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Publisher’s note

Since the beginning of 1992, the Journal of Chro-
matography has encouraged submission of manu-
scripts on disk. The rationale is that electronic sub-
mission of manuscripts enables faster publication of
articles and avoids the introduction of errors by the
typesetter. Fig. 1 shows the response of authors to
date. The vertical axis represents the percentage of
accepted articles on disk received by the editorial
office and the horizontal axis shows the month.
(The articles in Symposium issues are not included
yet in these results.) As can be seen, 50% submis-
sions on disk has been attained, and it is expected
that within a year a plateau of about 65% will have
been reached. Thanks to the very positive response
of our authors this development is taking place
much faster than was originally anticipated.

The procedure regarding submission of manu-
scripts on disk is as follows. The editorial office re-
ceiving the manuscript (in paper format) forwards
the paper to one of the editors who sends it on to
referees for review. The editorial office, the editors
and the referees work only with the paper manu-
script, so there is no need for authors to send disks
at this stage. Only once the editorial office has in-
formed the authors that their paper can be accepted
by the editor —usually after one or more revision
steps— the authors are requested to send a disk
along with the (revised) manuscript. It is essential
that the printed version (hardcopy) of the (revised)
manuscript exactly matches the contents of the
disk. The disk and the (revised) printed manuscript
will then be processed by the desk editors and the
typesetter for preparing proofs. This speeds up the

Per cent on diskette

REBEEEEEREEE

Mlay Ju'no Jtlly Allm S;p O'd Né!v

Month

Fig. 1. Percentage of articles accepted for publication in 1992,
which were received on disk.

process and minimizes typesetter’s errors in the
proofs.

In summary, the procedure for submission of
manuscripts on disk is:

e First submission: send manuscript in paper for-
mat only.

e Submission of revised article: send disk (properly
labelled) containing manuscript files and exactly
matching printout.

Full details on disk submission can be found in
the Instructions for Authors.

We would like to take this opportunity to thank
all those scientists who are participating in this de-
velopment, which will facilitate the scientific pub--
lishing process.
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Influence of shape parameters on the separation of
tetrachlorodibenzo-p-dioxin isomers on reversed-phase

columns

U. Pyell and P. Garrigues

URA 348, CNRS, University of Bordeaux 1, F-33405 Talence Cedex (France)

M. T. Rayez

URA 503, CNRS, University of Bordeaux I, F-33405 Talence Cedex (France)

(First received June 10th, 1992; revised manuscript received September 8th, 1992)

ABSTRACT

The retention orders of tetrachlorodibenzo-p-dioxin (TCDD) isomers on a monomeric and a polymeric ODS column were deter-
mined by RP-HPLC. It is demonstrated that the drastic alteration of the retention order with variation of the stationary phase can be
explained by a variable influence of steric effects on the retention. The length-to-breadth ratios of TCDDs were calculated and
correlated with retention data. The polymeric ODS phase proved to be superior to the monomeric phase with respect to selectivity. The
enhanced selectivity is attributed to an enhancement of the shape selectivity of the stationary phase. The retention order is also strongly

dependent on the mobile phase.

INTRODUCTION-

In recent years, high-performance liquid chroma-
tography (HPLC) has been used by several groups
in clean-up procedures for the determination of
polychlorodibenzofurans (PCDFs) and polychloro-
dibenzo-p-dioxins (PCDDs) in different matrices.
Both normal- and reversed-phase (RP) columns and
combinations of the two modes have been used
[1-7]. RP-HPLC has also been employed for the
separation of individual isomers of reference com-
pounds [8].

In this work, we studied systematically the separa-
tion of thirteen commercially available tetrachloro-
dibenzo-p-dioxin (TCDD) isomers on octadecyl-
silica gel (ODS) columns of different surface cover-
ages.

Correspondence to: P. Garrigues, URA 348, CNRS, University of
Bordeaux I, F-33405 Talence Cedex, France.
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Wise and May [9] reported the dependence of
selectivity on the surface coverage with octadecyl
groups for polycyclic aromatic hydrocarbons
(PAHs) separated on ODS columns from various
suppliers. Wise et al. [10] demonstrated the relation-
ship between the retention on polymeric ODS
phases and the shape parameters of PAHs, especial-
ly the length-to-breadth ratio (L/B).

The aim of this work was to examine whether the
same relationship can be used to explain the differ-
entretention orders of TCDD isomers on a polymeric
ODS phase compared with monomeric ODS phases
with lower surface coverages.

EXPERIMENTAL

Chemicals

All solvents were of HPLC grade (Rathburn,
Walkerburn, UK). Eleven of the isomers were
obtained from Cambridge Isotope Labs. (Woburn,

1993 Elsevier Science Publishers B.V. All rights reserved
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4

MA, USA) as solutions in nonane (50 + 5 ppm).
1478-, 1236-, 1239-, 1267-, 1378-, 1289- and 2378-
TCDD were received as individual isomers; 1237/
1238- and 1368/1379-TCDD were received as mix-
tures of two isomers. The concentrations of the two
isomers in the delivered standard mixtures differed
considerably. By comparison of the intensity ratios
and the retention orders on a PONA gas chromato-
graphic capillary column (50 m x 0.2 mm I.D.;
5.5 um) (Hewlett-Packard, Palo Alto, CA, USA) we
succeeded in assigning the peaks of the 1368-
. 1379-TCDD mixture unambigously (conditions:
HP 5970B mass-selective detector with HP 5890A
gas chromatograph; injection mode, splitless; tem-
perature programme, 130°C (0.5 min), 130-230°C at
30°C/min, 230-315°C at 1°C/min; carrier gas, heli-
um). 1237-TCDD and 1238-TCDD were assigned
according to their shape parameters. 1234-TCDD
and 1278-TCDD were received as crystals from
Cambridge Isotope Labs. In Fig. 1a the numbering
of dioxin substituents is presented according to
IUPAC nomenclature.

Apparatus

An HP 1050 liquid chromatograph with a quater-
nary gradient pump and autoinjector was used in

#’ © '~

8 2

7\ /3
6 0 4

b

15 16

Fig. 1. (a) Numbering of dioxin substituents. (b) Numbering
employed for quantum mechanical calculations.

U. Pyell et al. | J. Chromatogr. 628 (1993) 3-10

conjunction with a LDC Spectromonitor III spec-
trophotometric detector. The temperature of the
column was controlled by a laboratory-made copper
jacket and a water-bath. A PC-based laboratory
data system (Hewlett-Packard, Vectra Series) was
used to record, store process and plot the data.

Columns

The relative retention indices for one of the
monomeric columns (ODS1) were taken from
O’Keefe et al. [5], who employed two series-
connected 250 mm x 6.2 mm L.D. Zorbax ODS
(DuPont Instruments Division, Wilmington, DE,
USA) columns. With a given absolute retention time
for 2378-TCDD of 15.5 min and a calculated dead
time of 6.4 min, we evaluated the capacity factors of
the analytes.

We employed a second monomeric column
(ODS2): Spherisorb ODS-2, particle diameter 5 um
(250 mm x 4.6 mm 1.D.). As a polymeric column
(ODS3) we used a 250 mm x 4.6 mm I.D. Vydac
201TP (Separations Group, Hesperia, CA, USA)
column (particle diameter 5 um).

Chromatographic conditions

All retention data were obtained under isocratic
and isothermal (25°C) conditions. The eluents were
premixed [ODS2, acetonitrile-water (88:12, v/v) or
methanol; ODS3, acetonitrile-water (80:20, v/v)].
The flow-rate was 1 ml/min in all instances. The UV
detector was operated at 235 nm with a response
time of 1 s. Retention times were measured with
solutions of the TCDD isomers and the standards
benz[alanthracene and benzo[b]chrysene in 2-propa-
nol.

The standard solutions in nonane were diluted
with 2-propanol. For mixtures the nonane was
evaporated before dissolving the standard in 2-
propanol in order to avoid peak broadening or
distortion due to the solvent effects of the sample
solution. The injection volume was generally 10 ul,
containing 2—6 ng of each isomer. For a mixture of
all TCDD isomers the injection volume was 7 ul,
containing 2-5 ng of each isomer.

The measurements with ODS1 were carried out
with methanol at 2 ml/min (40°C). Details are given
in ref. 5.
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Calculation of length-to-breadth ratios

The geometry of the molecules was optimized by
the semi-empirical method Austin Model 1 (AM1)
with the software package AMPAC, run on an
1BM 3090 computer in the CIRCE at Orsay (France).
AM]1 is a method that is well adapted to large
organic molecules [11]. Initial input geometries were
created in the form of a Z-matrix, involving internal
coordinates in which each atom is related to previ-
ously specified atoms by a bond length, an angle and
a dihedral angle. Each initial geometry was subse-
quently fully optimized by AMI.

