
maintained at 300°C. The peak areas were integrated with the built-in microcomputer
and the chromatograms and data were printed with a Micromat printer-plotter.
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Ultrasonication
An ordinary laboratory ultrasound cleaner with a capacity of 2.7 | was used
(USF Finnscenic W 181, Oy Ultra sonic finland, Finland).

Derivatization procedures

Separate stock solutions were prepared for benzoic and cinnamic acids by
dissolving them in ethyl acetate (Table T). The derivatization reactions were carried
out in 3-ml test-tubes with PTFE cup tiners. Samples for derivatization were made
by mixing 50 ul of each stock solution (Table [) and adding 50 ul of the internal
standard solution (17.22 mg of 3-hydroxy-4-methoxybenzoic acid in 50 ml of ethyl
acetate). 3-Hydroxy-4-methoxybenzoic acid, a phenolic acid found naturally in neg-
ligible amounts if at all, was chosen as an internal standard to illustrate isomer reso-
lution of the various derivatives produced (the samples contain 4-hydroxy-3-meth-
oxybenzoic acid, 2, an isomer of the internal standard). Samples of the derivatization
products were introduced into the gas chromatograph by a 10-ul Hamilton syringe.

TABLE 1
STOCK SOLUTIONS OF PHENOLIC ACIDS IN ETHYL ACETATE

Weighed Purity* Concentration
antount (%) (mmolf50 mi}
(mg)
Mixture of benzoic acids
4-Hydroxy- (t) 14.32 09 0.103
4-Hydroxy-3-mcthoxy- (3] 18.32 97 0.106
4-Hydroxy-3.5-dimethoxy- (3 20.82 97 0.102
Mixture of cinnamic acids
trans-4-Hydroxy- (4) 17.11 98 0.102
trans-4-Hydroxy-3-methoxy- (5) 20.10 98 0.101
trans-4-Hydroxy-3,5-dimethoxy- 6) 24.90 98 0.109

* According to the supplier.

All of the six phenolic acids (Table 1) contain one free carboxyl group and one
free phenolic hydroxyl group together with 0, 1 or 2 methoxy groups. In one of the
ten derivatization procedures (A, Table IT) the phenolic hydroxyl group was left free.
All the other derivatization procedures (B to J, Table II) are capable of transforming
both free carboxyl and phenolic hydroxyl groups into less polar groups. In all cases
the aromatic carboxylic acids were esterified by diazomethanc to methyl esters, except
in procedure D which gave trimethylsilyl (TMS) esters. After esterification the free
phenolic hydroxyl group was chemically modified in different ways. All ten proce-
dures A to J are outlined in Table II and described below in more detail.

(A) Methyl ester derivatives. The phenolic acids were transformed into their
methyl esters by diazomethane which was freshly prepared from Diazald and potas-
sium hydroxide. After evaporating the solvent from the prepared model compound
mixture under a stream of nitrogen, the residue was dissolved in 0.3 ml of diethyl
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TABLE 11
DERIVATIVES OF PHENOLIC ACIDS

R RYR® R R! R?
1 -CO;H H H
2 —CO;H H -0CH,
— 3 ~-CO3H —-OCH,; -OCH;
R R? R "2 4 -CH=CHCO.H H H
5 5 -CH=CHCQ;H H ~OCH;
OH R 6 -CH=CHCOH  -OCH, -OCH,
Procedure  Temp. Time Reagent Derivatives™
(*C}
A B
R R RS
A ~15 0.5min  CH;N; HO- CH,00C- CH,00CCH =CH-
B 55 24 h CH:aN, CH,0- CH,00C- CH300CCH=CH-
C —15 0.5min  CH;N; + TMSO- CH;00C- CH:00CCH=CH-
80 30 min BSTFA/TMCS
D 80 30 min BSTFA/TMCS TMSO- TMS00C- TMSOOCCH=CH-
E —15 0.5 min CH;N, + CeF,CO0 CH;00C- CH;00CCH=CH-
20 9 min PFBC
F —15 0.5 min CH,N,; + BrCH,COO CH;00C- CH,00CCH=CH-
20 ¢ min BAC
G 90 72 h CAA + CICH,COO CH,00C- CH;00CCH=CH-
—15 05min  CH,N;
H 90 24 h IAA + ICH,COO CH,00C- CH3;00CCH = CH-
—15 0.5 mnin CH:N,
1 =15 0.5min CH;N; + CF;C00 CH,00C- CH300CCH=CH-
20 I h TFAA
J —1I5 0.5min  CH:N; + CF;3(CF;).CO0  CH,00C- CH,00CCH=CH-
80 L h HFBA

* RL, R? as in the starting compounds. A = Benzoic acid esters; B = cinnamic acid esters.

ether—-methanol (9:1, v/v). After cooling at —15°C for 5 min, dilute diazomethane in
diethyl ether solution (—15°C) was added until a slight yellow colour persisted. In
order to prevent the reaction of phenolic hydroxyl groups, the diazomethane was
removed within 30 s at —15°C under a stream of nitrogen, whereafter the solvent
was evaporated. The residue was dissolved in toluene (100 ) and an aliquot was
analyzed by GC.

(B) Methyl ester—methyl ether derivatives. After evaporating the solvent under
nitrogen, the phenolic acid residue was dissolved in diethyl ether-methanol (9:1, v/v)
and an excess of the ethereal diazomethane (0.5 ml) was added. After keeping the
mixture at 55°C for 6 h, an additional amount (1 mi) of diazomethane solution was
added and the mixture was kept at the same temperature for 18 h. After evaporating
the excess of diazomethane and the solvent, the residue was dissolved tn toluene (100
ul) prior to GC analysis.

(C) Methyl ester—TMS ether derivatives. The carboxyl groups were methylated
by procedure A. After evaporating the solvent under nitrogen, the residue was dis-
solved in 70 pl of pyridine and 30 ul of BSTFA containing 1% of TMCS were added.
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After heating at 80°C for 30 min, the mixture was analyzed by GC.

(D) TMS ester—-TMS5 ether derivatives. To trimethylsilylate both the carboxyl
and hydroxyl groups of phenolic acids simultancously, method C was used except
that the methyl esterification step was excluded. The derivatives obtained were found
to decompose partly within a few hours.

{E) Methyl ester-pentafluorobenzoate derivatives. The carboxyl groups of the
phenolic acids were carefully methylated by diazomethane as described in procedure
A. After evaporating to dryness vnder nitrogen, the sample was dissolved in 0.2 ml
of pyridine, and 10 gl (16 mg, 0.069 mmol) pentafluorobenzoyl chloride (PFBC) were
added. The mixture was shaken occasionally for 5 min at room temperature and the
reaction was completed by ultrasonication for 4 min. Then 2 ml of diethyl ether and
0.5 ml of 0.1 M hydrochloric acid were added and the mixture was shaken vigorously.
After separation of two phases, the ether layer was isolated, taken up and washed
three times with 0.5 ml of distilled water. The ether solution was dried over anhydrous
sodium sulphate overnight. After evaporation of the solvent, the residue was dis-
solved in toluene (100 ul) and analyzed by GC.

(F) Methyl ester-bromoacetate derivatives. To prepare these derivatives the
method was essentially the same as E but 10 ul (20 mg, 0.077 mmol) of bromoacetyl
chloride (BAC) were used instead of PFBC.

(G) Merhvi ester—chioroacetate derivatives. To a solution of the phenotic acid
mixture in 0.2 ml of ethyl acetate were added 20 mg (0.117 mmol) of chloroacetic
anhydride (CAA). Then the mixture was heated in a scaled test-tube at 90°C for 72
h. The solvent and the excess of reagent were evaporated under nitrogen at 60°C in
a water-bath. The residue was dissolved in 0.3 ml of diethyl ether-methanol (9:1, v/v)
and the carboxyl groups were esterified by diazomethane according to procedure A.
The resulting methy! ester-chloreacctate derivatives were then dissolved in 100 ui of
toluene prior to GC analysis.

(H) Methyl ester—iodoacerate derivatives. This procedure was similar to that of
G with two exceptions; (i) 20 mg (0.057 mmol) of iodoacetic anhydride (IAA) were
used instead of CAA, and (ii) the rcaction time was 24 h at 90°C which, however,
was found to be insufficient to complete the reaction.

(1) Methyl ester—trifluorcacetate derivatives. The carboxyl groups of the phe-
nolic acids were esterified by diazomethane according to procedure A. After evap-
orating the solvent under nitrogen, the residue was dissolved in 50 pl of cthyl acetate
and 50 ul (75 mg, 0.355 mmol) of trifluoroacetic anhydride (TFAA) were added. The
mixture was then kept at room temperature. Within | h the reaction went to com-
pletion, Then the excess of reagent and the solvent were evaporated at room tem-
perature and the residue was dissolved in 100 pl of toluene prior to GC analysis.

(J) Methy! ester~heptafluorobutyrate derivatives. This procedure was similar to
I except that 50 pl (83.5 mg, 0.204 mmol) of heptafluorobutyric anhydride (HFBA)
were uscd instead of TFAA and the reaction was carried out in a water-bath at 80°C
for | h, which led to completion of the reaction. The reaction was quaatitative but
a longer reaction time (6 h} was found {o result in a partial decomposition of the
cinnamic acid derivatives.
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RESULTS AND DISCUSSION

Methylation

Methylation of both carboxyl and phenolic hydroxyl groups occurs in diethyl
ether-methanol solution (9:1, v/v) by ethereal diazomethane. In procedure A the
esterification was carried out at —15°C with a dilute diazomethane-solution and the
slight excess of diazomethane was removed immediately after reaction under stream
of nitrogen to prevent ether formation. The methy! esters of the phenolic acids thus
obtained contain a free phenolic hydroxyl group, which causes peak tailing on non-
polar columns (and with slightly polar columns, too) and thus these derivatives are
not very suitable for GC quantitation. The derivatization of the phenolic hydroxyl
group with different reagents gives, however, as we shall see, very valuable denvatives
and thus the carboxyl group methylation will be very meaningful.

For methyl ether formation, an elevated temperature (55°C), longer reaction
time (24 h) and an excess of diazomethane were required (procedure B). The benzoic
acids reacted quantitatively in 6 h, but no adequate reaction conditions were found
for the cinnamic acids. Under the reaction conditions applied here some side products
were formed from cinnamic acids when diazomethane reacted with the double bond
activated by the adjacent aromatic ring (ref. 3, pp. 523-524):

CHjzN»

Ph — CH=—=CH ~—COOH Fh COOCH; + Ph
55°C, 6h k
N
~
N N7

H

COOCH;

Z——T

Thus the simultaneous methylation of carboxyl and hydroxyl groups was
found to be unsatisfactory for quantifying phenolic acids containing cinnamic acids
ot structurally related compounds. The procedure is unsuitable also for quantitation
of hydroxybenzoic acids, if the sample contains corresponding methoxybenzoic acids.

Trimethylsilylation

The reagent BSTFA containing 1% TMCS is a very powerful silylating agent
particularly for compounds with an acidic hydrogen atom, e.g., carboxylic acids and
phenols, The two-stage procedure C which includes methyl esterification of the car-
boxyl group and trimethylsilylation of the phenolic hydroxyl group is useful for
quantitation of phenolic acids with FID. All phenolic acids in the model compound
mixture were found to react quantitatively and the reaction products were stable for
several days. Thus the trimethylsilyl ethers of the phenolic acid methyl esters are very
suitable for the GC-FID analysis. Appropriate concentrations are 0.01-10 ug of
phenolic acid per injection. When ECD was applied the responses for the cinfamic
acid derivatives were much greater than those of the benzoic acid analogues. This is
probably due to the conjugated electron-rich system comprised of a carboxyl group,
4 double bond in the side chain, a benzene ring and a phenolic hydroxyl group®. Se
these derivatives arc useful also in cinnamic acid trace analysis when ECD is used.
The gas chromatograms of the trimethylsilyl ethers of the phenolic acid methyl esters
using FID uand ECD are¢ illustrated in Fig. 1.
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Fig. L. Capillary gas chromatograms of the TMS ethers of phenolic acid methyl esters using FID and
ECD. Peaks: | = 4-hydroxybenzoic acid; 2 = 4-hydroxy-3-methoxybenzoic acid; 3 = 4-hydroxy-3,5-
dimethoxybenzoic acid; 4 = truns-4-hydroxycinnamic acid; 5 = frans-4-hydroxy-3-methoxycinnamic acid;
5C = gis-4-hydroxy-3-meihoxycinnamic acid; 6 = trans-4-hydroxy-3,5-dimethoxycinpamic acid; 6C =
cis-4-hydroxy-3,5-dimethoxycinnamic acid. STD = 3-hydroxy-4-methoxybenzoic acid as an internal stan-
dard. GC conditions: WCOT fused-silica capillary column (50 m x 0.20 mm [.D.) coated with chemically
bonded OV-I, fitm thickness 0.10 um; i.3 bar hydrogen as the carrier gas; splitting ratio 30:1; attenuation
(ATT) 16 for FID, 512 for ECI; column temperature raised from 100 to 250°C at 4°C/min.

The trimethylsilylation reactions both of carboxyl and hydroxyl groups were
also found to proceed rapidly and quantitatively when procedure DD was applied.
These trimethylsilyl ethers of phenolic acid trimethylsily} esters were also suitable for
GC-FID analysis and cinnamic acid trace analysis when ECD was used. The reso-
lution of the isomers 4-hydroxy-3-methoxybenzoic acid and 3-hydroxy-4-methoxy-
benzoic acid (internal standard} was, however, unsatisfactory when compared to the
trimethylsilyl ether-methyl ester derivatives. The quantitation of these derivatives by
GC should also be made immediately after derivatization because of the partial de-
composition which was found to occur within a few hours,

Derivatization of phenolic hydroxyl group

The free hydroxyl groups in phenolic acid methyl esters were treated by six
different derivatization reactions presented in Table 11, Procedures E to J resulted in
pentafluorobenzoates, various halogenoacetates and heptafluorobutyrates. Four pro-
cedures, namely E (reagent PFBC), G (CAA). [ (TFAA) and J (HFBA) gave reaction
products which were suitable for quantitation, but procedures F (BAC) and H (IAA)
failed in this respect. In procedure F a decomposition of the reagent resulted in
bromine which may react further with, e.g., the double bonds of the cinnamic acid
esters. In procedure H, 24 h at 90°C was insufficient for complete reaction. Some
cxtraneous reaction products were also formed. Pentafluorobenzoates (procedure E)
were formed quantitatively and they have high ECD responses, as do the other halo-



472 K. LEHTONEN, M. KETOLA

ATT 16 ATT 512
STD
1 2 4' 38 &
1 ? 71,:)
305
lo
U L] _‘uwwwuu

Fig. 2. Capillary gas chromatograms of the heptafluorobutyrates of phenolic acid methyl esters using FID
and ECD. For peak identification and GC conditions, see Fig. 1.

genated derivatives. The derivatization was, however, comptlicated and troublesome.
Chloroacetates which were obtained quantitatively by procedure G were useful de-
rivatives for ECD. The drawback of this method is the long reaction time (72 h at
90°C). The triflucroacetates (procedure 1) and heptafluorobutyrates (procedure J)
were also applicable to ECD and were prepared in 1 h which is short enough for
practical work. The latter derivatives of cinnamic acid esters were found partly to
decompose when longer reaction times and higher temperatures were applied, In the
case of trifluoroacetates the acidification of the reaction mixture through the for-
mation of trifluoroacetic acid may also promote decomposition of cinnamic acids.
Newby et al.® have reported that hydroxycinnamic acids rapidly decompose in acidic
and hot solution, whereas p-hydroxybenzoic acids are stable under the same condi-
tions. The heptafluorobutyrates and the trifluoroacetates of phenolic acid methyl
esters will, however, be the most useful derivatives in quantitation with ECD. The
heptafluorobutyrated derivatives are preferred because of their higher stability and
greater detector response. They are very suitable for quantiation by FID, too. The
gas chromatograms of the heptafluorobutyrates of the phenolic acid methyl esters
using both FID and ECD are illustrated in Fig. 2. In general, n our study a slight
isomerization of cinnamic acids from frans to cis during their derivatization reactions
could be observed.

CONCLUSIONS

The suitability of the different derivatives of phenolic acids prepared for GC
guantitation with FID and ECD and the feasibility of various derivatization proce-
dures can be summarized as follows:

1. The trimethylsilyl ethers of the phenolic acid methyl esters are the most
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suitable derivatives for the GC quantitation with FID. In the first step of the deri-
vatization procedure the carboxyl group is methylated with dilute ethereal diazo-
methane at —15°C and then in the second step the phenolic hydroxyl group is tri-
methylsilylated with BSTFA at 80°C for 30 min. The procedure is simple, rapid and
quantitative. Resolution of isomers is adequate and the products are stable for several
days. The GC quaatitation is suitable for samples with relatively high concentrations
of phenolic acids {0.01-10 ug per injection). Total trimethylsilylation of phenolic
acids will also give suitable derivatives for GC-FID, but the resolution of isomers
is not satisfactory. The reaction products are also unstable, partly decomposing
within a few hours. The EC detection sensitive derivatives, heptafluorobutyrates of
phenolic acid methyl esters will also be suitable for GC-FID quantitation, too, but
the procedure J includes an additional step (evaporation~dissolution) and the detec-
tor responses are lower when compared to the trimethylsilytated phenolic acid methyl
esters.

2. The best derivatives for quantitation with ECD are the heptafluorobutyr-
ates of phenolic acid methyl esters. The derivatization (procedure J) is simple and
quantitative. The possible decomposition of cinnamic acids can be prevented if the
reaction time does not exceed ! h at 80°C. The concentration for quantitation can
vary in the range 0.05-1 ng of phenolic acid per injection,
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SUMMARY

A rapid and simple method for the preparation of high-performance liquid
chromatography coiumns for chiral separations is described. The stationary phase
1s prepared by adsorbing bovine serum albumin on silica. Both analytical and pre-
parative applications are described. A polarimeter was used as a detector to determine
the enantiomer elution orders.

INTRODUCTION

During the last decade, interest in the determination of enantiomeric compo-
sition has increased dramatically, especially for pharmaceutical applications. A num-
ber of stationary phases for direct chiral separation by liquid chromatography, i.e.,
resolution of enantiomers without prior derivatization, have been developed!. These
have been based on, e.g., naturally occurring chiral polymeric materials such as cel-
lulose?, starch, «;-acid glycoprotein® and albumin®.

In 1973, Stewart and Doherty® immobilized bovine serum albumin (BSA) on
succinoylaminoethyl-Sepharose and completely resolved pL-tryptophan. Later, Al-
lenmark et al.* covalently immobilized BSA on 10-um silica in order to increase the
column efficiency. This column has successfully been used to resolve various polar
aromatic compounds, such as N-aroylamino acids and arematic sulphoxides’. To
the best of our knowledge, the immobilization technique used by Allenmark et al.*
has not been described in the literature. BSA has also been used as a chiral additive
in the mobile phase by, e.g.. Pettersson et al.®.

The purpose of this work was to prepare analytical and preparative columns

0021-9673/86/503.50 © 1986 Elsevier Science Publishers B.V.
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by irreversible adsorption of BSA to silica and secondly to compare the efficiency
and selectivity of these columns with covalently bonded BSA columns.

EXPERIMENTAL

Maierials

Bovine serum albumin (BSA) (Art. A-7030) was obtained from Sigma (St
Louis, MO, U.S.A.), p-tryptophan from United States Biochemical Corp. (Cleve-
land, OH, US.A)), pL-tryptophan and L-tryptophan from Merck (Darmstadt,
F.R.G.) and prL-benzoin from BDH Chemicals, (Poole, U.K.). bL-Warfarin was a
gift from AB Ferrosan (Malmé, Sweden), as were bL-Oxazepam from KabiVitrum
{Stockholm, Sweden) and pL-Omeprazol from AB Hissle (Mdlndal, Sweden).

Chromatography

Analytical columns were prepared by packing Vydac silica (5 gm, 300 A, 100
m?/g) (The Separations Group, Hesperion, CA, U.5.A.) or Nucleosil (5 um, 300 A,
120 m?/g) (Macherey-Nagel, Driiren, F.R,G.) into stamless-steel 200 mm x 4.6 mm
Li-Chroma tubing (Skandinaviska GeneTec AB, Kungsbacka, Sweden) with an as-
cending slurry-packing technique’. A 3-g amount of silica was suspended in
chloroform-methanol (2:1) and poured into a 75-ml packing bomb. The slurry was
packed into the column at 400 bar using methanol as displacing medium.

For the preparative column, Matrex silica (2045 um, 500 A) (Amicon-Grace,
Helsingborg, Sweden) was packed into a 500 mm x 22 mm Valco stainless-steel
column (Skandinaviska GeneTec AB) by a descending sedimentation technique. A
1120 mm x 22 mm glass tube was connected to the top of the open steel column
with a plastic tube and the assembly was filled with a slurry of BSA-silica in 0.05 M
phosphate buffer at pH 5.0. A water aspirator was connected to the bottom of the
steel column and operated at the maximum available reduced pressure. During the
sedimentation of the silica, more phosphate buffer was added until the bed had com-
pletely settled.

Potassium phosphate buffer mobile phases were prepared in MilliQ grade
waler obtained by.purifying demineralized water in a MilliQ filtration system (Mil-
ipore, Bedford, MA, U.S.A)). In some cases, l-propanol was used as the organic
modifier. All mobile phases were degassed and filtered through a 0.45-pm Millipore
filter prior to use. A standard chromatographic set-up was used comprising an LDC
Constametric 1 pump or an Altex 110A pump with a preparative head (maximum
flow-rate 28 mi/min). UV detection was performed with an LDC Spectromeonitor IT]
variable wavelength UV delector connected to a W+W 1200 dual-channel poten-
tiometric recorder. The samples were injected with a Rheodyne 7120 injector with a
10-u1 loop, or for preparative experiments with a 2-ml loop.

Specific rotation was monitored with a Perkin-Eimer 241 MC polarimeter us-
ing a 1 ml/l dm flow-cell to establish the elution order between the enantiomers®.

Determination of BSA adsorption

To optimize the conditions for adsorption of BSA to silica, the influences of
the phosphate concentration and pH were investigated. To 10 mg of 5-um, 300-A
silica in a 10-ml glass test-tube were added 5 ml of a BSA—phosphate solution. The
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Fig. 1. Breakthrough of the eluting liquid from a 100 mm x 4.6 mm silica column during in situ adsorption
of BSA on silica. UV detection at 280 nm. At A, a solution of | mg BSA/ml in 0.05 M phosphate, pH 5.0,
is pumped into the column and at B, the breakthrough peint is reached. At C, the column is washed with
0.05 M phosphate, pH 5.0.

tube was placed in an ultrasonic bath for 1 min and then on a vortex mixer for 10
s. The pH was measured and the contents of the tube were then centrifuged in a
bench-top centrifuge to sediment the silica. The change in absorbance at 280 nm of
the supernatant was monitored with an Hitachi Perkin-Elmer 124 spectrophotometer
and the amount of adsorbed BSA per mg silica was calculated.

In situ immobilization of BSA by adsorption

The prepacked silica column was washed with approximately 50 column vol-
umes of water and equilibrated with the same volume of 0.05 M phosphate buffer,
pH 5.0. A solution of 1 mg BSA/ml in 0.05 M phosphate buffer pH 5.0 was pumped
through the column until breakthrough of BSA was detected at 280 nm (see Fig. 1).
From the breakthrough point the amount of BSA immobilized on the column was
calculated. The column was then equilibrated with the same buffer but without BSA
until a stable UV baseline was obtained. The leakage of BSA into the eluent was
checked with Pierce BCA-protein assay reagent (Pierce Chemical Co., Rockford, IL,
U.S.A.). The void volumes used for calculating & and a were determined by injection
of sodium nitrite, water or by observing the first baseline disturbance. Plate numbers,
N, were calculated from the band widths at half-hetght®.

RESULTS AND DISCUSSION

The amount of BSA adsorbed to silica is strongly dependent on the pH of the
phosphate buffer (see Fig, 2), but the ionic strength has only a minor effect (see Fig.
3). The isoclectric point of BSA is located at pH 4.9°, which is also the point of
maximum adsorption. The maximum amount of BSA adsorbed is approximately 0.1
g per 100 m? silica (1 g). The surface area values employed were those stated by the
supplier.

BSA has been described asa 140 A x 40 A prolate ellipsoid!®. Assuming that,
with a molecular weight of 66 500, it occupies an area of 140 x 40 A? on silica, this
will give a surface coverage of 60%. The surface area of silica that is accessible to
the large BSA molecule is lower than the specific surface, 100 m?/g, as measured by
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Fig. 2. The eftect of pH on the adsorption of BSA to silica in 0.05 M phosphate buffer.
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Fig. 3. The eflect of the phosphate concentration on the adsorption of BSA to silica in phosphate buffer.
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Fig. 4. Resclution of pL-tryptophan (10 pl, 0.37 mAf injected) on a 200 mm x 4.6 mm column packed
with 5-um BSA-silica; mobile phase 0.05 M phesphate, pH 7.0; flow-rale 1.0 ml/min; UV detection at
278 nm. k' = 0.26,k7; = 0.78, a = 3.0, ¥, = 2500 and N, = 460.

Fig. 5. Resolution of pL-benzoin (i0 g, 0.01 mg/ml injected). Details as in Fig. 4, except 2% [-propanol
as modifier and UV detection at 250 nm. &°; = 1.7. k", = 3.0, 2 = 1.7, Ny, = 2000 and N, = 1600.
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Fig. 6. Resolution of pL-Oxazepam (10 pl, 0.05 mg/ml injected) on a 200 mm x 4.6 mm column packed
with 2045 um BSA-silica; mobile phase 0.1 M phosphate, pH 7.0; 2% 1-propanol as modifier; flow-rate
1.0 mi/min; UV detection at 230 nm. &*, = 2.1, k", = 4.5, 2 = 2.1, N, = 170 and N, = 120.

Fig. 7. Resolution of pL-Warfarin (10 gl saturated solution in water, (less than 0.1 mg/ml injected) on a
200 mm x 4.6 mm column packed with 5-um BSA-silica; mobile phase 0.05 M phosphate, pH 7.0; 2%
I-propancl as modifier; low-rate 1.0 mi/min; UV dctection at 308 nim. k', = 7.0, k', = 103, 2 = 1.5,

N, = 250 and N; = 200.
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TABLE I
SUMMARY OF CHROMATOGRAPHIC DATA

0.05 M phosphate buffer, pH 7.0 was used as the mobile phase and the column size was 200 mm x 4.6
mm.

Solute Sifieca  1-Propanol k', k'; o N, N, Fig.
(um) (%)

pL-Tryptophan 5 — 0.26 0.78 -3.0 2500 460 3

DL-Benzoin 5 2 1.73 3.0 “1.73 2000 1600 4

LL-Oxazepam 2045 2 213 4.53 2,13 170 120 5

pL-Watfarin 5 2 7.0 103 1.48 250 200 f

BET nitrogen adsorption!! and it seems reasonable thal-a monolayer of BSA is
obtained.

Our results are in good agreement with those obtained for porous glass (par-
ticle size 10 um, 240 A, surface area 97 m?/g) by Mizutani'? where 136 mg albumin
per g glass were adsorbed under optimum cenditions, i.e., in phosphate buffer pH 5.
Mizutani deduced that albumin was.adsorbed as 4 monolayer and that adsorption
was caused by two factors; one is the amine-silanol ionic bonding and the other 1s
4 cooperative aggregative force between silica and proteins. It was also stated that
both hydrogen bonding and hydrophobic interaction are of minor importance for
protein adsorption.