The numbering scheme employed for the input of
internal coordinates is given in Fig. 1b. Optimiza-
tion was started with the following bond lengths:
0-0, 0.296 nm; C-0O, 0.137 nm; C-C, 0.140 nm;
C-H, 0.110 nm; and C-Cl, 0.170 nm. The dihedral
angles were taken into the optimization. The
starting values were 0° or 180°, respectively, in all
instances. The starting values for the bond angles
corresponded to an idealized benzene ring.

The cartesian coordinates of the optimized mole-
cule structure were employed to evaluate the length-
to-breadth ratio (L/B) with in-house software on a
desk-top microcomputer (Tandy 3000 NL). The
programme calculates the rectangle enclosing the
analyte with maximized L/B, according to the
method of Wise et al. [10], with respect to the Van
der Waals radii of the outer atoms of the molecule.
The Van der Waals radii were taken from ref. 12.

Retention indices
The retention indices were calculated according to
Popl et al. [13] using the following equation:
log R — log R,
log Ry+1) — log R,

log Ig =log I, + (D
where R represents the corrected retention time of
the solute (retention time minus the void volume
multiplied by the flow-rate) and n and n + 1 repre-
sent standards with lower or higher retention times,
respectively. The standards were assigned the fol-
lowing values (log I,): benzene 1, naphthalene 2,
phenanthrene 3, benz{alanthracene 4 and benzo[b]-
chrysene 5. The void volume was approximated by
the retention volume of the non-retained solute
acetone (solution in acetonitrile).

RESULTS AND DISCUSSION

Characterization of bonded phases

The two ODS columns examined were charac-
terized according to the method of Sander and
Wise [14] by a test mixture of benzo[a]pyrene
(BaP), phenanthro[3,4-c]phenanthrene and tetra-
benzonaphthalene (TBN). Following their classifi-
cation scheme, the Vydac 201TP is polymeric like
(oren/Bar = 0.49) and the Spherisorb ODS-2 mono-
meric like (cypn/pap = 1.83). drpnmap 15 defined as
kran/keap. By Sander and Wise Zorbax ODS was
classified as a monomeric-like material.

Retention of TCDDs on OD-silica gels

In Table I the recalculated capacity factors k'
obtained by O’Keefe et al. [5], the capacity factors
for the monomeric and the polymeric ODS columns
employed in our studies, the relative retention
indices (RRI) (retention time relative to the absolute
retention time of 2378-TCDD) for all three partition
systems and the retention indices (log Iz) for ODS2
and ODS3 are given. The retention times of TCDD
isomers on the ODS2 column were measured with
pure methanol and with acetonitrile-water (88:12)
as mobile phases.

The comparison of the capacity factors shows
clearly that the ODS3 column is more selective than
the other two ODS columns. Only one co-elution
was observed with the ODS3 column (1368- and
1378-TCDD), the capacity factors ranging between
2.83 and 8.48. The ODS2 phase, however, with
acetonitrile-water as mobile phase, exhibited several
co-elutions and the capacity factors were in the
range 3.31-5.06. The selectivity of the ODS2 column
is also strongly dependent on the mobile phase.
Replacement of acetonitrile-—water with pure meth-
anol leads to a drastic alteration of the retention
order. The selectivity of the ODS1 column can be
compared with that of the ODS2 column. The slight
differences in retention order can be attributed to
minor variations in the nature of the stationary
phase.

Comparison of the relative retention indices de-
fined by O’Keefe et al. [5] shows another characteris-
tic difference between the three ODS phases. With
methanol as mobile phase 2378-TCDD is eluted
from ODS1 and ODS2 as one of the analytes which
elute at an average position. With acetonitrile-water
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TABLE 1

CAPACITY FACTORS (k'), RELATIVE RETENTION INDICES (RRI) AND RETENTION INDICES (log ) OF TCDD
COMPOUNDS FOR THREE ODS COLUMNS

TCDD H; L/B  ODSI” ODS2? ODS2* OoDSs3¢
isomer (kcal/mol)

ke RRI*/ k' RRIY Loglhk K RRIY Logl K RRIY Log
1234 —12.24 .35 1.74 1.132 231 1.087 4.855 4.08 0.839 4970 3.34 0.458 4.298
1236 —14.31 1.49  1.46/1.497 1.016/1.027° 1.98 0976 4.687 4.03 0830 4953 3.13 0435 4270
1237 —-16.71 1.63  1.44 1.077 1.98 0976 4687 446 0902 >5 438 0.567 4431
1238 —16.69 1.59 144 1.077 198 0976 4687 446 0902 >5 395 0.522  4.381
1239 —14.13 1.47  1.46/1.49% 1.016/1.027° 193 0.961 4.659 3.86 0.802 4900 388 0514 4371
1246 —13.01 .35 1.38 0.983 —h — - - — - - - —
1247 —1545 1.47 145 1.013 — - - - - — - - -
1248 —15.48 140 145 1.013 — — - — - — - — -
1249 —12.99 1.29 1.38 0.983 — — — - - — — - -
1267 —14.79 1.68 1.07 0.853 1.50 0.819 4.391 3.39  0.725 4.741 271 0.391 4.203
1268 —15.74 1.55 1.31/1.41¢ 0.953/0.997?% — - - - - - - - -
1269 -13.37 1.35 1.02 0.833 - - - — — - — - -
1278 —-17.12 1.66 1.32 0.956 1.75 0903 45534 4.09 0839 4971 362 0487 4.336
1279 —15.57 1.59  1.31/1.41¢ 0.953/0.9977 — - — - — - - - —
1289 —14.56 1.60 1.07 0.853 1.53  0.829 4410 331 0713 4713 299 0420 4.251
1368 —16.70 1.48 1.66 1.100 224 1.064 4821 486 0.967 >5 379 0505 4.364
1369 —14.35 1.28  1.30/1.33¢ 0.950/0.963¢ — - - — - - — - -
1378 —18.10 1.59  1.59 1.068 210 1.039 4784 490 0974 >S5 477 0.608 4.470
1379 —16.57 1.59 1.66 1.100 2.17  1.039 4784 486 0967 >5 4.67 0.607 4.472
1469 —12.01 117 1.02 0.833 - — - - - - - - —
1478 —15.83 1.34  1.30/1.33% 0.950/0.963¢ 1.75 0.903 4.557 392 0.812 4920 2.83 0404 4.221
2378 —19.54 1.84 142 1.000 205 1.000 4724 506 1.000 >S5 848 1.000 4.743

¢ Stationary phase, Zorbax ODS; column dimensions, 500 mm x 6.2 mm I.D.; mobile phase, methanol.

® Stationary phase, Spherisorb ODS-2; column dimensions, 250 mm x 4.6 mm 1.D.; mobile phase, methanol.

¢ Stationary phase, Spherisorb ODS-2; column dimensions, 250 mm x 4.6 mm 1.D.; mobile phase, acetonitrile—water (88:12, v/v).
¢ Stationary phase, Vydac 201TP; column dimensions, 250 mm x 4.6 mm I.D.; mobile phase, acetonitrile—water (88:12, v/v).

¢ Data from ref. 5.

/ Retention time relative to absolute retention time of 2378-TCDD (30.3 min).

¢ Alignment is not unambiguous.

® — = Not determined.

2378-TCDD is eluted the last from ODS2 and on
ODS3 it is well resolved from all the studied TCDD

log Iz. With acetonitrile—water as mobile phase, six
of the examined isomers elute from ODS2 after

isomers. Possibly the selectivity of ODS3 for TCDDs
makes this partition system well suited to separate
2378-TCDD, the most toxic TCDD isomer, from a
large excess of the other TCDD isomers prior to
analysis by GC-MS or another appropriate method.
In Fig. 2 the chromatogram of the thirteen TCDD
isomers on ODS3 is shown. 2378-TCDD is perfectly
baseline resolved from all the other TCDD isomers
within 35 min.