Once the BSA is immobilized at pH 5 only & small fraction of BSA is lost from
the column by changing the pH in the range 4-7.5.

The separations obtained for pL-tryptophan, pL-benzoin, DL-Oxazepam and
DL-Warfarin (see Table I and Figs. 4-7) are in good agreement with results published
by Allenmark et al.137'¢ {rom columns with covalently bonded BSA. Preliminary
results show however differences in chiral selection between adsorbed and covalently
bonded BSA. Chiral sulphoxides such as pL-Omeprazole and pL-2-methylsulphinyl-
benzoic acid could not be resolved on the adsorbed BSA-silica column. The reason
for this behaviour is not yet known.

0.25 mg 0.5 mg 1.0 mg

_

[ T r

T T
o 20 min @ 20 0 min 0 20 40 min

Fig. 8. Chromatograms showing the loadability of pL-tryptophan (0.25, 0.5 and 1.0 mg) on a 500 mm
x 22 mm column packed with 2045 um BSA—silica; mobile phasc 0.05 M phosphate, pH 7.5; flow-rate
11 mlfmin; UV detection ut 278 nm.
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Fig. 9. Chromatograms showing the loadability of pL-benzoin (0.03, .10 and 0.25 mg). Details as in Fig,
8. except fMow-rate 28 mifmin and UV detection at 250 nm.

The preparative use of cotumns with chiral discriminators of high molecular
weight is limited because of the intrinsically low loadabilities of such celumns!?, In
spite of this, the use of these columns in preparative work is of interest in studies, of,
e.g., the biological activity of potent drugs where milligram quantities are sufficient.
In such cases, the stationary phasc must be accessible in large quantities or easily
made in the [aboratory from commocrcially available materials.

To evaluate the adsorbed BSA-silica stationary phase for preparative purpos-
es, a preparative column was prepared and the loadability of pL-tryptophan (see Fig.
8) and pL-benzoin (see Fig. 9) was investigated. The amount of adsorbed BSA on

0.25 mg =
Polarimeter 365 nm
+
Uv 250 nm
i b
T g ——
o] 10 20 min o] 10 20 min

Fig. 10. Resolution of 0.25 mg pL-tryptophan in 15 min with baseline scparation. Column: 500 mm = 22
mm packed with 20-45 ym BSA-silica. Mobile phase: 0.05 M phosphate, pH 7.5; flow-rate 28 mlfmin.
UV detection at 278 am.

Fig. 11. Polarimetric detection at 365 nm and simuitaneous UV detection at 250 nm of 5§ mg pL-benzoin

eluted from a 500 mm x 22 mm column packed with 20-45 ym BSA-silica. Mobile phase: 0.05 M
phosphate, pH 7.5; flow-rate 28 mi/min.
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Fig. 12. Polarimetric detection a1 313 nm and simultaneous UV detection at 230 nm of 2.5 mg pL-Oxa-
zepam. Details as in Fig. 11,

the 500-A silica was approximately 0.1 g per 50 m? (1 g), which gives a surface density
of BSA of twice that for 300-A silica (surface area values according to the supplier).
The reason for this may be that a larger portion of the pores of the 500-A silica is
accessible to the BSA. The total amount of BSA in the preparative column was
approximately 8 g. In favourable cases, a throughput of approximately 1 mg/h of
racemic compounds could be obtained with baseline separation (see Fig. 10). It was
also possible to use a polarimeter as a detector to determine the elution order of
cnantiomers (see Figs. 11 and 12) which facilitates, e.g., recycling techniques. Because
of the low sensitivity of the polarimeter and the low specific rotations of benzoin and
Oxazepam, overloading of the column was necessary for these compounds.

Leaching of BSA from the equilibrated column was found to be below the
detection limit of the assay, 0.01 mg/ml. Changes in the pH of the mobile phase and
injection of solutes in organic solvents such as methanol, ethanol and l-propanol
displaces small amounts of BSA from the column. The displaced BSA is unretained
and causes no interference with the retained solutes. Of the above mentioned alco-
hols, methanol causes the smallest amount of BSA to be displaced.

The lifetime of the ¢columns is more than 6 months if they are stored properly,
i.e., at +4°C, pH 5-7 when not in use. The pH stability under alkaline conditions is
primarily limited by the silica. At pH 8, some BSA is lost and exposes the silica
surface onto which BSA can be recoated. Alter two to four recoatings the columns
do not show acceptable performance and must be discarded.
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SUMMARY

A recently developed thin-layer electrophoretic method has been applied to the
determination of biomass degradation products comprising mono-, oligo- and po-
lysaccharides and their derivatives as well as phenolic compounds. The separation
was carried out using 0.3 M aqueous borate solution as the buffer and sifanized silica
gel as the support, the surface of the latter being covered with a thin film of octanol-1.
For visualization of the carbohydrates, specific sulphuric acid-containing naphtho-
resorcinol and orcinol reagents were applied. The mobility of hydrolyzed products
is determined by the number and position of their reactive sites and, to a less extent,
by the size of their molecule. The good separations obtained confirm this method as
an alternative to the commonly utilized chromatographic procedures.

INTRODUCTION

Zone electrophoresis is a method frequently applied in carbohydrate analy-
sis'™3. Ionic compounds, such as uronic acids or sugar phosphates, migrate even at
neutral pH, but etectrically neuiral substances (mono-, oligo- and polysaccharides)
have to be converted into an ionic form. Borate fons have proved to be suitable for
this purpose, as they react with vicinal hydroxyl groups forming negatively charged
complexes?=*, Steric hindrance by large side-chains and interaction with other ligands
may promote or block the formation of complexes®; therefore a wide variety of
mobilities can be found. A special advantage of using borate complexes is their high
mobility under the influence of an electric field, up to ten times higher than the
mobilities of other charged carbohydrate systems!.

The choice of the carricr materials is a central problem. Good separations of
mono- and oligosaccharides were obtained by high-voltage electrophoresis on chro-

0021-9673/86/303.50 © 1986 Elsevier Science Publishers B.V.
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matography paper®. For the analysis of polysaccharides, foils of cellulose acetate’
and glass fibre paper® are suitable. The use of gel materials (acrylamide, agarose,
starch), frequently utilized in protein and nucleic acid chemistry, is not possible here
because of the molecular sieve effect and the polydispersity of the polysaccharides®.

The following factors have additionally reduced the applicability of electro-
phoresis to this case: (a) the limited possibilities for visualization (for chromato-
graphy paper and cellulose acetate); {(b) the adsorption and electroendoosmosis
effects (for glass fibre paper)®1°, The first limitation is especially relevant to non-
reducing oligo- and polysaccharides, as the specific reagents containing sulphuric or
phosphoric acids cannot be used because of simultancous side-reactions with the
carrier materials, such as chromatography paper, cellulose acetate or gels. These
reagents may be applied on glass fibre paper, but adsorption and ¢ndoosmosis effects
cause distortion of zoncs and complex conditions for migration. When silanized glass
fibre paper is used, these phenomena can be suppressed and good results are obtained
for polysaccharides, but this carrier material is mechanically unstable and difficuit to
handle®.

To overcome these disadvantages, silanized silica gel, which has been used in
thin-layer chromatography (TLC)'?, can be used as a support. Its surface is covered
with a thin film of an organic fluid not miscible with water’?, With this system, stable
thin layers are obtained, adsorption and endoosmosis effects are low and chemically
agpressive reagents can be employed. The carbohydrate-containing zones are detected
by using special phenol-sulphuric acid reagents. Sulphuric acid degrades carbohy-
drates to furfural derivatives, which form coloured compounds with phenols'?.

The present work describes the evaluation of this technique and its application
to the special problem of analyzing degradation products obtained by hydrother-
molysis of biomass. Tn this procedure, the biomass components are solubilized in
pure water under pressure at temperatures of 170 to > 300°C. Hemicellulose, cellulose
and lignin can be dissolved step by step'#13. This treatment leads to aqueous solu-
tions containing a complex mixture of poly-, oligo- and monosaccharides as well as
other polyhydroxy compounds, furan derivatives and phenolcarboxylic acids. For
the determination of these substances, high-performance liquid chromatography
(HPLC)'¢, ion-gxchange and gas chromatography'?, TLC!® and isotachophoresis
(for phenolic components of the lignin)'® have been employed. Electrophoresis could
therefore be a suitable supplement to these commonly utilized methods.

MATERIALS AND METHODS

Instrumentation

In all experiments a Bio-Rad horizontal electrophoresis cell (for 15 cm x 10
cm plates) with a power supply and Desaga equipment for the manufacture of TLC
plates (with variable adjustment for thickness of the layer) were used.

Cheniicals

Special chemicals employed in the experimental procedures were silica gel 60
H, silanized (Merck Art. No, 7761), octanol-1 (p.a.), glass fibre paper (Whatman
GF/C), 1,3-dihydroxynaphthalene (naphthoresorcinol), 3,5-dihydroxytoluene (orci-
nol), polyvinylpyrrolidone K 90 (molecular weight 340000; Fluka, Buchs, Switzer-
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land) and xylan (mol.wt. about 25000; Serva Feinbiochemica, Heidelberg, F.R.G.).

The following chemicals were used as reference substances for the determina-
tion of the migration distances: DL-glyceraldehyde, methylglyoxal, 1,3-dihydroxyace-
tone and cellobiose (Fluka, Buchs, Switzerland); glycolaldehyde, furfural, 5-hydroxy-
methylfurfural, p-glucose, p-fructose, p-xylose (Merck, Darmstadt, F.R.G.); mal-
totriose (EGA-Chemie, Steinheim, F.R.G.); 1.6-anhydro-f#-p-glucose (Sigma, St.
Louis, MO, U.S.A.).

Buffer solution

Crystallized boric acid 18.54 g (0.3 mol) and Titriplex III (7.44 g, 0.02 mol)
were dissolved in 200 ml of distilled water and 2 M sodivm hydroxide solution was
added until the pH was 10; then the sohution was made up to 1000 mi with distilled
water,

Thin-layver plates

A 15-g amount of silanized silica gel was suspended in 100 ml dichloromethane
containing 4 g octanol-1. After stirring for 30 min the solvent was vacuum-evap-
orated. The remaining dry powder, which should be free from lumps, was mixed with’
10 ml of a 2% solution of polyvinylpyrrolidone in the buffer and 35 ml pure buffer
sofution. Then the plates were coated to a thickness of 0.3 mm and placed in a
desiccator. They were kept in an humid atmosphere (over the buffer solution) for 12
h.

Preparation of the solutions to be analyzed

Samples of wheat straw and poplar wood were chopped and ground, then
degraded in the hydrothermolysis apparatus at 200 and 270°C (see refs. [4 and [5).
The eluates were concentrated and dissolved in buffer solution {one to three times
the quantity of the concentrate). Alternatively, standard solutions of pure substances
and mixtures were prepared (0.5-3% solutions).

Electrophoretic procedure

The plates were taken from the desiccator and put immediately onto cooling
block of the electrophoresis apparatus. The connection to the electrolyte vessels was
made through strips of glass fibre paper, soaked with buffer. The plates were equi-
tibrated for 30 min at the chosen voltage, then the samples (dissolved in buffer so-
lution) were spread in small grooves (1 cm long) scratched into the layer with a
needie. Electrophoretic conditions: 200-400 V for 60-120 min.

Preparation of visualization reagents

Nuaphthoresorcinol reagent (for carbohydrates). Immediately before use, 2.5 ml
concentrated sulphuric acid were carefully added dropwise to 50 ml pure ethanol,
then 1.5 ml octanol-1 were added. In this mixture, 0.4 g naphthorcsorcinol were
dissolved.

Orcinol reagent (for carbohydrates). Solution a (6% orcinol in pure ethanol
containing 3—5% octanol-1) and selution b [1% iron(III) chloride in 10% sulphuric
acid] were mixed in the ratio a:b = 1:10 before use.

Iron(IiT) chloride reagent (for phenolic compounds). 5% Iron(III) chloride so-
lution in 0.5 M hydrochloric acid.



488 G. BONN et al.

Visualization and preservation

After electrophoresis the plates were dried at 110°C for 15-30 min. The cool
plates were sprayed with one of the reagents. In the case of carbohydrates, the plates
were kept at room temperature (30 min) for prehydrolysis of the polysaccharides.
They were then heated to 110°C until the coloured zones developed. The phenolic
compounds appear immediately after spraying. The plates were then covered with a
second glass plate of the same size and kept airtight by putting adhesive tape around
them. They were stored in the dark (at 4°C); for documentation the electrophero-
grams were photographed.

RESULTS AND DISCUSSION

Separation of standard mixtures

Fig. l1a shows an electropherogram of standard substances: oligo- and mono-
saccharides. uronic acids. anhydro sugars and fragments of sugars such as polycar-
bonyl and polyhydroxy compounds. Their migration distances are spread over a wide
range according to their borate complexes. The line electropherogram in Fig. 1b

1.20+— ——— p=—glucuronic acid

T~ ———— Methyiglyoxal

1.004— ——— D-glucose and D-—xylose

-+ ——— D-fructose

(a)

0.80-4 —— DL —-glyceraldehyde
1.3~ Dihydroxyacetone

— Maltotriose
-+ —— Cellobiose

ool ——— 5 ~Hydroxymethyfurfural - and

1.6 = Anhydro -8~ D= glucose
Fig. 1. (a) Electropherogram of standard substances occurring after hydrothermolytic degradation (350
V. 60 min; borate buffer pH 10). Detection with orcinol reagent. Substances: | = 5-hydroxymethylfurfural;
2 = l.6-anhydro-f-p-glucose: 3 = cellobiose; 4 = maltotriose; S = mixture of all substances; 6 = 1,3-
dihydroxyacetone; 7 = glyceraldehyde; 8 = glucose; 9 = methylglyoxal: 10 = glucuronic acid. (b) Line
electropherogram showing the mobilities of the standard substances in M units (reference substance, b-
glucose. M, = 1.00). The lines mark the centres of the electrophoretic zones obtained.
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TABLE |
RELATIVE MOBILITIES, Mg, OF BIOMASS DEGRADATION PRODUCTS
Reference substance: p-glucose, My = 1.00.
Lone Compound M, Colour reactions
With naphthoresorcinel With orcinol

I 5-Hydroxymethylfurfural 0.00 Red*, blue-green Yellow-dark brown

2 1,6-Anhydro-#-p-glucose 0.00 Blue Dark brown

3 Cellobiose 0.30 Dark blue Green-blug

4 Maltoirose™™ .35 Blue (weak) Green-blue

5 1,3-Dihydroxyacetone 0.73 Blue-gray, brown Yeilow-light brown

6 pL-Glyceraldehyde 0.78 Red®, blue-gray Dark brown

7 p-Fructose 0.0 Gray-blue Reddish brown

8 p-Glucase 1.00 Blue Green-blue

9 D-Xylose 1.00 Blue Green blue
10 Mecthylglyoxal 1.08 Gray-green Blue-violet

1 p-Glucuronic acid 1.20 Blue Blue-green

Furiural - Nolt detected
Glycolaldehyde - Not detected
* Colour of zone before heating.
** Reference substance, since ceilotriose was not available, and malitose has a similar M to that of

cellobiose.

enables 4 comparison of all the determined components; the corresponding values of
the relative mobilitics (reproducibility 5-7%) are given in Tabie I. In this table the
colour reactions obtained by application of the naphthoresorcinol and orcinol re-
agents are also specified. Some compounds, e.g., hydroxymethylfurfural and glycer-
aldehyde, can be identified even by their characteristic colour changes.

When lignocellulose-containing materials are degraded at temperatures higher

TABLE 11

RELATIVE MOBILITIES, M, OF PHENOLS AND PHENOLCARBOXYLIC ACIDS

Reference substance: 3 4-dihydroxybenzoic acid, Mg = 1.00.

Compound Fluorescence Colour of the Mg
iron complexes

2 6-Dimethoxyphenol 1st fraction - Brown 0.0
+ - 04

Sinapic acid 2st fraction + - 00
2nd fraction 4 Brown-gray 0.5

Ferulic acid st fraction + - LY
2nd fraction + Light brown 0.6
Acctovanillone + - 0.6
Homovanillic acid - Violet 0.6
4-Hydroxyphenylacetic actd - Reddish brown 0.7
4-Hydroxycinnamic acid - Orange 03
trans-3,4-Dihydroxycinnamic acid + Gray 1.0
3.4-Dihydroxybenzoic acid - Gray 1.0
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(b) o4 —m8— 34-Dihydroxybenzoic acid and
trans-3 4 - Dihydroxycinnamic  acid

0.8~ 4~Hydroxycrnamic  acid

4-Hydroxyphenylacetic acd
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2.6 - Dimethoxyphenol (1st fraction |
Fig. 2. (a) Electropherogram of phenolcarboxylic acids (200 V. 120 min; borate buffer pH 10). Detection
with iron(Ill) chloride reagent. Substances: 1 = 3.4-dihydroxybenzoic acid: 2 = trans-3.4-dihydroxycin-
namic acid: 3 = 4-hydroxyeinnamic acid: 4 = 4-hydroxyphenylacetic acid; 5 = homovanillic acid; 6 =
sapic acid. (b) Line electropherogram showing the mobilities of phenols and phenolcarboxylic acids in
M units (reference substance, 3.4-dihydroxybenzoic acid. Mg = 1.00). The lines mark the centres of the
electrophoretic zones obtained.
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Fig. 3. Migration distance of p-glucose, s, versus the voltage between the clectrodes, U/, for constant
electrophoresis time (60 min).

than 200°C; fragments of lignin will be dissolved, especially phenols and phenolcar-
boxylic acids. These compounds also form borate complexes, as shown in Fig. 2a.
A wide variety of mobilities is found (see line electropherogram in Fig. 2b, Table II);
some substances also form two complexes with different charges. Phenolic com-
pounds are detected by application of the iron(Ill) chloride reagent and by their
fluorescence in the UV range (254 nm).

It has been further shown that the basic relationship describing electrophoretic
migration??, namely the linear increase of the migration velocity with electric field
strength {or voltage, when the distance between the clectrodes is constant), is valid,
Fig. 3 shows the mobility of D-glucose as a function of the voltage applied.

Separation of degraded biomass components

In Fig. 4 the clectrophorctic behaviour of samples obtained by different de-
composition procedures is shown. Fig. 4a shows hemicellulose from an alkaline deg-
radation process. as compared to xylan (molecular weight ca. 25 000, Fig. 4b). Both
components form zones with two maxima. This is very similar to the behaviour of
a sample of wheal straw degraded by the hydrothermolysis process at 180-200°C,
and indicates the heterogeneity of the polysaccharides (inhomogeneous fragments).
In the electropherogram of a poplar wood sample (degraded at 270°C), products of
lower molecular weight derived from the hemicellulose and cellulose parts of the
biomass can be identified (Fig. 4c), such as hydroxymethylfurfural, oligosaccharides,
glucose, xylose and fructose, and small amounts of undetermined byproducts (Table
111).

Contrary to the chromatographic methods, the separation principle of this
technique is based on the tendency of the compounds to form charged borate com-
plexes, which depends on the positions of the hydroxyl groups. Their mobility is
mainly determined by the relationship between the charge and the Stokes radius of
the molecule, whereas their absolute size has no influence, e.g., high-molecular-weight
xylan has approximately the same mobility as cellobiose or maltotriose. Also the
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Fig. 4. Electropherograms of alkaline degraded hemicellulose (a) and xylan (b) (170 V, 120 min) and of
poplar wood degraded hydrothermally at 270°C (c) (350 V, 60 min). Borate bufier pH 10; detection with
naphthoresorcinol reagent.

TABLE 111

RELATIVE MOBILITIES, Mg, OF THE ELECTROPHORETIC ZONES OF A POPLAR WOOD
SAMPLE DEGRADED AT 270°C

Reference substance: p-glucose. M, = 1.00.

Zone Mg Corresponding compounds

I 0.00 S-Hydroxymethylfurfural and 1,6-anhydro-f-p-glucose
2 0.2-0.35* Cellobiose and oligosaccharides

3 0.50 Not identified

4 0.59 Not identified

5 0.71 1,3-Dihydroxyacetone

6 0.85 D-Fructose

7 1.00 D-Glucose and p-xylose

* Intensity maxima at 0.20 and 0.30.
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steric positions of the hydroxy! groups are important, and compounds of comparable
size having the same number of sterically suitable binding sites show similar mobil-
ities, e.g., glucose and xylose; glyceraldechyde and dihydroxyacetone,

After evaporation of the organic liquid covering the surface, the inactive sup-
pori is suitable for the application of chemically aggressive detection reagenis. This
is a great advantage over previous supports. It enables visualization of the reducing
as well as the non-reducing carbohydrates. Coverage of the surface of the support
diminishes the adsorption effects and the electroendoosmosis?2.

A further advantage of this technique is the utilization of humid plates. This
prevents concentration of the sample at the site of application and therefore possible
chemical side-reactions.
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SUMMARY

A simpler, less expensive, and faster high-performance liquid chromatographic
method was shown to be an alternative to urokinase potency determinations by the
Ploug method. Post-elution recovery of the low-molecular-weight form was 104 %
2.4% as determined by the Ploug method. Two analysts reported relative standard
deviations of 1.6% and 1.1% based on peak height determination of eight replicate
injections of a single sample of low-molecular-weight material. Linearity at the same
wavelength for low- and high-molecular-weight forms was 0.9999 and 0.9992, re-
spectively, for peak height versus potency.

INTRODUCTION

The proteolytic enzyme urokinase, which catalyzes the conversion of plasmi-
nogen to plasmin, appears in two active forms with molecular weights of approxi-
mately 54 000 (S;) and 32 000 (S,). The current testing procedures for the bulk ma-
terial are labor- and capital-intensive, and do not discriminate between the two com-
ponents.

The use of a TSK G3000SW column has been suggested for the separation of
the high- and low-molecular-weight forms of urokinase!. This paper describes a de-
tailed investigation of the separation, particularly regarding correlation with activity
determinations made by the Ploug falling ball assay method?.

MATERIALS AND METHODS

Materials

Sodium chloride, sodium azide, and potassium phosphate monobasic were re-
agent grade and used as received. Standard low-molecular-weight urokinase was ob-
tained as a lyophilized powder (Abbott Labs., North Chicago, IL, U.S.A.) and re-
constituted with distilled water. High-molecular-weight urokinase was purified by
repetitive gel filtration chromatography on Sephadex G75 (Pharmacia, Piscataway,
NJ, U.S.A)). Fractions containing purified high-molecular-weight urokinase, ob-

0021-9673/86/503.50 {@ 1986 Elsevier Science Publishers B.V.
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tained by cation-exchange chromatography, were repetitively chromatographed to
increase their purity and confirmed by chromatography of the final product. Blue
dextran, ovalbumin, bovine serum albumin and e-chymotrypsinogen A molecular
weight standards (Sigma, St. Louis, MO, U.S.A.) were used as received.

Measurement of urokinase activity

Urokinase activity was determined by a modified Ploug falling ball method?
using urokinase standard (Abbott Labs.) verified against 2 WHO standard. In the
modified method used here, thrombin, plasma and excess plasminogen are mixed at
0°C until clotting is complete. Urokinase is added and the sample incubated at 37°C.
The time required for a small ball to drop through the dissolving clot is monitored
and urokinase potency calculated via comparison with standard material of known

potency.

High-perjformance liquid chromatography (HPLC)

A TSK G3000SW column (30 cm x 7.5 mm 1.D.) was used (Alltech Assoc.,
Deerfield, IL, U.8.A.), The mobile phase consisted of 0.1 M potassium dihydrogen
phosphate adjusted to pH 6.0 with 10 M sodium hydroxide, 0.1 M sodium chloride,
and 0.005 M sodium azide to prevent microbial growth. The flow-rate at ambient
column temperature was 0.5 ml/min with typical column pressures of 200-300 p.s.i.
The chromatographic system consisted of a Beckman 112 pump, 210 injector, and
165 variable-wavelength detector set at 280 nm. A Shimadzu C-R3A integrator was
used to obtain peak area data; height measurements were made by the integrator or
manually. All potency values were calculated on an external standard basis from
replicate injections of a single standard of known potency.

Post-column recovery of urokinase
Better resolution of the two forms is obtained with smaller injection volumes,

To give enhanced sensitivity for Ploug determinations, however, 200-gl injections
were made when fractions were collected. To calculate the percent potency recovered,
200-ul aliquots of the samples were diluted to 5 m! in mobile phase and submitted
for the Ploug potency assay. These values were compared with the potency values
obtained after injection of 200 ul of material, collection of the appropriate peak
(approximately 0.5-1 ml), and dilution of the eluate to 5 ml prior to submission for
the Ploug assay.

RESULTS AND DISCUSSION

Although superior results have been reported with relatively acidic mobile
phases for urokinase separation', optimum resolution was found in this laboratory
at a pH of 6.0. A typical chromatogram of material containing both low- and high-
molecular-weight forms is seen in Fig, 1.

Molecular weight determinations were made using as calibration standards
dextran blue (void volume marker), bovine serum albumin, ovalbumin, and a-chy-
motrypsinogen A. Good precision was found for this measurement based on cight
replicate injections of a single sample (molecular weight 30 600 + 1.3%). G3000SW
columns which had been calibrated using this mixture, however, gave broad, mis-
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Fig. |. Typical chromatogram of low- and high-molecular-weight urckinase; approximately 125 000
1U{mt Sy (2) and 21 G00 [Ufml 5, (I).

shapen peaks for injections of pure S; material. Suspecting adsorption of a-chymo-
trypsinogen A which might degrade the S, as it passed through the column?3, a cal-
ibration solution without the suspect component was injected onto a fresh column.
No S; degradation was seen thereafter. A suitable substitute for the a-chymotryp-
sinogen A could not be found, leaving only two points for subsequent molecular
weight calibration curves.

The linearity of potency recovery was demonstrated by injecting solutions con-
taining from 0 to 120 000 IU/ml S, urokinase and comparing pre- and post-elution
potency values measured by a Ploug U-5 assay. Correlation cocfficients of experi-
mental versus theoretical potencies were 0.9987 and 0.9972, respectively, indicating
little difference is seen before and after chromatography. Two analysts also tested the
precision of urokinase recovery by making replicate injections of a single sample of
matcrial containing approximately 45 000 IU/mL S,. The results of these precision
studies are shown in Table I, along with mean recovery values for eight lots of ma-
terial containing 30 000-50 000 IU/mL S,. Biological activity was also maintained
in samples of material purified by HPLC, lyophilized, and then reconstituted.

The effect of variations in the mobile phase was examined by systematically
changing pH, buffer sirength, ionic strength and column temperature while main-
taining other variables constant. lonic strength and column temperature had essen-
tially no effect on peak resolution or assay results, while optimal resolution was seen
at pH 6.0 and a buffer strength of 0.1 M.
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TABLE 1
PRECISION OF POST-ELUTION POTENCY RECOVERY

Analyst | Analyst 2

Single lot 8 lots Single lot 8 lots
Mean (% recovery) 104 36 110 104
Rel. std. dev. (%) 24 6.9 1.2 4.0

The linearity of the UV detector response at 280 nm to low-molecular-weight
urokinase from 0 to 200 000 1U/ml was determined. A correlation of 0.9984 was seen
for peak area measurements, and 0.9999 for peak height determinations. The re-
sponse from 0 to 300 000 IU/ml was examined for the S, form. Peak area versus
potency gave a correlation of 0.9976, while peak height measurements yielded a value
of 0.9992.