Further, a shift concerning the range of log Iy is
observed on comparing ODS2 to ODS3. For ODSI
no data are available that allow the evaluation of

benzo[b]chrysene, whereas from ODS3 all isomers
elute between benz[alanthracene and benzo[b]-
chrysene. This observation is in agreement with the
results of other workers [10], who found that ODS
columns from various manufacturers not only pro-
vide different efficiencies for PAHs but also different
selectivities and retention characteristics. They also
observed a dependence of log Iy of PAHs on the
surface coverage with ODS groups and on orgn/sap-
The dependence of log Iz on the mobile phase was
not reported, however.
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Fig. 2. Separation of TCDD isomers on ODS3. Stationary phase, Vydac 201 TP; mobile phase, acetonitrile-water (80:20, v/v); flow-rate,
1 ml/min; detector wavelength, 235 nm; temperature, 25°C. Peaks: 1 = solvent; 2 = nonane; 3 = 1267-TCDD; 4 = 1478-TCDD;
5= 1289-TCDD,; 6 = 1236-TCDD/1234-TCDD; 7 = 1278-TCDD; 8 = 1368-TCDD/1239-TCDD/1238-TCDD; 9 = 1237-TCDD,

10 = 1379-TCDD/1378-TCDD; 11 = 2378-TCDD.

Calculation of geometric parameters

Wise and co-workers [10] found a relationship
between shape parameters, particularily the calcu-
lated length-to-breadth ratio (L/B), of PAHs and
alkylated derivatives and their retention indices on
polymeric ODS phases. The parameter L/B was
introduced by Radecki er al. [15] in quantitative
structure—retention relationship studies to explain
the retention order of PAH isomers separated on
nematic liquid crystal GC phases and by Lamparc-

zyk et al. [16] to describe the bioactivity of PAHs.
Wise et al. [17] found an analogy between the
retention order of PAH isomers separated on liquid
crystal phases of the smectic type by GC and their
retention order on polymeric-type ODS phases
employed in RP-HPLC.

The PCDDs constitute a class of compounds with
a rigid fused-ring structure, similar to the class of
PAHs. It is not yet clear whether all the TCDD
isomers exhibit in solution a folded or a near-planar
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structure. In the following text a folded structure of
TCDDs is defined as a structure with a distortion
angle f > 10°; f is given by the angle between the
planes defined by the two benzene rings.
2378-TCDD has a near-planar structure in the
crystal lattice [18]. Graininger et al. [19] calculated
the ether linkage (COC) bond angles for the 22
TCDD isomers from infrared data (studies in the gas
phase). The average bond angles range from near
planar (115.1°) for 2378-TCDD to approximately
tetrahedral for isomers with aromatic rings of low
electron-withdrawing capacity. However, it must be
stated that dibenzo-p-dioxin, with aromatic rings of
low electron-withdrawing capacity, also exhibits a
near-planar structure in the crystal lattice [20].

We found by quantum mechanical calculation
that the energetic difference between a folded and a
near-planar structure (closed-shell molecules) for
TCDD:s is extremely small. The heat of formation
(H;) calculated by AMPAC was —14.20 kcal/mol
for 1238-TCDD with a distortion angle 8 of 14.5°
and —14.13 kcal/mol for a planar structure
(1 kcal = 4.184 kJ). With 1247-TCDD we obtained
H; = —15.45 kcal/mol for the planar and H; =
—15.52 kcal/mol for the folded (f = 14.2°) structure.
With 1478-TCDD the energetic difference was even
less: Hy= —15.88 kcal/mol (B =14.9%), H;=
—15.83 kcal/mol (f = 0.0°).

Therefore, we assumed that a near-planar struc-
ture can be readily achieved by all the TCDD
isomers and might be the preferred structure when
the analyte is sorbed on ODS-silica gel. The near-
planar structures were employed for the calculation
of the optimized L/B values.

The calculated ratios and the data obtained for H;
(near-planar structures) are listed in Table I. The
thermodynamic stability follows the general trend
that isomers with substituents in lateral positions are
more stable than isomers with substituents in an
o-position to one of the oxygen atoms. 2378-TCDD
with substituents only in lateral positions is thermo-
dynamically the most stable TCDD isomer (H; =
—19.54 kcal/mol), and 1469-TCDD with substi-
tuents only in a-positions is the least stable isomer
(H; = —12.01 kcal/mol). The differences in the H;
values are significant, in order to reflect the stability
of these isomers in the environment, and might be
useful to explain substitution patterns of TCDD
isomers in natural samples.
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The values for L/B range from 1.17 to 1.84. The
TCDDs clearly differ in their geometric parameters.
It can be deduced that 2378-TCDD can be easily
separated from the other isomers if the retention
mechanism is purely shape controlled.

Correlation of capacity factors with length-to-breadth
ratios

A direct correlation of L/B with the retention
indices (log Iz) of the TCDD isomers on the
polymeric phase (ODS3), in analogy with the work
of Wise et al. [10], gave only unsatisfactory results
(R = 0.60). This means that L/B is a parameter that
does not independently predict the retention index
of TCDDs on polymeric ODS phases. In contrast to
the PAHs, the TCDDs have large dipole moments
(1 = 0.02-2.80 D), owing to the presence of chlorine
atoms [21], whereas the dipole moments of PAHs are
of the order of u=10.01 D, and there is little
variation among the values [22]. However, the
overall dipole moment is not a parameter that can
be used to describe all polar features of a molecule
in quantitative structure-retention relationship
(QSRR) studies of separations by RP-HPLC [23]. In
spite of the limited validity of the overall dipole
moment as a descriptor of the polarity of a molecule,
it can be deduced that differences in polarity are
much smaller with PAHs than with TCDDs.

For a classical RP-HPLC system a submolecular
polarity parameter (maximum excess charge differ-
ence) was used together with other parameters as a
significant descriptor of retention data [24]. Sarna et
al. [25] pointed out that elution from an RP column
with an aqueous mobile phase reflects the hydro-
phobicity of a compound, in addition to its organic
phase—water partition coefficient. They determined
octanol-water partition coefficients for a series of
PCDDs and PCDFs experimentally by RP-HPLC.

We assume that for the separation of TCDDs by
RP-HPLC, differences in the polarity of the solutes
cannot be neglected in QSRR studies. The influence
of polarity can be superimposed by steric effects
(quantitatively expressed by the shape parameter
L/B), and this shape parameter gains more influence
with increasing surface coverage with ODS groups
making the organic layer thicker and denser. Obvi-
ously, the mobile phase also influences to a great
extent the shape selectivity of the stationary phase.

In order to verify our assumptions, we correlated
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TABLE 11
RESULTS OF THE REGRESSION ANALYSIS

a, b, ¢ = Regression coefficients; r = partial correlation coefficient; P = probability; R = multiple correlation coefficient.

Correlation a b c F P (%) R r(log k3) r(L/B)
Log k&, = log k' (ODS2)* —0.872 1.371 0.800 18.51 0.05 0.887 0.817 0.865
Log k), = log k' (ODS2y’ —0.987 1.538 0.727 21.63 0.03 0.901 0.840 0.865
Log &, = log k’ (ODS1) —1.015 1.495 0.428 21.41 0.03 0.900 0.839 0.714

¢ Mobile phase: methanol.
b Mobile phase: acetonitrile-water (88:12, v/v).

the logarithms of the capacity factors (log k7) of
ODS3 with those of the columns with less surface
coverage with ODS groups (log k%) according to the
equation

log kY = a + b log k% + cL/B 2)

The variable log k% serves as a polarity descriptor.
The results of the three equations are presented in
Table II. In all instances the variables log &, and L/B
are significant descriptors of log k7. The partial
correlation coefficients show that the shape param-
eter L/B contributes strongly to the predictive ability
of the three equations.

Fig. 3 shows the plots of experimentally deter-

Iog k,cal.

0.9

0.8

03 04 05 06 07 08 09 1
log Kon.

Fig. 3.-Plot of logarithms of calculated capacity factors (log &, )
vs. logarithms of observed capacity factors (log &, ) on ODS3.
O = [k, = k' (ODS1)]; + = [k}, = k' (ODS2), mobile phase =
methanol]; * = [k}, = k' (ODS2), mobile phase = acetonitrile—
water (80:20, v/v)].

mined log k&' (on ODS3) vs. predicted log k'. The
plots show no clustering and uniform error vari-
ances.

CONCLUSIONS

The results of the correlation analysis suggest that
the observed differences in the selectivity of ODS
columns can be attributed to an increasing influence
of steric effects on the retention of analytes with
increasing surface coverage of the stationary phase.
Also, the mobile phase influences to a great extent
the selectivity of ODS phases. The exhibited differ-
ences in selectivity with variations of the mobile
phase can also be attributed to a variable influence
of steric effects on the retention.

L/B can be used as a shape parameter to examine
the influence of the geometry of the analytes. The
relatively low multiple correlations show that L/B
does not totally express the variance of steric
parameters. It must be kept in mind that L/B is a
two-dimensional parameter. If molecules deviate
from a planar structure, this will strongly influence
the retention behaviour.