Two analysts made eight replicate injections of the same material and calcu-
lated the potency based on injection of an external standard of known potency. The
data are shown in Table II for both peak area and peak height calculations. Similarly,
precision data for S, in a sample containing approximately 300 000 1U/ml] S, are
given. Linearity and precision data justify the use of peak heights for external stan-
dard calculations.

HPLC and Ploug U-4 assays were performed on eleven samples of material
containing 50 000-300 000 IU/ml S,. A paired r-test calculated with peak height
assay values yielded + = 0.78 (1o, = 1.363), indicating essentially no difference in
the results obtained by the two methods.

Recovery of S; from spiked samples of §, (125 000 1U/ml} was demonstrated
by comparison with an external standard of pure ;. Table 11l contains experimental
and calculated results, The limit of detection for S, is approximately 1% of S, on a
potency—potency basis. The slightly high recovery values can be explained in several
ways: (i) incomplete resolution of the §; and S, forms results in some over-estimation
of peak heights, (i) because only small quantities of purified S, were available, spikes
were prepared by adding a few microliters of solution to 8; standard, with less than
optimal measurement of volumes, and (iii) the precision of measurement of S, was
7.2% at the highest level spiked (see Table IT), thus all values reported are within the
error of measurement.

TABLE 1
PRECISION OF POTENCY DETERMINATIONS FOR S; AND §; BY HPLC

5 Sz
Peak height

Analyst 1 Analyst 2

Peak area Peak height Peak area Peak height

Mean (1U/ml) 251 800 217 675 244 000 212 000 20 067
Rel, std. dev. (%) 22 16 1.8 1.1 72
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TABLE U1
RECOVERY OF 5, FROM S, {125 000 IU/ml)

{Ufml spiked Ufnd found IU{mi recovered % recovered
0 3570 = -
3914 7932 4362 111
7874 11 898 8328 106
11 590 16 460 12 890 111
15214 25 021 17 451 115
Mean 11

To test whether the method was stability-indicating, samples of 8§, material
were subjected to refluxing for 3 h in acid, base and neutral aqueous solutions, 105°C
for | week, and exposure to short-wavelength UV for 3 h. Quantitative recovery was
found only for the sample exposed to UV light; in the other conditions, aggregate
formation and low-molecular-weight fragments were observed with at best 2-3%
recovery of intact S;. Under refrigeration the sample solutions were stable for several
months.

CONCLUSIONS

Besides the immediate consideration of providing a fast, simple assay for uro-
kinase potency determinations, the method has potential value in other areas of
biological testing. Post-chromatographic recovery of biological activity has long been
a problem in enzyme purification*. Normal- and reversed-phase HPLC separations
can require harsh conditions such as high pressures and high concentrations of or-
ganic modifiers which can induce degradation of the analyte. The conditions en-
countered in gravity-flow systems are less severe but these methods are expensive in
terms of matenial and time. Long on-column residence times might also affect sen-
sitive proteins. The system described here generates fairly low pressures (200-300
p.s.. for a 30-cm analytical column) and uses a mobile phase containing no organic
constituents, Residence time is under 20 min regardless of temperature, thus cold
room conditions can be used with no penalty in throughput time if higher stability
15 achieved below ambient temperatures.

Compared to classical bioassays, more information can be obtained from an
HPLC method since active constituents can be isolated and estimates of their relative
amounts made through the use of standards. Although the initial cost of HPLC
instrumentation is higher than that for bioassay equipment, long-term cost savings
are typical of those seen for HPLC methods with their shorter analysis and hands-
on time. The use of autosamplers can significantly reduce analyst time, further in-
creasing the cost savings of this method over other means of activity determinations.
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SUMMARY

A relatively simple and reproducible procedure involving copper-chelate affin-
ity chromatography for the isolation of copper-zinc-superoxide dismutase (E.C.
1.15.1.1) and catalase (E.C. 1.11.1.6) from human erythrocytes has been developed.
Using this method, the two enzymes were easily and highly purified and appeared to
be homogeneous as judged by polyacrylamide gel electrophoresis.

INTRODUCTION

Copper-zinc-superoxide dismutase (SOD) and catalase are considered to be of
major importance in protecting living cells against toxic oxygen derivatives. SOD
catalyzes the dismutation of the superoxide anion to hydrogen peroxide, and catalase
converts hydrogen peroxide into water and oxygen (see ref. 1 for a review). These
two enzymes have been used experimentally or clinically as anti-inflammatory drugs.
They are usually purified by a conventional technique involving precipitation by
ammonium sulphate, ion-exchange chromatographies and gel filtration?. However,
the yields and extents of purification are relatively low. By using copper-chelate af-
finity chromatography, preparations of the two enzymes have been highly purified.
The simple isolation procedure described in this paper will make the enzymes more
readily available for a variety ol investigations.

EXPERIMENTAL

Materials

Xanthine oxidase was obtained from Boehringer Mannheim, xanthine from
Stgma, nitroblue tetrazolium (NBT) from Nakarai Chemicals (Japan), Tonein-TP
from Otsuka Assay Laboratories (Japan) and DE-52 from Whatman. Sephadex G-
150 and chelating Sepharose 6B, which is basically an iminodiacetic acid agarose gel
first introduced by Porath er al.3, were obtained from Pharmacia Fine Chemicals.

0021-9673/86/503.50 @© 1986 Elsevier Science Publishers B.V.
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Enzyme assays

SOD activily was assayed using xanthine and xanthine oxidase according to
Beauchamp and Fridovich®, using a Beckman DU-50 spectrophotometer at 25°C.
One unit of activity is defined as the colour intensity corresponding to half-inhibition
of the development of blue formazan in 0.5 m! of the assay mixture at 25°C, The
specific activity is expressed in units per mg protein. Catalase activity was assayed
by the method described by Sinha?, and the enzyme activity is expressed as K(0). The
specific activity is expressed as K(0) per mg protein.

Protein was determined from the absorbances at 280 and 590 nm, as well as
by a dye-binding method® using Tonein-TP. The haem concentration was determined
from the abserbance at 405 nm.

Electrophoresis and isoelectric focusing

Polyacrylamide gel electrophoresis on 7.5% gels for SOD, 5% gels for catalase,
was performed according to Davis®. The SOID preparation was applicd on duplicate
gels. One was stained for protein with Coomassie Brilliant Blue G-250 and the other
was assayed for SOD activity with o-dianisidine and riboflavin®. The molecular
weights of SOD and catalase were estimated by disc gel electrophoresis on 12% gels
and slab electrophoresis on 5~15% gels, respectively, in the presence of sodium do-
decyl sulphate and 1% 2-mercaptoethanol, according to Laemmli®,

The molecular weight of SOD was also determined by high-performance liquid
chromatography (HPLC) (UV-8000, Toyo Soda) on a TSK G3000SW column. Iso-
electric focusing (range pH 3-10) was carried out as described?®.

Purification of SOD and cataluse

All procedures were carried out at 4°C. Human bilood which had been stored
for 10-15 days at 4°C in a citrate—phosphate—dextrose solution was used. The ery-
throcytes were washed with a 0.9% sodium chloride solution by low speed centrifu-
gation at 1500 g for 15 min and then haemolyzed by adding an equal volume of water
to the packed red cells. The haemolysates were dialyzed against 1.5 mM phosphate
buffer (pH 6.8) and then centrifuged at 11 600 g for 20 min. The supernatant was
adsorbed in a batchwise manner on DE-32, which had been equilibrated with the
above phosphate buffer. The DE-52 was then washed thoroughly with the same
buffer and packed in the column. SOD and catalase were eluted with 1.5 volumes of
20 mM phosphate buffer (pH 6.8). The eluted fractions of both enzymes were applied
to a column (6 cm x 1 cm) of chelating Sepharose 6B primed with a copper(Il)
sulphate solution, which had been equilibrated with 50 mM phosphate buffer con-
taining 500 mM sodium chloride (pH 7.0). After the column had been washed with
the same buffer, SOD was eluted with 50 mAM Tris-HCI buffer containing 500 mM
sodium chloride (pH £.0) and the eluted fractions were pooled (fraction 1). Further
elution was carried out with a linear gradient between 20 ml of 50 mM Tris-HCi
buffer containing 500 mM sodium chloride (pH 6.0) and 20 ml of the same buffer
containing 200 mA histidine. The eluted fractions were pooled (fraction 2).
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RESULTS AND DISCUSSION

Purification of SOD and catalase

Fig. | shows a typical elution profile for the two enzymes in copper-chelate
chromatography. After sample application the column was washed with the buffer
to remove non-adserbed proteins. Most of the SOD were recovered in fraction | and
all the catalase activity was recovered in fraction 2. Since the catalase was eluted at
the start of the gradient. a better separation might be possible by use of a shallower
gradient or a solution, containing histidine or immidazole at pH 6.0. However, on
Sephadex, G-150, other contaminants could be separated. Fractions | and 2 were
dialyzed against 20 mM phosphate buffer (pH 6.8) in order to remove Cu?* and
histidine. Fraction 2 was also loaded on a column (86 cm x 2.7 cm) of Sephadex
G-150 which had been equilibrated with 20 mAM phosphate buffer (pH 6.8) (Fig. 2).

The purification steps for SOD and catalase are summarized in Table 1. The
specific activity of purified SOD was of the same order of magnitude as that obtained
in immunoaffinity chromatography using goat-anti-SOD!!. The specific activity of
the purified catalase was also of the same order as that obtained by Moérikofer-Zwez
el al'?,

1
[ 8]
(=2

&
(=]
T
g I
e (1)
N
Ly ]
o o
N
histidine{M)

Absorbance at 280nm{Q}

Absorbance at 405nmia)
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Fig. 1. Copper-chelate affinity chromatography. The fractions eluted from the DE-52 column were applied
on a column (6 cm x 1 cm) of copper-chelating Sepharose 6B which had been equilibrated with 50 mM
phosphate buffer containing 500 mM sodium chloride (pH 7.0). At A, the column was washed with 30 ml
of the above buffer. At B, fraction | was eluted with 20 ml of 50 mM Tris—HCI buffer containing 500 mM
sodium chloride {pH 8.0). At C, the active enzyme fraction was eluted with a lincar gradient between 20
mil of 56 mAf Tris~HC! buffer containing 500 mA sodium chloride (pH 6.0) and 20 mi of the same buffer
containing 200 mA histidine (fraction 2) at a Now-rate of 10 ml/h. Fractions of 2 ml were collected. The
protein concentration (O) was determined lrom the absorbance at 280 nm, and the haem concentration
(/) from the absorbance at 405 nm. The SOD (@) and catalase (A) activities were assayed as described
in Experimental.
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Fig. 2. Chromatography on Sephadex G-150. The pooled fractions showing catalase activily obtained
from copper-chelate affinity chromatography were dialyzed against 20 mM phosphate buffer (pH 6.8) and
then applied 1o a columnn (86 cm x 2.7 cm) of Sephadex G-150 which had been equilibrated with the
above buffer. The column was washed with the same buffer at a flow-rate of 9 ml/h. Fractions of 3 ml
were collected. O—O. Protein concentration; A—2\, haem concentration: A— A. catalase activity.

Properties of the purified SOD and catalase

Figs. 3 and 4 show the electrophoretic patterns of the purified SOD and cata-
lase. In disc electrophoresis, the SOD preparation gave two bands (Fig. 3A), which
corresponded to the areas where the enzymatic activity was stained (Fig. 3B). The

A B c

Fig. 3. Disc gel electrophoresis of the purified SOD. For lanes A and B, 7.5% gels were used. For lal::e.C.
a 12% gel in the presence of |% sodium dodecyl sulphate was used. Lanes: A and C, protein staining
with Coomassie Brilliant Blue G-250; B. SOD activity staining with o-dianisidine and riboflavin.
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A B ¢

Fig. 4. Disc and slab gel electrophoresis of the purified catalase. For lanc A, a 5% gel was used. For lanes
B and C, 5-15% gradient gels in the presence of 1% sodium dodecy! sulphate were used. Lanes: A and
B, protein staining of the purified catalase with Coomassie Brilliant Blue G-250: C. protein staining with
Coomassie Brilliant Blue G-250 of the following molecular weight standards, ferritin (450 000), bovine
catalase (240000), aldolase (150000), bovine serum albumin (68 000). ovalbumin (45000), chymotrypsi-
nogen (25000) and cytochrome ¢ (12 500).

molecular weight of SOD was estimated to be 17000 + 1000 (Fig. 3C). In HPLC
the purified SOD gave a single peak with a molecular weight of 32000 (data not
shown). The catalase preparation also gave a single protein band (Fig. 4A). The
molecular weight of catalase was estimated to be 240000 by polyacrylamide gel elec-
trophoresis in the presence of sodium dodecyl sulphate and 1% 2-mercaptoethanol
(Fig. 4B). In isoelectric focusing the SOD preparation gave three sharp bands cor-
responding to p/ 4.7, 4.8 and 4.9. Therefore SOD seemed to exhibit charge hetero-
geneity. This result is consistent with our previous finding that SOD is antigenically
cross-reactive with molecular species which have the same molecular weight''. In
isoelectric focusing of the catalase preparation, a duplicate gel was used to locate the
enzyme activity. For the detection of the catalase activity, S-mm slices of the gel were
incubated in the assay mixture. The gel showing catalase activity corresponded (o the
arca stained for protein. The catalase preparation was also found to be heterogeneous
as to p/ 5.8 to 6.5, as reported by Mérikofer-Zwez et al.'?.

In the present study we used metal-chelate affinity chromatography to purify
catalase as well as SOD. The affinity of a metalloenzyme to a metal-chelate column
has been reported by Ohkubo er al.'*. They purified nucleoside diphosphatase using
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a zinc~chelate column and histidine as eluent. The binding of a metalloenzyme to a
metal-chelate column is mediated by surface-located histidine residues of the metal-
loenzymes's-'%. However, the affinity is dependent on the type of metalloenzyme,
SOD did not bind to a zinc-chelate column, whereas catalase did (data not shown).
This may also indicate that selective usage of such a column will be useful for pre-
paring various metalloenzymes. Special care may be necessary, for metalloenzymes
from which the metals, under certain conditions, can be effectively removed. In such
cases, activity may be restored by the addition of the relevant metal ion. In the present
study, however, such a treatment was not necessasry.

Erythrocytes contain large amounts of catalase and SOD. In contrast to the
reported purification methods for enzymes, the present method involves only two or
three purification steps with higher recoveries of the enzymes and no other time-
consuming procedure is required. This method with a metal-chelate column will be
useful for preparing metalloenzymes from human erythrocytes on a Jarge scale. Very
recently Waselake et al.'” reported that SOD had been purified by use of a copper-
chelate column and the result is almost consistent with our results.
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High-performance liquid chromatography (HPLC) has played a very signifi-
cant role in isolation, purification and structural studies and more so for compounds
of biological importance, such as proteins, peptides and amino acids. The techno-
logical advancement of HPLC has paralleled the need for analyzing compounds
available in low amounts. One such advancement is the miniaturization of HPLC
columns to achieve higher sensitivity. The most commtonly employed columns in the
past have been 4-30 ¢cm long with internal diameter (I.D,) of .4 to 0.6 cm. In recent
years!, however, there has been a considerable interest in columns of smaller diameter
(1-2 mm 1.D.), commonly known as “microbore” columns, The efficiency of these
columns is generally higher, thus improving the separation of complex mixtures or
hard to resolve molecules. Although various factors influence the effeciency of mi-
crobore columns, the pumping system has often been the limiting factor, particularly
if the separation is achieved by gradient mode. For microbore column chromato-
graphy the most desired aspects of HPLC are its capability of (i) pumping mobile
phase at a slower flow-rate (50-200 ul/min}, (ii) generating accurate gradients at low
flow-rates and (iii) spectrophotometric detection in small volumes of eluent. Com-
monly available HPLC systems are not designed to meet these requirements with
reasonable precision and accuracy. In this communication, a very simple and econo-
mical device is described to modify a conventional HPLC system (single- or dual-
pump) for microbore column chromatography. The modification requires minimum
plumbing, can be used with or without autoinjector, and can be installed within a
short period of time, The device has been used extensively in this laboratory in con-
junction with protein studies, and the resulis are presented in this communication.

MATERIALS AND METHODS

Chemicals
Chemicals for HPLC were purchased from EM Science (Cherry Hill, NJ

U.S.A.) and for amino acid sequence anlysis from Spinco Division of Beckman In-
struments (Palo Alto, CA, U.S.A)), and Pierce (Rockford, IL, U.S.A),

0021-9673/86/$03.50 © 1986 Elsevier Science Publishers B.V.
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Instrumentation

Sequence analyses were performed on a Beckman 890M sequencer as described
earlier?, and phenylthiohydantoin (PTH) derivatives of the cleaved amino acids were
identified by HPLC with a macrobore (4.5 mm 1.D.) column as described previously?
and with a microbore (2.0 mm 1.D.) column as described in this communication. To
examine the efficiency of the device three different HPLC systems were employed:
Perkin-Elmer Series 4 microprocessor-controlled solvent delivery system (single-
pump); Waters HPLC (dual-pump) equipped with two 6000A solvent delivery pumps
and a System controller (Model 720); Beckman HPLC (dual-pump) equipped with
a 421A controller, two 110B solvent delivery modules and a system organizer. All
three HPLC systems were equipped with Waters autoinjector WISP 710B and a
dual-channel absorbance detector containing a micro cell (1-ul capacity, Waters As-
soc., Cat. No. 97379).

Ultrasphere 5-um ODS macrobore and microbore columns (150 x 4.6 mm I.D.
and 150 x 2.0 mm L.D., respectively) manufactured by Altex and marketed by Beck-
man Instruments (parts No. 235330 and 237390) were employed to separate the PTH
derivatives.

Modification

In order to adopt the conventional HPLC system to microbore column chro-
matography the solvent delivery systems were modified, as shown in Figs. | and 2.
Irrespective of the HPLC system used (one pump or two pumps) the tube from the
mixing chamber/solvent delivery system was connected to a “T" (*C™ in Fig. 1 and
2) with a minimum dead volume. One outlet of the *'T"" was connected in series to
a fine metering valve (Cat. No. 55-22RF2: “D” in Fig. 1 and 2) manufactured by
Whitey Co. (Highland Hts., OH, U.S.A.) and to a pulse damper (Water Assoc.,
Millford, MA, U.S.A.; Cat. No. 98060; “*E" in Fig. | and 2). The second outlet from
the “T" joint was connected to the autoinjector (“F"" in Fig. 2) through a stainless-
steel tube of minimum length and 0.007 in. 1.D. The solvent delivery tube (0.007 in.
[.D.) from the injector to the column (*G™ in Fig. 2) and from column to the detector

Pump (s)— ; !
Injector<—

Column
E '
Waste
Fig. I. Arrangement of “T", fine metering valve and pulse damper, C = “T". D = fine metering valve;

E = pulse damper.
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DUAL PUMP SYSTEM

A B
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T * k.4 % = H
J
A WASTE
E
SINGLE
PUMP SYSTEM WASTE

Fig. 2. Schematics of the plumbing for fine metering valve in onc pump or two pumps conventional HPLC.
A and B = HPLC pumps; C = “T"; D = fine metering valve; E = pulse damper; F = autoinjector;
G = microbare column; H = detector; 1 = recorder; 1 = back pressure restrictor; * = 0.007 in LD,
stainles-steel tubing.

(“H" in Fig. 2) was also of shortest possible length. Tube length and 0.007 in. LD.
for plumbing is cntical. Because of the slow flow-rate and small volume (1.0 ul)
detector cell (Waters Assoc.; Cat. N. 97379) it was necessary to create a back pressure
inside the detector cell fo avoid the possibility of air bubble formation. This was
achieved by introducing a back pressure restrictor (manufactured by Upchurch, Qak
Harbor, WA, U.S.A_; Cat. No. U4462; “J” in Fig. 2) at the outlet side of the detector
cell (“H™ in Fig. 2). The only plumbing change in the autoinjector was to disconnect
the 2.0-m! loop of the injector assembly.

Separation of standard PTH-amino acids and residue from the sequencer run
was achieved by the procedure described previously®. The flow-rate was 1.5 ml/min
for both macrobore and microbore columns; however, for the microbore column the
metering valve was adjusted to maintain the column back pressure (which can be
read on the controller screen) at the same level as with the microbore system (ca.
2000 p.s.1.). This corresponds to flow of 0.320 ul/min through the macrobore column.
The excess solvent was directed to the waste through the “T" joint and pulse damper.
Injection volumes for the microbore column were kept to a minimum, never to exceed
25 .

RESULTS AND DISCUSSION

Fig. |1 shows the arrangement of “T" (C), fine metering valve (D) and pulse
damper (E) while the schematics is shown in Fig. 2. The separation of different
amounts (50-100 pmol) of standard PTH amino acid mixture on a microbore and
macrobore column at two different sensitivities is compared in Fig, 3 (see figure
legends for details). It is evident from Fig. 3 that by introducing split streaming and
metering valve (Figs. 1 and 2) it is possible to reduce to flow to a desired rate without
adversely effecting the gradient to obtain resolution of the peaks. Fig. 4 shows the
PTH-amino acid analysis results on microbore column of cycles No. 5 and No. 9
from two different tryptic peptides. This further suggests that the system described
here can be effectively used for the analysis of the samples obtained from the amino
acid sequencer run,
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Fig. 3. Separation of standard PTH-amino acid mixture. (A) 100 pmol on microbore column using dual-
pump system; (B) same as in A on macrobore column; (C) 30 pmol on microbore column using single-
pump system; D} = same as in C on macrobore column. Single-letier symbols are used for amino acids.

Most of the available HPLC units are capable of performing gradient elution
on macrobore columns; however, they are not at their best performance at a lower
flow-rate, which is a prerequisite for gradient elution on microbore columns. In order
to surmount this problem a number of approaches have been taken*~%, One such
approach has been flow splitting, described by Van der Wal and Yang® on a single-
pump system without the use of autoinjector. Moreover, they have reported a gra-
dient system for fuscd-silica columns and not a high-pressure system. Alternatively
a gradient storage procedure has been described by a number of investigators®™’, and
more recently by Schachterle and Alfredson®. This procedure, although it allows
gradients to be run at slower flow-rates, needs sophisticated programming because
of the system hydraulics. Furthermore, efficiency of both these systems has not been
described in conjunction with autoinjector and/or dual-pump system. An autoinjec-
tor is essential when continuous unattended runs are performed, particularly in the
structural studies of proteins and in industnal laboratories.

The split stream system described in this paper gives reproducible resuits and
can be adapted to a single- or dual-pump conventional HPLC system with or without
the autoinjector. In addition, by closing the metering valve completely, macrobore
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Fig. 4. PTH-amino acid analysis resuits on microbore column from two different tryptic peptides. Actual
residue is circled. Single-letters symbols are used for amino acids,

column HPLC can be performed, thus avoiding any plumbing changes. It is inter-
esting to note that since the separation is achieved at a pressure equivalent to that
used with the macrobore column, the gradient forming program is the same for both
types of column, as evident from Fig, 3. Becausc of the fine metering valve, virtually
any flow-rate can be achieved, without any major plumbing changes. Currently we
are in the process of automation of the metering valve, by linking it to the HPLC
controller to read the pressure values through an added microprocessor, and thus
regulate the metering valve to keep the flow constant during the run.
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One of the unusual features of the connective tissue proteins collagen and
elastin is the extensive post-translational modification that occurs after synthesis of
the polypeptide chains. These include hydroxylations of prolines and lysines, glyco-
sylations of hydroxylysines, Schiff base condensations between aldoses and lysyl res-
idues and cross-link formation based on lysine and hydroxylysine residues?™. These
cross-links link the polypeptide chains but only comprise a small proportion of the
total composition of the protein®—7, This paucity makes their isolation and charac-
terization somewhat difficult.

Cellulose media have been used for the chromatography of the pyridinium
cross-links desmosine and isodesmosine, found in elastin®'°. In acid hydrolyzates of
collagen that have been reduced with tritiated sodium borohydride there are the
pyridinium cross-links, pyridinoline (Pyr) and 3-hydroxypyridinoline (Hypyr)®-!! as
well as the radioactively labelled monohydroxylysinoneorleucine (MLNL), dihydroxy-
lysinonorleucine (DLNL), lysinonorleucine (LWNL) and histidinohydroxymerodes-
mosine (HHM D)2, In this paper we describe a method for the quantitative isolation
of these cross-links by cellulose chromatography.

EXPERIMENTAL

Collagens were purified from rat tail tendon'?, sheep periodontal ligament!#,
sheep blood vessels'#, bovine achilles tendon!® and calf skin'’. The preparations
were reduced with tritiated sodium borohydride (The Radiochemical Centre, Amers-
ham, U.K., 9.1 Ci/mmole} that had been diluted to 10 mCi/mmole according to the
procedure of Light and Bailey'2. LNL was purchased from Elastin Products (Pacific,
MO, U.S.A.) and histidinohydroxymerodesmosine was kindly provided by Kathleen
Smolenski. Cellulose powder was from Riedel de Haen and n-butanol and acetic acid
were from May and Baker.

The collagen preparations were hydrolysed in vacuo for 24 h at 110°Cin 6 M
hydrochloric acid. Amino acid analysis was used to check the purity of the collagens.

For the isolation of the cross-links, hydrolyzates were mixed with glacial acetic
acid, cellulose slurry and n-butanol, loaded on to a column of celulose (10 x 1 cm)
and chromatographed firstly with at least 25 ml of n-butanol-acetic acid-water (4:1:1)

(021-9673/86/3503.50 @ 1986 Elsevier Science Publishers B.V.
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and then with 5 ml of water according to the method of Skinner®. The two cluates
were dried before redissolving in 0.01 M hydrochloric acid for further analysis.

Amino acid analyses were performed on a Beckman 119CL amino acid ana-
lyzer. For radioactivity profiles, 1-min fractions were collected afier elution through
the photometer and 0.5-ml aliquots were taken for counting.

High-voltage paper electrophoresis was performed at either pH 6.4 or pH 2.1
in a Savant electrophoresis enclosure on either Whatman No. 1 paper for analytical
separations or on Whatman 3MM paper for preparative separations. Analytical elec-
tropherograms were stained with ninhydrin—cadmium acetale reagent'®. For radio-
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Fig. 1. Electrophoresis of water eluate of cellulose chromalography of bovine achilles tendon collagen
hydrolyzate (lane A), pyridinoline (lane B), amino acid markers (lanes C and D). Electrophoresis was at
pH 1.9 for 40 min. The paper was stained with ninhydrin-cadmium acetate reagent'®. See Table 11 for
identification of components in Lanc A.
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activity detection, 1-cm squares were cut from the paper and placed in scintillation
counting vials. Compounds of interest were eluted from paper strips in an elution
chamber using 2% acetic acid. Measurement of radioactivity was performed by add-
ing 4.5 ml of ACSII (The Radiochemical Centre) to the sample in the vial and count-
ing in a Philips PW4700 beta counter.

RESULTS

When 40 mg of an acid hydrolyzate of collagen is chromatographed on a
cellulose mini-column as described under Experimental, Pyr is eluted in the water
phase. Its identity was confirmed by high-voltage electrophoresis at pH 1.9 (Fig. 1),
an ultraviolet absorption peak at 295 nm, a fluorescence emission at 395 nm after
excitation at 295 nm and amino acid analysis. Pyr was not detected by any of these
methods in the butanol-acetic acid eluate. Pyr was isolaied by this method from
hydrolyzates of collagen from sheep blood vessels, rat tail tendon, periodontal liga-
ment and bovine achilles tendon but was not detected in calf skin collagen.