Wise and May [9] have shown that polymeric
ODS phases are superior to monomeric ODS phases
with respect to the selectivity in the separation of
PAHs. We found the same superiority in the separa-
tion of TCDDs. 1237-1238-TCDD and 1368-1379-
TCDD, which co-elute on the monomeric phases,
can be baseline separated on the polymeric ODS3
column.

This enhanced selectivity can be understood as an
enhancement of the shape selectivity of the station-
ary phase, due to an organic layer with higher
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density compared with the organic layers of mono-
meric ODS phases. The influence of the mobile
phase is not fully understood, however.
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ABSTRACT

Thirteen chiral stationary phases (CSPs) were prepared from p-cyclodextrin (8-CD) and their chiral recognition abilities were
evaluated under normal-phase cohditions by high-performance liquid chromatography. All materials were prepared by three different
methods and contained 3,5-dimethylphenylcarbamate residues. The influence of different spacers, the amount of immobilized carba-
moylated f-CD and the degree of substitution on -CD on the enantioselectivity of the CSPs was considered. The results suggest that
the enantioselectivity of the materials is favoured by high degrees of substitution of carbamate groups on f-CD and large amounts of
chemically bonded carbamoylated -CD. The highest selectivities were obtained on CSPs where complete carbamoylated -CD was

immobilized on the silica surface.

INTRODUCTION

B-Cyclodextrin (f-CD) is a cyclic natural oligo-
mer containing seven glucose units connected via
a-(1,4)-linkages. Schematically, the shape of 3-CD
can be presented as a truncated cone with seven
primary hydroxy groups attached to the smaller
opening of the cone while the remaining fourteen
secondary hydroxy groups are located on the larger
opening of the cone. Both unfunctionalized and
functionalized 5-CDs, chemically bonded to silica,
have been reported to separate a variety of analytes
by HPLC under reversed-phase conditions [1,2].
The separation mechanism has often been claimed
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* Present address: Department of Chemical Engineering 2,
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00 Lund, Sweden.
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to depend on the formation of inclusion complexes
where the guest molecule enters the relative hydro-
phobic interior of the cone from the larger side of
the opening of the cone. This has traditionally re-
sulted in B-CD being chemically bonded to support
particles via the primary hydroxy groups situated
on the smaller opening of the cone.

Recently, the normal-phase separation of
enantiomers on a chiral stationary phase (CSP)-
containing partly naphtylethylcarbamate-substitut-
ed f-CD has been reported [3,4]. As the maximum
degree of substitution per -CD is about 7 [4], both
carbamate groups and remaining unreacted hy-
droxy groups can interact with the enantiomeric
analytes and thus contribute more or less to the sep-
aration mechanism. The separation mechanism on
this CSP has been considered to act more like the
Pirkle-type chiral stationary phases [3].

Enantiomeric separations on 3,5-dimethylphen-
ylcarbamate-functionalized polysaccharides have
been reported to be successful [5]. In fact, 343

1993 Elsevier Science Publishers B.V. All rights reserved
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(80%) of 483 racemic compounds could be resolved
on at least one of the CSPs containing tris (3,5-
dimethylphenylcarbamate)-functionalized cellulose
or amylose [6]. The complete substitution of hy-
droxy groups with 3,5-dimethylphenyl isocyanate
on a, 8- or y-cyclodextrin has recently been reported
[7]. The carbamoylated cyclodextrins were ad-
sorbed on silica particles and chiral separations
were obtained using the normal-phase chromato-
graphic mode. The practical use of the prepared
CSPs is limited, however, as highly non-polar sol-
vents must be used as eluents.

In this paper we report the use of CSPs contain-
ing  3,5-dimethylphenylcarbamate-functionalized
p-CD, chemically bonded to silica, thus avoiding
the limited practical use of the above-mentioned ad-
sorbed carbamoylated CD materials. Thirteen
CSPs were prepared by using different preparation
methods and different spacers. Enantioselectivity of
the CSPs was chromatographically evaluated under
normal-phase conditions with a variety of racemic
solutes. The influence of the degree of substitution
on the $-CD and the amount of immobilized carba-
moylated B-CD on the enantioselectivity is dis-
cussed briefly.

EXPERIMENTAL

Chemicals

The racemic solutes were obtained from different
sources. f-Cyclodextrin (§-CD) of guaranteed re-
agent grade was purchased from Nacalai Tesque
(Kyoto, Japan). Triphenylmethyl chloride (trityl
chloride) and the spacers 4,4'-diphenylmethane di-
isocyanate (A), hexamethylene diisocyanate (B) and
suberoyl chloride (C) were of guaranteed reagent
grade from Tokyo Kasei (Tokyo, Japan) and dode-
canedioyl dichloride (D) (98%) was obtained from
Aldrich (Milwaukee, WI, USA). 3,5-Dimethyl-
phenyl isocyanate was synthesized from 3,5-dimeth-
ylaniline by a conventional method. The silylating
reagent 3-aminopropyltriethoxysilane (99%) was
obtained from Janssen Chimica (Geel, Belgium)
and the silylating agent 3-isocyanatopropyltrieth-
oxysilane (spacer F) from Lancaster Synthesis (Mo-
recambe, UK). Develosil, a totally porous spherical
silica gel with a mean particle size of 5 um, a mean
pore diameter of 100 A and a specific surface area of
345 m?/g, was purchased from Nomura Chemical
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(Nagoya, Japan). Daisogel, a totally porous spher-
ical silica gel with a mean particle size of 5 ym, a
mean pore diameter of 120 A and a specific surface
area of 309 m?/g, was a gift from Daiso (Osaka,
Japan). All solvents used in the preparation of the
CSPs were of at least analytical-reagent grade and
carefully dried before use. Solvents used in the chro-
matographic experiments were of HPLC grade.

Preparation of chiral stationary phases

Method 1. B-CD (0.5 g) was added to either pure
pyridine (12 ml) or tetrahydrofuran (THF)-pyri-
dine (10 + 2 ml), depending on whether isocyanate
(pyridine) or acid chloride (THF-pyridine) func-
tionalized spacers (A, B, C or D) were used in the
derivatization procedure. About 90 mol% of the
available hydroxy groups on the f-CD were reacted
with 3,5-dimethylphenyl isocyanate (1.1-1.3 g) for 3
h at 90°C under a nitrogen atmosphere. The disap-
pearance of the isocyanate groups, -N=C=0
(2200-2300 cm™!) and appearance of carbonyl
groups (1700 cm ~ ') was monitored by FT-IR spec-
trometry. A twofold excess of the spacer (A, B, Cor
D), based on moles of unreacted hydroxy groups on
B-CD, was added to the reaction mixture and the
reaction was continued for 3 h at 90°C. After evap-
oration fo the solvents under reduced pressure, the
modified B-CD was washed with 3 x 10 ml of hex-
ane and then dissolved in THF-pyridine (10 x 2
ml). The B-CD solution was injected on to previous-
ly vacuum-dried (180°C, 4 h) amino-functionalized
silica gel (3.0 g) and reacted at 90°C overnight. The
CSPs obtained were filtered and washed carefully
with an excess of THF, N ,N-dimethylacetamide
(DMA), pyridine, methanol, water, THF, and hex-
ane and finally dried under vacuum at 60°C for
about 5 h. The carbon contents of phase I materials
are approximately comparable to the immobilized
carbamoylated 8-CD contents determined by the
mass difference of the dried particles before and af-
ter functionalization.

Method 2. To a suspension containing previously
vacuum-dried amino-functionalized silica gel (3.0 g,
180°C, 4 h) and THF-pyridine (10 + 1 ml) was
added 0.03 mmol of a spacer (A, B, C or D) per
gram of silica. The amount of spacer added corre-
sponds to the same amount of immobilized carba-
moylated B-CD prepared by method 1 if every
spacer only binds to one $-CD molecule. After
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completion of reaction with the spacer (3 h, 90°C,
nitrogen atmosphere), a small excess of f-CD
(about 1.3 mol excess based on moles of spacer) was
added to the reaction solution together with DMA—
pyridine (10 + 1 ml) and reacted for 3 h at 90°C. A
twofold excess of 3,5-dimethylphenyl isocyanate
(based on moles of unreacted hydroxy groups on
p-CD) was finally added to the reaction mixture
and reacted overnight at 90°C. The CSPs obtained
were filtered and washed as described in method 1.
The amount of immobilized f-CD was measured as
the mass difference of the dried particles before and
after functionalization.