When 40 mg of an acid hydrolyzate of sodium borohydride-treated coltagen
was chromatographed, the higher specific radioacitivity (cpm of tritium per nmol of
amino acid) was in the water eluate {Table I).

When this water phase was electrophoresed at pH 6.5 (Fig. 2A) and at pH 1.9
(Fig. 2B), several ninhydrin-positive components are detected. Details of their radio-
activity and electrophoretic behaviour and uitraviolet properties are listed in Table
II. As expected, Pyr was detected and confirmed in these hydrolyzates. It was not
radicactive and had the same properties as mentioned above for the unreduced hy-
drolyzates.

TABLE 1

PARTITIONING OF TRITIUM AND AMINO ACIDS DURING CELLULOSE CHROMATO-
GRAPHY OF HYDROLYZATES OF NaB*H,-TREATED COLLAGENS

Tissue Radiguctivity Amino acids Specific
{epmfI00 ul) [naromoeles (leucine radioactivity
equiv HI100 pulf {epmfnmol)
Rat tail tendon
Mobile phase 62780 349.0 179.9
Water phase 7030 5.0 1406.0
Sheep periodontal lipament
Mobile phasc 25750 269.0 95.7
Water phase 74040 750 987.2
Sheep blood vessel
Mobile phase 2050 659.0 13.8
Water phase 3300 92.0 359

Bovine achilles tendon
Mobile phase 8420 3359 251
Water phasec 7755 28.6 271.2
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Fig. 2. Electrophoresis of water eluate of cellulose chromatography of *H-labelled bovine achilles tendon
collagen hydrolyzate (lane B), amino acid markers (lane A) and cross-link markers (lane C). See Table I1
for identification of components in lane B. The paper was stained with ninhydrin—cadmium acetate re-
agent. An asterisk (*) indicates the position of elution of the tritium label. (A) Electrophoresis was at pH
6.4 for 40 min. (B) Electrophoresis was at pH 1.9 for 40 min.

There were two radioactive species detected, both of which were basic at pH
6.5 with B2 being more basic than B1. However, at pH 1.9, both Bl and B2 had
similar mobilities. When these species were electrophoresed preparatively, eluted and
chromatographed on the amino acid analyzer, they were identified as MLNL (B1)
and DLNL (B2).
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TABLE I

CHARACTERIZATION OF WATER ELUATE FROM CELLULOSE CHROMATOGRAPHY OF
HYDROLYZATES OF NaB3H,-TREATED COLLAGEN

See Fig. 2 for electrophoresis.

Mobility at Mobility at  Radioactivity UV Fluorescence  Identity
pH 6.5* pH 1.9** Absorbance
Al 0 1.05 — — — Serine
A2 0 1.25 — + (295 nm) + Pyr
BI —0.39 1.40 + - - MLNL
B2 —0.55 1.40 + — — DLNL
C —0.90 1.73 - - - Hydroxylysine

* Mobile relative to aspartic acid. A negative value indicates migration is in the opposite direction
to aspartic acid.
** Mobility relative to serine.

In separate experiments, *H-labelled HHMD and unreduced LNL were added
to 40 mg of non-reduced tendon collagen hydrolyzates. Most of the HHMD was
insoluble in butanol-acetic acid but over 80% LNL was eluted in the mobile phase -
(Table III).

When hydrolyzed radioactive collagens were chromatographed on the cellulose
column and both the organic eluate and the water eluate were analyzed on the amino
acid analyzer for the distribution of radioactivity, peaks appeared in the water phase
at the positions expected for the mjaor cross-links (Fig. 3). As expected there was
very little radioactivity in the mobile organic phase. The majority of the radioactivity
in this solvent was in the vicinity of the hexitol-lysyl and hexitol-hydroxylysyl resi-
dues. But as there were labelled species in the same position in the water phase, the
partitioning of these derivatives did not seem to be quantitative.

DISCUSSION

In elastin, there are unique interchain cross-links of which the principal ones
are the pyridinium-based desmosine and isodesmosine. These structures can be sep-
arated from the other constituents in hydrolyzates by cellulose chromatography®~°.
Most amino acids are soluble in butanol-acetic acid-water mixtures but these com-
pounds are not'®, For collagen, most of the characterized cross-links are acid-labile,
aliphatic compounds that precursors of the more complex non-reducible mature

TABLE III

PARTITIONING OF RADIOACTIVITY IN CELLULOSE CHROMATOGRAPHY OF COLLAGEN
SUPPLEMENTED WITH 3H-LABELLED HHMD OR LNL

Collagen + HHMD (%) Collagen + LNL (%)

Mobile phase 23.7 82.7
Water phase 76.3 17.3
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Fig. 3. lon-exchange chromatography on 2mino acid analyzer of water phase (A) and mobile phase (B)
of *H-labelled acid hydrolyzate of bovine achilles tendon collagen. Peaks: | = hexitol-hydroxylysincs,

2 = hexitol-lysines, 3 = MLNL, 4 = DLNL, 5 = LNL, 6 = HHMD.

cross-links?2. Recently a stable, noen-reducible pyridinium compound, pyridinoline,
has been identified in a number of collagen hydrolyzates®-t1.

If the insolubility of the desmosines in butanol-acetic acid mixtures is due to
the pyridinium nucleus, Pyr might be expected to behave similarly when collagen
hydrolyzates are chromatographed. This paper shows that this is indeed so and that
the subsequent recovety in the water phase is quantitative. However there are several
other components present in this water phase. As well as hydroxylysine and serine,
the major cross-links of immature collagen (MLNL, DLNL and HHMD) are present
in this eluate. The exception is LNL which is not present in all collagen samples.

The occurrence of the amino acids serine and hydroxylysine in the water eluate
is interesting. These, as well as the reducible cross-links, are aliphatic compounds
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and are structurally distinct from the pyridinium cross-links. This suggests that there
may be two mechanisms of chromatography occurring. Cne is based on the insolu-
bility of pyridinium compounds in butanol-acetic acid and the second is for hydroxy-
lated aliphatic amino compounds. The presence of most of the LNL in the mobile
phasc is consistent with this interpretation. This will need further evaluation so as to
understand the mechanisms that are of importance in this system.
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Chemische Unterscheidungsmerkmale der Samen von Trifolium repens
L. und Frifolium repens L. var. giganteum

J. SACHSE

Eidgendssische Forschungsanstalt fiir landwirtschafifichen Pflanzenbau, Reckenholzstrasse 194211, CH-
8046 Ziirich { Schweiz)

(Eingegangen am 26. September 1986)

Trifolium repens L. und Trifolium repens L, var, giganteumn sind wertvolle Fut-
terpflanzen, die sich in ihren agronomischen Eigenschaften deutlich unterscheiden’.

In der Liste der empfohlenen Graser und Kleesorten waren in der Schweiz seit
1976 die Sorten Ladino und Milkanova aufgefiihri?-*. Milkanova entspricht 7~ repens
L. und Ladino T. repens L. var. giganteum. Seitdem wurde die Liste um einige Weiss-
kleesorten erweitert, die ihrem Habitus nach zu dem einen oder anderen Typ gehoren,
Ein weiteres Unterscheidungsmerkmal bietet der Blausduregehalt in der Weissklee-
pflanze, der bei T. repens L. ein mittlerer, hingegen bei T repens L. var. giganteum
niedrig ist (siche Tabelle 1),

Obgleich Weisskleesamen verschiedene Farben aufweisen, kdnnen diese nicht
als Sortenmerkmal gewertet werden, weil sic von der Reife und der Lagerzeit der
Samen abhéingen. Ebensowenig charakteristisch ist ihr Tausendkorngewicht und ihr
sehr geringer Blausiuregehalt. Aus diesen Griinden kommut es gelegentlich zu Ver-
wechslungen von Saatgut. Bisher ist eine Identifizierung nach Aussaat der Samen erst
in einigen Wochen an Hand der griinen Pflanze moéglich gewesen. Da in der Literatur
von Unterscheidungsmerkmalen in Weisskleesamen bis jetzt noch nichts berichtet
wurde, soll versucht werden, individuelle Kennzeichen im Saatgut dieser Futterpfian-
zen zu finden.

EXPERIMENTELLES

Reagentien

Petroldther (Kp. 40-70°C), Seesand feinkdrnig, Natriumsulfat rein, wasserfrei,
Hexan p.a., 2 N methanolische Kalilauge, Olsdure-, Linolsiure- und Linolensiure-
methylester, Stickstoff 99,99%, Pressluft, Wasserstoff.

Gerdte
Elektrische Kaffeemiihle, Heizkalotten, Kiihler, Rundkolben 250 ml mit

Schliff, Soxhletapparatur und -hiillsen, Vakuumtrockenschrank, Tischzentrifuge,
Zentrifugenrohre 10 ml mit Plastikstopfen, Tabletteniéhrchen 5 mi mit Plastikstop-
fen, Gaschromatograph Hewlett-Packard 5830 A mit Flammenionisationsdetector,
GC-Terminal Hewlett-Packard 18 850 A, GC-Siule, 1,8 m x 2 mm 1.D., Chromo-
sorb W AW 100-200 mesh, belegl mit 6% SP-2300.

0021-9673/86/503.50 © 1986 Elsevier Science Publishers B.V.
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TABELLE I

UNTERSCHEIDUNGSMERKMALE AM SPROSS VON TRIFOLIUM REPENS L. UND TRIFOLIUM RE-
PENS L. VAR. GIGANTEUM

Botanische Wuchs Blitter Kleekrebs- Landwirtschaftl.  Blausiure-  Sorten

Bezeichming anfalligheit  Ertrag gehalr

Trifolium Niedrig bis ~ Mittelgross  Gering bis ~ Mittel Mittel bis Milkanova

repens L. mittelhoch  bis klein mittel hoch Sandra
Nesta
Alban
Sonja

Trifolium Hoch Gross Hoch Hoch Gering Ladino

repens L. Regal

var. giganteum Merit
Sacramento
Titan

Extraktion

Gemahlene Kleesamen (10-15 g) in einer Soxhlet-Apparatur mit Petrolither
48 h extrahieren. Den Soxhlethillsen etwa 3 g wasserfreies Natriumsulfat beigeben,
um den Petroldther wihrend der Extraktion zu trocknen. Den Rundkolben gegen
einen eventuellen Siedeverzug einige Seesand-Kérnchen beifiigen. Vom erhaltenen
Extrakt den Petrolither schonend abdestillieren, einen kleinen Rest mit Stickstoff
ausblasen und das O1 im Vakuumtrockenschrank 2 h bei 85°C trocknen.

Umesterung

Das getrocknete Fett (200 mg) in kleine Zentrifugenrohre einwégen, das Ol in
5 mi Hexan 16sen und mit 0,6 ml 2 ¥ methanolischer Kalilauge versetzen. Das Zen-
trifugenrohr verschliessen, sofort 20 s kriftig schiitteln, genau 40 s stehen lassen und
sofort 2 min zentrifugieren. Einen Teil der oberen Phase in kleine Tablettenréhrchen
dekanticren, mit wenig wasserfreiem Natriumsulfat versetzen und bis zur gaschro-
matographischen Untersuchung im Kihlschrank aufbewahren. Die Proben filr das
vollstindige Chromatogramm unverdiinnt verwenden, fiir das Teilchromatogramm
1:30 vor der Injektion verdiinnen.

Gaschromatographische Bedingungen

Injizierte Probenmenge fiir unverdiinnte Proben 0,5 pl, fiir verdiinnte 0,3 pl.
Fiir das Teilchromatogramm 30 ml Stickstoff/min, Injektortemperatur 230°C, De-
tektortemperatur 250°C, Ofentemperatur 200°C, Dampfung 6, Peakschwellenwert
0,3, Papiervorschub 1 cm/min, Integrationsunterdriickung 3 min am Anfang des
Laufs, Stopp nach 7 min. Fir das vollstindige Chromatogramm 60 ml Stickstoff/
min, Ofentemperatur 4 min 175°C, Anstieg auf 200°C in Raten von 2°C/min, 10 min,
bei 200°C belassen, Integrationsunterdriickung 0,4 min nach dem Start, Stopp nach
25 min. Die {ibrigen Bedingungen sind die gleichen wie fiir das Teilchromatogramm.
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ERGEBNISSE UND DISKUSSION

Auf der Suche nach einem Unterscheidungsmerkmal zwischen den Weiss-
kleetypen T. repens L. und T. repens L. var. giganteum bot sich die Extraktion der
Samen mit verschiedenen Lésungsmitteln und die Untersuchung der Extrakte mit
Hilfe der Diinnschichtchromatographie an.

Zur Extraktion wurden polare bis apolare Losungsmittel, namlich je 50 mi
Wasser, Athanol, Essigsdureithylester, Chloroform und Petrolither fiir 1 g Kleesa-
men verwendet. Eine Extraktion wurde mit Aceton vorgenommen, nachdem das
Material 1 h mit 2 N Salzsdure hydrolysiert worden war.