Method 3. Pure spacer F, or a previously pre-
pared spacer solution of E (see below), was drop-
wise added to a pyridine solution (10 ml) of §-CD
(0.5 g) and reacted at 90°C for 1 h under a nitrogen
atmosphere. A twofold excess of 3,5-dimethylphen-
yl isocyanate (2.8 g) (based on moles of unreacted
hydroxy groups) was then added to the reaction so-
lution and reacted for about 4 h at 90°C. The reac-
tion solution was finally added to previously vacu-
um-dried silica gel (3.0 g, 180°C, 4 h) and reacted
overnight at 90°C. The CSPs obtained were filtered
and washed as described in method 1. The materials
obtained were end-capped with trimethylchlorosi-
lane (2 ml) in benzene—pyridine (30 + 1 ml). The
end-capped materials were filtered and washed as
described in method 1. The amount of immobilized
p-CD was measured as the mass difference of the
dried particles before and after functionalization
with $-CD, i.e., before end-capping of the material.

The spacer solution of E was prepared the follow-
ing way: a solution of spacer B in pyridine (3 ml)
was prepared so that the final amount of prepared
spacer E would correspond to two spacers per
B-CD molecule (about 10 mol% of available hy-
droxy groups on S-CD). A small excess of 3-ami-
nopropyltriethoxysilane (1.1 mol excess based on
moles of added spacer B) was added dropwise to the
solution for 5 min at 50°C and allowed to react for 1
h at 50°C.

Preparation of NMR samples

The completely carbamoylated §-CD sample was
prepared by adding an excess of 3,5-dimethylphenyl
isocyanate (2.5 g) to a pyridine solution (10 ml) of
B-CD (0.5 g). After 4 h of reaction at 90°C, the
carbamoylated S-CD was precipitated in methanol-
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water (4:1, v/v), filtered and vacuum dried at 110°C
for 4 h. Elemental analysis data supported the for-
mation of almost completely carbamoylated §-CD
(found, C 6545, H 6.11, N 6.80; calculated, C
65.66, H 6.18, N, 6.96%) [7]. The partly carbamoy-
lated B-CD sample was prepared as described above
with the difference that only 20 mol% of available
hydroxy groups on f-CD were reacted with 3,5-di-
methylphenyl isocyanate. The position C-2- and
C-3-carbamoylated 8-CD sample was prepared by
adding an excess of trityl chloride (1.3 g) to a pyri-
dine solution (14 ml) of 8-CD (0.5 g) [8]. After reac-
tion overnight at 90°C, an excess of 3,5-dimethyl-
phenyl isocyanate (1.9 g) was added to the solution
and allowed to react for 5 h at 90°C. The product
was precipitated in methanol-water (4:1, v/v), fil-
tered and vacuum dried at 80°C for 4 h. The trityl
groups on position C-6 were removed by treatment
with concentrated hydrochloric acid—methanol so-
lution for 1 h at room temperature. The methanol-
soluble products were precipitated in pure water,
filtered and finally vacuum dried at 110°C over-
night.

Preparation of amino-functionalized silica gel

Vacuum-dried silica gel (20 g, 180°C, 4 h) was
suspended in a mixture of 250 ml of dry benzene
and 3 ml of dry pyridine under a nitrogen atmo-
sphere. 3-Aminopropyltriethoxysilane (5 ml) was
added to the suspension and the reaction mixture
was refluxed for about 15 h. The amino functional-
ized silica gel obtained was washed thoroughly with
an excess of THF, methanol, acetone and hexane
and finally dried under vacuum at 60°C for about 5
h. The amount of bonded 3-aminopropyltriethoxy-
silyl groups was determined by elemental analysis:
for develosil, C 4-5, N 1.2%; for Daisogel, C 3.2, N
1.0%.

Treatment of amino-functionalized silica gel with iso-
cyanate

3,5-Dimethylpheny! isocyanate (0.65 g) was add-
ed to a suspension of previously vacuum-dried ami-
no-functionalized silica gel (3.0 g, 160°C, 2 h) in
pyridine (10 ml). The reaction mixture was refluxed
overnight and the partly isocyanate-treated silica
gel obtained was filtered and washed as described
for the preparation of amino-functionalized silica
gel.
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Apparatus and chromatography

The specific surface area of amino-functionalized
silica gel was measured with a Micromeritics (Nor-
cross, GA, USA) Flowsorb II 2300 Flowsorber. 'H
NMR spectra were obtained on a Varian VXR-500
NMR spectrometer operating at 500 MHz, using
pyridine-ds as the solvent and tetramethylsilane
(TMS) as the internal standard. All 'H NMR spec-
tra were recorded at 80°C. The sample tube size was
5 mm and the sample concentrations were ca. 10
mg/ml. Assignment of the three peaks of methyl
groups was made on the basis of known results [8].

The carbamoylated S-CD bonded to silica gels
was packed into 250 x 4.6 mm I.D. stainless-steel
columns by conventional high-pressure slurry-
packing procedures. The chromatographic experi-
ments were performed using a Jasco BIP-1 HPLC
pump, a Jasco 875 UV detector (254 nm), a Jasco
DIP-181C polarimeter (Hg lamp, no filter, 5 x 0.3
cm [.D.) and a Jasco RC-228 recorder at room tem-
perature. About 1-5 ul of a solution of a racemate
was injected into the chromatographic system
(20-ul loop) with a Rheodyne Model 7125 injector.
n-Hexane—2-propanol (90:10, v/v) was usually used
as the eluent at a flow-rate of 0.5 ml/min. The dead
time (¢o) was determined with 1,3,5-tri-tert.-butyl-
benzene.

RESULTS AND DISCUSSION

Characterization of prepared materials

The chiral stationary phases consisting of 3,5-di-
methylphenylcarbamoylated f-cyclodextrin bond-
ed to silica particles were prepared by different
methods. The materials obtained were divided into
two groups of CSPs, phase I and phase II materials.
In phase I materials, probably a large fraction of
the immobilized S-CD molecules are bonded to the
silica surface by the larger opening of the truncated
cone of $-CD. In phase II materials, probably the
smaller opening of the cone is bonded to the silica
surface (Fig. 1). The CSPs are named according to
the orientation of the immobilized -CD molecule,
using the roman numerals I or II, and according to
the spacer used. Six different difunctional spacers,
A, B, C, D, E and F, shown in Fig. 2, were used to
immobilize B-CD. However, depending on the
preparation method used, materials IIB and IIE
contain identical linkages between the silica surface

T. Hargitai et al. | J. Chromatogr. 628 (1992) 11-22

B-CD
(O 14
(HO) 7 Position
Position C,,Cq
Ce

Phase [ materials

spacer
?i — CHaCH,CH— NH

OCZHs

carbamoylated
B-CD

Phase [I materials
spacer
Sli — CHyCH,CH,— NH
OCzHs

carbamoylated
g-CD

Fig. 1. Schematic model of §-cyclodextrin and phase I and phase
II chiral stationary phases.

and the carbamoylated f-CD and are therefore
comparable. The number of spacers per f-CD, in
Tables I and II, were calculated on the assumption
that all added spacers during the preparation of the
CSPs were used as spacers. The carbon contents of
phase I materials are approximately comparable to
the immobilized carbamoylated 5-CD contents de-
termined by gravimetric analysis (Table I).

The different phase I and II materials were pre-
pared by utilizing the commonly accepted fact that
the seven primary hydroxy groups, located on the
smaller opening of the truncated cone (position
C-6), have higher reactivities than the fourteen sec-
ondary hydroxy groups (positions C-2 and C-3)
(Fig. 1) [1]. The higher reactivity of the primary hy-
droxy groups was confirmed by NMR analysis on
three different carbamoylated f-CD samples. Three
peaks were detected for the three different posi-
tioned carbamoylated groups (Fig. 3a). The posi-
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Fig. 2. Difunctional spacers used for immobilization of f-cyclodextrin on silica particles.

tions of the primary versus the secondary carba-
moylated groups were distinguished by using tri-
phenylmethyl chloride (trityl chloride) as a selective
protecting reagent for the primary hydroxy groups
[8], thus obtaining predominately position C-2- and
C-3-carbamoylated f-CD (Fig. 3b). The higher re-
activity of primary hydroxy groups was confirmed
by analysis on a partly carbamoylated f-CD sample
where about four (20%) of the total available twen-
ty-one hydroxy groups on -CD were carbamoylat-
ed (see Preparation of NMR samples). The resulting
NMR spectra show only one peak at the position

TABLE I

for primary hydroxy carbamoylated groups (Fig.
3c).

Phase I materials were prepared by carbamoyla-
tion of about 85-95 mol% of the available hydroxy
groups on $-CD (18-20 OH per -CDs) with 3,5-
dimethylphenyl isocyanate, according to prepara-
tion method 1. The remaining unreacted secondary
hydroxy groups were reacted with a difunctional
spacer and the spacer-functionalyzed B-CD ob-
tained were immobilized on amino-functionalized
silica particles. The degree of carbamoylation on
B-CD was confirmed by elemental analysis of nitro-

CHARACTERIZATION OF PHASE I MATERIALS PREPARED BY METHOD 1

Parameter Chiral stationary phase

Material IA1 1A2 IB1 1B2 1C1 1C2 1D1
Spacer A A B B C C D
No. of spacers per f-CD* 34 1 3 2 3 1-2 1
B-CD (mass %)" 6 il 14 17 10 13 12
C,. (%) 5.5 9.3 10.1 11.9 7.0 10.9 9.5
B-CD (mass %)* 8 14 16 19 11 17 14
B-CD (umol/m?)° 0.05 0.10 0.13 0.16 0.09 0.12 0.11

4 Molar ratios of spacer to $-CD used.
b
[4
d

Based on C elemental analysis.

Based on gravimetric analysis on silica-bonded carbamoylated §-CD.
Due to functionalized phase, including spacer and carbamoylated CD but excluding carbon content on the silica surface.

¢ Surface concentration of carbamoylated §-CD based on gravimetric results for mass% immobilized -CD.
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Fig. 3. '"H NMR spectra of the CH, protons of 3,5-dimethyl-
phenylcarbamate of #-cyclodextrines: (a) 100 mol% carbamoy-

lated; (b) C-2-, C-3-carbamoylated; (c) 20 mol% carbamoylated.
Pyridine-d,, 80°C, 500 MH.
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gen for a 95% carbamoylated §-CD, the calculated
and found nitrogen contents being 6.87 and 6.88%,
respectively. The surface concentration of silica-
bonded carbamoylated 8-CD for phase I materials
is about 0.12 ymol/m? calculated from gravimetric
results (Table I). This is comparable to reported re-
sults [9] of 0.12 and 0.19 umol/m? of hydroxypro-
pyl-functionalized -CD, depending on the specific
surface area of the bare silica, 170 and 100 m?/g,
respectively. As the surface area of the amino-func-
tionalized silica gel used in this work is 290 m?/g
(bare silica 345 m?/g), high absolute amounts of
bonded carbamoylated f-CD are prepared by
method 1 (Table I).

Phase IT materials were prepared by two different
methods. In preparation method 2, spacers were
first bonded to amino-functionalized silica parti-
cles, then unmodified f-CD was immobilized by re-
action between the spacers and the primary hy-
droxy groups on the f-CD. The remaining hydroxy
groups on the immobilized §-CD were finally car-
bamoylated with an excess of the derivatizing agent.
In method 3, a small amount of spacer (about two
spacers per f-CD) was first reacted with the pri-
mary hydroxy groups on -CD followed by carba-
moylation of the remaining unreacted hydroxy
groups. The functionalized -CD obtained was then
immobilized on unmodified silica particles and the
materials obtained were finally end-capped with tri-
methylchlorosilane.

Preparation of phase II materials results in small
amounts of immobilized carbamoylated §-CD com-
pared with phase I materials (Table IT). The gravi-
metrically determined values of the amount of im-
mobilized carbamoylated §-CD, prepared accord-
ing to method 2, are influenced by the formation of
urea groups as a fraction of the added amount of
3,5-dimethylphenyl isocyanate reacts with amino
groups on the silica surface. In an experiment in
which amino-functionalized silica particles were re-
acted with a twofold molar excess of 3,5-dimethyl-
phenyl isocyanate, based on moles of amino
groups, about 0.03 g of urea groups per gram of
silica particles was formed. The amount of immobi-
lized carbamoylated §-CD of CSPs prepared by
method 2 is probably smaller because not all of the
available hydroxy groups were carbamoylated,
even though a twofold excess of the derivatizing
agent was used. Similar results of low degrees of
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TABLE I1

CHARACTERIZATION OF PHASE 11 MATERIALS PREPARED BY METHODS 2 AND 3

Parameter Method 2 Method 3
Material 1IA 1IB Inc 11D 1IE 1IF
Spacer A B C D E F
No. of spacers per f-CD* 1 1 1 1 2 2
B-CD (mass%)® 7-9 7-9 6-8 5-7 6 3

@ Molar ratio of spacer to -CD used.

b Based on gravimetric analysis of silica-bonded carbamoylated -CD.

substitution on immobilization of unfuntionalized
B-CD have been reported [3,10]. A simple calcula-
tion, assuming that the same number of unfunction-
alized B-CD molecules as carbamoylated B-CD
molecules by preparation method 1 were immobi-
lized by preparation method 2, indicates that only
about ten of the available twenty-one hydroxy
groups of f-CD are carbamoylated. This is compa-
rable to values of seven and ten reported for the
degree of substitution of §-CD bonded to silica with
naphthylethyl isocyanate and 2,6-dimethylphenyl
isocyanate, respectively [3]. By using preparation
method 3, completely carbamoylated f-CD (calcu-
lated and found nitrogen contents 7.4 and 7.6%,
respectively) was immobilized on the silica particles.
The small amount (3%, w/w) of immobilized f-CD
on material IIF can be ascribed to steric difficulties
with the relative short spacer arm of spacer F reac-
ting with the silica surface. A satisfactory explana-
tion for the small amount of immobilized f-CD on
material IIE cannot be given.

Different batches of amino-functionalized silica
gels were prepared. The surface concentration of
bonded amino-groups, which was calculated on re-
sults obtained from on C and N elemental analysis,
was 2.7 pmol/m?. The average number of reacted
ethoxy groups per 3-aminopropyltriethoxysilane
was calculated to be 1.9 which corresponds to 3.0
hydroxy groups/nm? having reacted on the silica
surface. These results can be compared with report-
ed values of chemically reactive hydroxy groups on
silica surfaces, based on reactions of monosilanes,
of 2.3 [11] and 2.7 [12] hydroxy groups/nm?.

Most columns exhibited a theoretical plate num-

ber of 3000 per column with benzene as solute. No
improvements in the theoretical plate number by
varying the packing procedure were observed.

Chromatographic evaluation

The chromatographic results for the optical reso-
lution of fourteen racemic solutes (Fig. 4) are pre-
sented in Tables III, IV and V. Thirteen CSPs were
prepared and chromatographically evaluated, seven
phase I materials and six phase II materials. Also,
different spacers were used for the immobilization
of B-CD, the amount of carbamoylated S-CD
bonded to silica and the number of spacers bonded
to each carbamoylated B-CD being varied. As a
general conclusion, phase T materials show superior
enantioselectivity to phase II materials. On phase I
materials, eleven of thirteen racemates were sepa-
rated whereas on phase II materials only five of
fourteen racemates were separated.

Phase I materials. For most racemates an in-
crease in selectivity was observed as the amount of
immobilized carbamoylated §-CD increased. For
racemate 5, however, a higher selectivity was ob-
served on the materials containing smaller amounts
of carbamoylated -CD (materials IB and IC, Table
III). A reverse elution order was also observed for
racemate 5 depending on whether large or small
amounts of -CD were immobilized. An increased
amount of bonded carbamoylated 5-CD resulted in
higher capacity factors. A few exceptions from
these observations are for racemates 7 and 11 eluted
on mateials IA and IB, for which the capacity fac-
tors decrease with increasing amount of bonded
carbamoylated $-CD (Table III). This can be ex-
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Fig. 4. Structures of racemic solutes.

plained by the strong interaction of the racemates
with amino groups on the silica surface. As the
amount of bonded carbamoylated §-CD increases,
the effect of the strong interaction between race-
mates 7 and 11 and the amino groups decreases.

The four spacers A, B, C and D (Fig. 3) can be
divided into two reactive functional groups, isocya-
nate and acyl chloride groups. The spacers bonds to
B-CD through carbamate or ester bonds and to the
amino groups on the silica surface by either urea or
amide bonds. No significant difference in enantiose-
lectivity, depending on the type of spacer used,
could be observed between the different materials
even though a reversed elution order could be de-
tected for racemate 2 depending on the functional-
ity of the spacers used (Table 1II). On the other
hand, a greater influence on the enantioselectivity
of the materials could be observed between the two
isocyanate spacers and the two acid chloride spac-
ers. Higher enantioselectivity was usually observed
for the shorter acid chloride spacer C than the long-
er acid chloride spacer D. Similarly, higher enantio-
selectivity was usually observed for the aromatic,
more rigid, space A than spacer B.

The influence of the number of bonded spacers
per f-CD on the enantioselectivity is difficult to es-
tablish as the amounts of immobilized carbamoy-
lated B-CD on the materials IA, IB and IC are dif-
ferent.