Die Dunnschichtchromatographie wurde sowoh! auf Kiesclgel Merck Typ 60
ohne Aktivierung als auch auf Polyamid Woelm Eschwege durchgefiihri. Als Fliess-
mittel dienten #-Butanol-Eissesig—Wasser (100:10:30) fiir den wéssrigen,
Petrolither Aceten (50:50) fiir den Zthunolischen bzw. Essigesterextrakt, dasselbe
Fliesmittel im Verhéltnis 40:30 fiir den Chloroformextrakt und fiir den Petroléther-
extrakt im Verhiltnis 40:20. Die Extrakte wurden im Vakuum eingedampft und der
Riickstand in 1 ml entsprechendem Lésungsmittel gelost. Die Auftragsmenge betrug
100 g4l. Neben der Fliissigextraktion wurde noch der gepulverte Samen im TAS-Ofen
nach E. Stahl bei verschiedencn Temperaturen erhitzt und fliichtige Substanzen direkt
aufder Diinnschichtplatte aufgefangen. Als Sprithmittel wurden folgende nach Stahl*
ausgewdhlt: Ninhydrin No. 176, Schwefelsdure-Methanol No. 217, Naturstoffrea-
gens nach Neu No. 80 sowie 10%ige Ammoniaklosung. Die Dunnschichtplatten
wurden vor und nach dem Besprithen bet Tages- und UV-Licht betrachter. Yon all
den Versuchen, einschliesslich des hydrolysierten Acetonextraktes, ergaben der
Chloroformextrakt und das Natursioffreagens die eindriicklichsien Dinnschicht-
platten, Gelbe, orangefarbene, rote, griine und blaue Flecken waren unter der UV-
Lampe sichtbar, die ersten auch bei Tageslicht, die wohl auf Flavonoide vor allem
aus der Samenschale zuriickzufithren sind. Vergleiche zwischen den Sorten Milka-
nova und Ladino zeigten zwar quantitative aber keine qualitativen Unterschiede. Da
das ungleiche Aussehen der Samen schon durch die Samenreife und ihre Lagerzeit
bedingt ist, diirften die quantitativen diinnschichtchromatographischen Unierschiede
ebenfalls diesen Einfliissen zuzuschreiben sein. Auch das TAS-Verfahren liess keine
Differenzen zwischen den untersuchten Sorten erkennen.

Elektrophorese der Samenproteine

Eine weitere Moglichkeit, verschiedenc Wesensmerkmale zwischen hoch- und
niedrigwachsenden Weisskleesorten zu finden, bot die Elcktrophorese der Samen-
proteine. Drei Verfahren wurden getestet:

(1) Die Auftrennung wasserldslicher Proteine bei pH 7,9 in Polyacrylamid nach
Stegemann und Loeschcke®. Hier bestand bei Haupl- und Nebenbanden kein Un-
terschied zwischen den Sorten.

(2) Die Trennung von Proteinen, die in 70%igen Athanol 16slich sind, bei pH
3,1 auf Polyacrylamid®. Bei diesem Versuch waren iiberhaupt keine Banden sichtbar,
d.h. es sind keine alkoholldslichen Proteine vorhanden.

(3) Die Elektrophorese pufferloslicher Proteine bei pH 6,8 mit Natriumdode-
cylsulfatzusaiz in Polyacrylamidgel” bei pH 8,3 ergab viele Banden, aber keine Ab-
weichungen im Proteinmuster.
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Fettsduremuster

Da Samen meist Fett enthalten, Kleesamen etwa 6%, lag es nahe, das Fett-
siuremuster der Sorten zu prifen. Wie im experimentellen Teil ersichtlich, wurde das
Rohfett nach Soxhlet gewonnen, und die Fettsduren wurden zu Methylestern um-
geestert. Ein Vergleich der Ergebnisse, die mit der beschriebenen Umesterungsme-
thode und mit dem Bortrifluorid-Verfahren nach van Wijngaarden?® erzielt wurden,
zeigten Ubereinstimmung. Die Reproduzierbarkeit der Umesterung liegt fur die in-
teressicrenden Fettsiduren bei T repens L. und T. repens L. var. giganteum tiber 99%.

Wie das Gaschromatogramm (Fig. 1) zeigt, sind mindestens 15 Fettsduren im
Kleesamen enthalten, die nahezu in allen untersuchten Sorten vertreten sind. Haupt-
komponenten sind die Palmitinsdure (11-13%), die Stearinsdure (etwa 3%), die Ol-
siure (6-15%), die Linolsaure (54-67%) und Linolensiure (4-8%) bezogen auf die
Gesamtfettsduremenge. Die Ansprechbarkeit des Flammenionisationsdetektors auf
die verschiedenen Fettsduren wurde in diesem Versuch nicht beriicksichtigt. Neben
den genannten Fettsiduren wurden noch die Arachinséiure und die Erucasiure nach
ihren Retionszeiten identifiziert.

Dic Unterscheidung der Weisskleesorten an ihrem Samenfett ist durch die
Untersuchung des Fettsduremusters nicht qualitativ, wohl aber quantitativ am Pro-
zentgehalt zweier Fettsiuren, der Ol- und Linolsidure, innerhalb der gesamten Fett-
siuremenge moglich. Wir konnten feststellen, dass hochwiichsige Sorten im Samen

) Lad a s~ « -
- - -k (] "
a . A .

or " v oW @ -

19.75

1.66
2.29

4,42

..
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Fig. 1. Gaschromatogramm der Fettsauremethylester aus Milkanovasamen. Gaschromatographische Be-
dingungen siche cxperimentellen Teil. Palmitinsdure (zz = 3,19 min); Stearinsiure (6,10 min); Olsdure

(6,77 min); Linolsiure (8,04 min); Linolensiiure (9,31 min); Arachinsdure (10,37 min); Heneicosansdure
(zugesetzt) (12,87 min); Erucasiure (16.44 min).
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TABELLE 11
RELATIVER GEHALT AN AUSGEWAHLTEN FETTSAUREN IN WEISSKLEESAMEN VERSCHIEDENER

SORTEN

Relativer Gehalt bezogen auf die gesamte Fettsiiuremenge. ¥ = Mitielwert aus zwei Einzelwerien, Einzelwerte aus
einer Fettextraktion, ciner Veresterung und zwei Einspritzungen in den Gaschromatographen, « = Prozentuale Ab-
weichung der Einzelwerte vom Mittelwert £; & = mittlere prozentuale Abweichung.

Weisskieesorie Ernte- Ziichter Oiséure by d
Jahr (%)

Trifolium repens L.

Milkanova 1983 Dansk Plante- 11,20 11.19 0.1
foraedling (Dinemark) 11,18 * ’
1984 Dansk Plante- 7,48
foraedling (Dinemark) 7.82 7,65 22
1985 Dansk Plante- 8,85
foraedling (IDinemark) 8.95 520 06
Milo 1982 Dansk Plante- 10,95 1.3 15
foraedling (Dinemark) 11,40 ¢ ’
DP 79-8-6 1983 Dansk Plante- 11,01
foraedling (Dinemark) 10,96 10.99 92
WW v 14 1979 Weibullsholm (Schweden) g,gg 9.02 0.7
1982 Weibullsholm (Schweden) :},ig 11,36 0.5
1983 Weibullsholm {Schweden) llé,gl? 11,03 10
H : Ed )
Sandra ! Svalif (Schweden) ;;,g; 12,20 0.9
Sv (437 1984 Svalof (Schweden) 3,317 Bl 03
Nesta 1983 Nat. Seced Develop. 10,08 1021 13
Organisation (Grossbritannien) 10,34 ! v
1984 Nat. Seed Develop. 10,52
Organisation (Grossbritannien) 10,51 10,52 0,05
I : inem:
Alban 1984 Daehnfeldt (Dinemark) ;,g)g 7.09 10
Sonja 1934 Weibullsholm (Schweden) :ggg 10,58 1.8

Trifolium repens L. var. giganteun

Ladino 1983 Cal/West Seeds (US.A) i;,g(s) 17,88 ol
Regal 1982 ‘Cal[Wesl Seeds (U.S.A.) ]l;‘gg 17,42 0.8
1983 Cal/West Sceds (U.S.AL) :gg:; 15,90 0.4
1984 CalfWest Seeds (U.5.A.) :.;,gg 16,15 2.1
1985 Cal/West Seeds (U.S.A.) :;..’;fj 16,79 3.2
Merit 1983 Sacramento Milling 14,42
(US.A) 14,50 14,46 0.3
Sacramento 1983 Sacramento Milling 17,71 17.70 0.1
(U.S.A) 17,68 ) *
Titan 1983 Northrup King (U.5.A.) }g,ig 16,51 0,1

d=109
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Linol- % d Linolen- X d Ol- Linclsaure|-
siure séure Linolens. Ofs. u.
(%) (%) (%) Linolens.
;g:g; 78.86 0.03 - 6.76 0,1 17.95 439
gg;; 30:50 0.3 g’ig 9,32 0.9 16,97 4,74
;ggi 79.48 0,04 32? 8,85 0.3 17,75 447
;g:gg 19,43 0.8 2132 6.20 2,2 17,43 4,55
3322 78.51 0,05 ;’;2 7,86 0 17.85 4,40
-7,3% 79.64 0.1 g;; 8,77 02 17,79 4.48
;g:gg 78,84 0.3 2;22 6,39 1,2 17,75 441
;;f?é Ran 08 ;912 7,52 5.2 18,60 422
;gig 77,76 0.5 Z:g:: 6,77 37 18,97 4,10
;g:;g B4 0,03 ;3; 8,00 10 17,49 4,56
889 .11 0.3 L 743 1.2 17,64 4,48
;g::g 79,15 0,05 _7,:3‘1‘ 738 0.4 17.90 4,42
ngi $0.33 0.2 {g:(e.)? 10,35 28 17,44 4,61
;g?é 79.63 0.3 ;?; 7.5 14 17.83 447
i 7,57 0.03 Tae 740 0,3 2528 283
o B4 02 s 511 40 253 3,28
;';gf 7493 0.4 ggg 5,70 40 21,60 347
32;‘5’3 75,27 0.3 gg: 5,26 4,5 21,41 3,52
;;3; Ll 0.4 333 5,74 28 22,53 3,29
;jﬁg 74,81 0,05 i 8,14 0.1 22,60 331
gﬁ: 2,54 0,4 §§3 6,63 34 2433 2,98
Zifj 73.58 0.1 gg; 6.88 0,4 23,39 3.15

d=103 d=18
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Fig. 2. Gekiirztes Gaschromatogramm der Fetisduremethylester aus Samen von Trifolium repens L. var,
giganmenm (links) und Trifelium repens L. (rechts). Gaschromatographische Bedingungen siehe experi-
mentellen Teil. Palmitinsdure (1, = 2,17/2,19 min); Stearinsdurc (3,86/3,88 min); Olsidure (4,29/4,32 min);
Linolsdure (5,03/5,07 min); Linolensdure (6,07/6,12 min).

einen hoheren Olsauregehalt (etwa 13-16%) und einen tieferen Linolsduregehalt
(etwa 54-63%) aufweisen als niedrig wachsende Weisskleesorten (7-10 bzw. 64—
67%). Zwischen den Gehalten an Palmitinsidure besteht in den zwei Weisskleetypen
kein Unterschied. Wohl aber ein geringer im Linolensdurevorkommen, der bei 7.
repens L. zwischen 5 und 8%, bei T. repens L. var giganteum zwischen 4 und 6%
liegt. Allerdings ist die Schwankungsbreite der Messergebnisse bei diesen geringen
Saureanteilen hoher als bei Ol- und Linolsiure.

Um die Untersuchung zu vereinfachen, haben wir uns auf die quantitative
Erfassung der Fettsiiuren beschrinkt, die in den zwei Weisskleetypen in unterschied-
licher Menge vorkomimen, das sind die Ol- und Linolsiure. Da die erwihnten Fett-
sauren schr dhnliche Retentionszeiten haben, kormten wir am Anfang des Chroma-
togramms die Peakintegration 3 min unterdriicken und nach 7 min auf die spiter
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eluierien Fettsduren verzichten (Fig. 2). Ausserdem mussten die gewonnenen Methy-
lester 30-fach verdunnt werden, da die fiir uns wesentlichen Fettsauren in sehr hoher
Konzentration vorliegen. Aus dem verdnderten Chromatographieverfahren resultie-
ren andere Prozentgehalte der gesuchten Fettsduren, die in Tabelle 11 von den un-
tersuchten Sorten aufgefiihrt sind. Um die Schwankungen der Ergebnisse gering zu
halten, wurde der Gehalt von Ol- und Linolensiure addiert und diese Summe in
Beziehung zum Gehalt an Linolsdurce gesetzt. Der sich daraus ergebende Quotient
kann zur Unterscheidungen von Sorten aus T, repens L. und T. repens L. var. gigan-
reum dienen Allerdings ist zu priifen, ob sich dieser Quotient tatsichlich aus den in
Tabelle IT erhaltenen Werten ergeben hat. Die Unterschiede im O)- und Linolsdun-
regehalt der beiden Kleetypen sind nach dem ¢-Test zu mehr als 99% gesichert, der
im Linolensiuregehalt zu mehr als 95%. Werden die Prozente an Ol- und Linolen-
sdure fiir jede Sorte addiert, so unterscheiden sich die Summen von T. repens L. und
T. repens L. var. giganteum ebenfallt mit 99%iger Sicherheit. Dasselbe gilt fiir die
jeweiligen Quotienten aus dem Verhiltnis der Summe O!- und Linolensiure zu Li-
nolsiure.

Fiir dic Sorten, deren Olsiure- und Linolsiuregehalt zwischen den angegebe-
nen Richtwerten liegt, z.B. fiir Menna, Luclair, Astra, Rena, Aran, Ross und Lune
de Mai, diirften keine Zuordnungen mdéglich sein. Durch das freundliche Entgegen-
kommen einiger Saatzuchtfirmen waren wir in der Lage, das gefundene Unterschei-
dungsmerkmal fiir die zwei Weisskleetypen an weiteren Sorten verschiedener Her-
kunft und Anbaujahre zu testen. Ihr Einfluss auf das Fettsduremuster war sehr ge-
ring, weshalb geschlossen werden kann, dass dieser deutliche Gehaltsunterschied an
Ol- und Linolsiiure genetisch bedingt ist und in Zukunft fiir die Unterscheidung von
niedrig- und hochwiichsigen Weisskleesorten an Hand ihrer Samen in der Regel be-
nutzt werden kann.
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Erratum

J. Chromatogr., 358 (1986) 453
Page 453, second line: “SA 198.00” should read “3A 19.00™.
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