Phase I materials. As mentioned before, phase 11
materials usually have lower enantioselectivity than
phase I materials. The four phase II materials, pre-
pared according to method 2, have very similar
enantioselectivities and capacity factors (Table IV);
hence no significant effect of the spacers can be ob-
served for these materials.

The two phase III materials prepared according
to method 3 show an improved enantioselectivity
compared with the other phase II materials in spite
of the small amounts of immobilized carbamoylat-
ed B-CD (Table V). This probably depends on the
higher degree of substitution of carbamate groups
on B-CD achieved by method 3. The enantioselec-
tivities of the two materials are comparable except
for racemate 11, which on material IIF exhibited
the highest selectivity among all the materials pre-
pared.

Influence of functionality of silica surface. Most of
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TABLE IV
NORMAL-PHASE HPLC SEPARATION DATA FOR PHASE II MATERIALS PREPARED BY METHOD 2

Separation data for a variety of racemic solutes (Fig. 4) obtained on phase II materials prepared by method 2. k', = Capacity factor
with optical rotation (in parentheses) of the first-cluted enantiomer. Separation factor « = k’,/k’,. Mobile phase, n-hexane—2-propanol
(90:10, v/v); flow-rate, 0.5 ml/min.

Solute TA 1IB IIC 11D
No.
K o ky o k' o K o

1 5.59(+) ca. 1 8.76(+) ca. 1 3.82(+) ca. 1 4.89(+) ca. 1
2 0.28(+) ca. 1 0.31(+) ca. 1 0.29(+) ca. 1 0.29(+) ca. 1
3 0.69(+) 1.20 0.64(+) 1.17 0.86(+) 1.23 0.67(+) 1.31
4 1.08 1.0 1.17 1.0 1.59 1.0 1.29 1.0
5 0.57 1.0 0.62(—) ca. 1 0.55(—) ca. 1 0.60(—) ca. 1
6 0.71(—) ca. 1 0.72(-) ca. | 0.74(—-) ca. | 0.70(—) ca. 1
7 0.94 1.0 1.10 1.0 1.54 1.0 1.17(+) ca. 1
8 1.41 1.0 1.45(+)  1.05 L50(+)  1.07 137(+) 107
9 0.71(+) ca. 1 0.79(+) ca. 1 0.75(+) 1.13 0.74(+) 1.04
10 0.56 1.0 0.60 1.0 0.66 1.0 0.58 1.0
11 1.99(+) 105 240(+)  cal 3.15(+)  ca.l 238(+) 106
12 2.39(+) ca. 1 2.86(+) ca. 1 2.78(+) ca. 1 3.03(+) ca. 1
14° - - 4.40(—) 1.09 4.35(-) 1.12 - -

“ Mobile phase = n-hexane-2-propanol (70:30, v/v).

TABLE V
NORMAL-PHASE HPLC SEPARATION DATA FOR PHASE II MATERIALS PREPARED BY METHOD 3

Separation data for a variety of racemic solutes (Fig. 4). k', = Capacity factor with opticat rotation (in parentheses) of the first-eluted
enantiomer. Separation factor o = k’,/k’,. Mobile phase, n-hexane-2-propanol (90:10, v/v); flow-rate, 1.0 m}/min.

Solute ITE* IIE? IIF
No.

k| o k| o K a
1 2.23 1.0 0.82 1.0 0.41 ca. 1
2 0.20(+) ca. 1 0.15(+) ca. 1 0.15(+) ca. 1
3 0.53(+) 1.36 0.38(+) 1.43 0.28(+) 1.47
4 0.62 1.0 0.46 1.0 0.29 1.0
5 1.63(—) ca. 1 0.25(—) ca. 1 0.38(—-) ca. 1
6 0.50(—) ca. 1 0.56 1.0 041(—) ca. 1
7 0.63(—) 1.09 0.50(—) ca. 1 0.35(~) ca. 1
8 0.88(+) ca. 1 0.50 1.0 0.44(+) ca. 1
9 046(+) 147 0.34(+)  1.82 0.35(+)  1.60
10 0.37 1.0 0.31 1.0 0.23 1.0
11 1.00(+) 1.06 0.69(+) 1.09 0.47(+) 1.25
12 2.03 1.0 0.79(—) ca. 1 0.88(—) ca. 1
13 1.00(+) ca. 1 0.32(+) ca. 1 0.29 1.0
14 6.20(—) 1.29 1.40(—)° 1.23 0.82(—) 1.36

@ Before end-capping with trimethylchlorosilane.
b After end-capping with trimethylchlorosilane.
¢ Mobile phase = n-hexane—2-propanol (70:30, v/v).
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the racemates show significantly lower capacity fac-
tors (k) on phase II than phase I materials. This
can be explained by the functionality of the silica
surface and to some extent also by the smaller
amounts of immobilized carbamoylated f-CD on
the phase IT materials. During the preparation of
phase IT materials by method 2, some of the avail-
able amino groups are partly converted into urea
residues, which should influence the surface func-
tionality on the silica gel. The effect of a partly urea-
functionalized silica surface on the capacity factors
of the racemates was compared with capacity fac-
tors obtained on the pure amino-functionalized sil-
ica gel. About 30 mol% of the available amino
groups on the silica surface reacted with 3,5-di-
methylphenyl isocyanate. The results in Table VI
confirm that the functionality of the silica surface
influences the capacity factors of the racemates, es-
pecially for materials with a small amount of bond-
ed carbamoylated -CD. Some racemates, 7 and 11,
interact very strongly with amino groups on the sil-
ica surface, and racemate 1 interacts strongly with
the partly isocyanate-reacted silica surface. These
results explain the higher capacity factors for race-
mate 1 on phase IIA, B, C and D materials com-
pared with phase I materials and the lower capacity
factors for racemates 7 and 11 on phase IIA, B, C
and D materials compared with those on phase I
materials (Tables IIT and IV).

The capacity factors for the racemates are lower
on the trimethylsilane end-capped materials IIE
and ITF than on the other materials. The influence
of end-capping on material IIE is presented in Ta-
ble V. The capacity factors for the racemates de-
crease after the end-capping reaction. The selectiv-
ities for racemates 7 and 9 are affected by the end-
capping reaction. The separation factor (o) for race-
mate 9 increases whereas « decreases for racemate 7
after the end-capping reaction.

Chiral separation mechanism. There are many
reasons for believing that the enantiomeric separa-
tion mechanism is not due to the formation of in-
clusion complexes in the relatively hydrophobic in-
terior of the truncated cone on completely carba-
moylated §-CD. As the normal-phase chromato-
graphic mode was used to evaluate the materials,
probably the interior is occupied with the non-polar
eluent (hexane) [13]. Each glucose unit contains five
chiral centres. Two of these chiral centres are on the

21

TABLE VI

NORMAL-PHASE HPLC SEPARATION DATA FOR
FUNCTIONALIZED SILICA PARTICLES

Separation data for a variety of racemic solutes (Fig. 4) obtained
on amino-functionalized and partly isocyanate-treated amino-
functionalized silica gel. k' = Capacity factor. Mobile phase,
n-hexane-2-propanol (90:10, v/v); flow-rate, 0.5 ml/min.

Solute k'
No.
Amino-silica Isocyanate-treated silica

1 0.58 10.99
2 0.12 0.12
3 0.72 0.25
4 2.01 0.47
5 0.28 0.71
6 0.34 0.41
7 Not eluted 0.42
8 0.30 0.27
9 0.23 0.33

10 0.59 0.23

11 Not eluted 0.79

12 1.21 1.78

C-2 and C-3 atoms. The carbamate groups on C-2
are located at the entrance of the cone and point in
a clockwise direction whereas those on C-3 are lo-
cated on the outside of the cyclodextrin molecule
and point in a counter-clockwise direction [14].
Hence the number and orientation of carbamate
groups on -CD have a large effect on the enantio-
selectivity of the materials.

Comparison with other CSPs functionalized with
3,5-dimethylphenylcarbamate  groups.  Recently
CSPs have been prepared by complete carbamoyla-
tion of «, B- or y-CD with 3,5-dimethylphenyl iso-
cyanate, followed by adsorption of the carbamoy-
lated cyclodextrins on amino-functionalized silica
gel [7]. The CSPs prepared were chromatograph-
ically evaluated with racemates 1, 2, 4, 5 and 6. The
only racemates that were better or comparably sep-
arated on the materials presented in this paper are 5
and 6; the latter racemate was not separated at all
on the adsorbed B-CD CSP. The three other race-
mates (1, 2 and 4) were all separated on the ad-
sorbed B-CD CSP; in fact, 1 and 4 were the only
racemates that could not be separated on the mate-
rials presented in this paper.

Racemates 1-10 have been separated on CSPs
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containing the tris(3,5-dimethylphenylcarbamate)
of cellulose or amylose [5]. Of the ten racemates,
only racemate 9 has a higher separation factor («)
on the phase I materials presented in this paper.

CONCLUSIONS

Many factors influence the separation mecha-
nism on the materials considered here. The influ-
ences of the degree of substitution of carbamate
groups on B-CD and the amount of immobilized
carbamoylated -CD seem to be the most impor-
tant factors for the enantioselectivity. Other factors
such as the functionality and chain length of the
spacer arm, the orientation of immobilized §-CD
and the functionality of the silica surface all con-
tribute to the total interaction possibilities and thus
also influence the separation mechanism. More
work remains to be done before more convincing
explanations can be presented for the separation
mechanism. The inclusion complexation mecha-
nism, however, does not appear to play an impor-
tant role in the separation mechanism.
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ABSTRACT

The separation of C,, and C,, on polystyrene gel using toluene as mobile phase is described. A fully automated system was designed
that permits the separation of 5-10 g of C4,—C,, mixture within 24 h on a column of only 20 mm L.D. The purity of the isolated C, is
greater than that achieved by standard procedures (separation on alumina) and the recovery is nearly 100%.

INTRODUCTION

Alkali-metal-doped Cgp is a molecular supercon-
ductor with by far the highest onset temperature of
superconductivity, 7. [1], Cso-based material
(charge-transfer complex) has the highest critical
temperature, T,, of any molecular organic ferro-
magnet [2,3] and buckminsterfullerene and its de-
rivatives possess remarkable non-linear optical
properties [4]. Owing to these outstanding proper-
ties and the resulting extensive research activity [5],
there is an increasing need for an efficient separa-
tion of fullerenes. The isolation of pure Cg is te-
dious and has proved to be the major constraint on
the pace at which research can proceed.

In the last 2 years, several attempts at the sep-
aration of fullerenes have been published, e.g., on
C.s reversed-phase [6], silica gel [7], alumina [8],
graphite [9] and a n-acidic Pirkle phase [10]. At-
tempts to achieve the separation on a 10-um nitro-
phenyl phase (60 x 25 mm I.D. column) with pure
toluene as the mobile phase were unsuccessful be-
cause all fullerenes were eluted together. Mixtures

Correspondence to: Professor Dr. K. Miillen, Max-Planck-In-
stitut fiir Polymerforschung, Ackermannweg 10, W-6500 Mainz,
Germany.
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of hexane and toluene as mobile phases gave good
separations but were not superior to the other re-
ported methods.

All the methods described so far suffer from se-
vere disadvantages: either the fullerenes are only
slightly to moderately soluble in the mobile phase,
which severely limits the amount of purifiable mate-
rial, or the separation requires higher temperatures
and is therefore not transferable to columns with
larger inner diameter. Pure toluene, in which the
fullerenes are more soluble (the solubility at room
temperature is ca. 6 mg of fullerene mixture in 1 ml
of toluene compared with about 0.4 mg/ml in hex-
ane or 0.8 mg/ml in chloroform) is due to its greater
elution power, generally not applicable to the above
separation procedures. Thus, chromatography on
alumina using pure toluene or even hexane with on-
ly 10% toluene leads to virtually no retention of the
fullerenes. In summary, all the chromatographic
methods applied so far are not suitable for the puri-
fication of larger amounts of Cgo, because either the
solvent consumption is very large (solvent mixtures
are even not suitable for continuous recovery) or
the efficiency, expressed in grams of raw material
separated per day, is very low.

Owing to the size differences of C¢ and C4q (7 A
spheres versus 7 x 7 x 9 A ellipsoids) (Fig. 1), it

1993 Elsevier Science Publishers B.V. All rights reserved



Fig. 1. (a) Structure of Cg; (b) structure of C,,,.

seemed appropriate to try to separate Cgo and Cqq
by size-exclusion chromatography (SEC) on poly-
styrene gel [11,12]. In addition to the ability of SEC
to separate compounds with a size difference of
about 10%, this method possesses the following ad-
ditional advantages over conventional chromato-
graphic methods {13,14]: (1) compounds are eluted
isocratically with a pure solvent so that equilibra-
tion after each run is not necessary, saving much
time and solvent, and further the isocratic elution
allows for immediate recycling of the mobile phase
by distillation, permitting the design of a fully auto-
mated system; (2) the reproducibility of retention
times is excellent, which makes unattended use of
the apparatus possible; and (3) the lifetime of SEC
columns is generally greater than that of conven-
tional chromatographic columns.

EXPERIMENTAL

Equipment

For SEC, the pumps, manometer module, detec-
tor, printer and additional accessories were ob-
tained from Abimed ‘Analysen-Technik (Langen-

A. Giigel and K. Miillen | J. Chromatogr. 628 (1993) 23-29
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Fig. 2. Septum for leak-free connection of capillaries to the dis-
tillation flask.

feld, Germany), the motor valve and controller
from Latek Labortechnik (Eppelheim, Germany),
500 A columns from Polymer Standards Service
(Mainz, Germany) and 50 A columns from Showa
Denko (Shodex, Japan). For HPLC, the column and
stationary phase were obtained from Merck (Darm-
stadt, Germany), the elution pump from Spectra-
Physics (Darmstadt, Germany) and the detector
from Waters (Milford, MA, USA).

An M 305 master pump and an M 306 slave
pump, both with 25 SC piston pump heads, an M
803 C manometer module with integrated pulse
damper, a holochrome UV detector with a 0.3-ul
flow-through type cell (light path 0.1 mm) an
HMV-6 motor valve (six-way valve) with a PT 810
S-controller and a BD-40 printer were used.

Two 600 x 20 mm I.D. main columns (10 um,
500 A) in series with a 60 x 20 mm L.D. guard
column (10 pum, 500 A) were used (two columns in
series improve the resolution, allowing the amount
of material that can be purified in a single injection
to be increased or the purity of the fractions to be
increased [11]; 10-um material was used because of
the improved life time and flow compatibility com-
pared with 5-um material). Capillaries were in front
of the T connection (I.D. 1 mm) and behind the T
connection (I.D. 0.5 mm to avoid a dead volume).
Slip-on filters (10-um frit) were located in front of
the pump heads and in-line membrane filters
(0.5-um frit) behind the pump heads. For the distill-
ation apparatus, all glasware was made of brown
glass to avoid exposure of the fullerenes and the
solvent to daylight [15-17]. The septa of the distill-
ation flasks were conical and made of PTFE (Fig.
2). By tightening the Gl 14 screw-caps the capil-
laries were clamped and sealed. The distillation
head was heated by a heating tape to ensure rapid
distillation of the solvent. The complete apparatus
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fraction 1 1340 mg
fraction 2 S12mg
Traction 3 Bmg |
fraction 4 25 mg
fraction 5 31 mg

Fig. 3. Elution diagram showing the automatic separation of
fullerene raw material obtained by Soxhlet extraction of carbon
soot with hexane. The mass balance for the separation of about
2000 mg raw material is also shown. Injection frequency, 8 min;
detection, UV at 350 nm; other conditions as in Fig. 4.

must be a closed system because the fullerenes are
oxidized in refluxing, oxygen-containing toluene
[15-17].

Procedure

Carbon soot, produced by evaporation of graph-
ite rods in an arc reactor under a helium atmo-
sphere [18,19], was Soxhlet extracted with hexane
[20] for 48 h. After evaporation of the solvent, the
residue was dissolved in toluene with the aid of ul-
trasound, filtered through a 0.25-ym PTFE mem-
brane filter, injected by the M 306 pump into the
elution stream at 8-min intervals and eluted with
pure toluene. Hence there were always about three
substance bands simultaneously on the column.
Switching of the elute subsequently from one distill-
ation flask to the other was achieved with the six-
way valve (remote controlled by the time-program-
mable controller) (Fig. 3). The purity of fraction 1
(Ceo fraction) was always >99.8% (determined by
HPLC).

The conditions for HPLC were as follows: col-
umn and stationary phase, RP-18 (5 um) cartridge
(12.5cm x 8 mm 1.D.); mobile phase, 2-propanol-
toluene (60:40) at a flow-rate of 1 ml/min (Spectra-
Physics gradient pump); injection, 10 ul of toluene
eluate; detection, UV at 590 nm (Waters Model
281). At 590 nm the ratio of the molar absorptivities
of Cgp and C,¢ has been given as 1:1.2 [21]. How-
ever, the calculation of this Cgq:Co ratio of the
used fullerene raw material using the published [21]
molar absorptivity ratio gave 0.75, which is obvi-
ously not.correct; therefore, the Cg/C7o ratios in
Fig. 7b should be corrected to higher values:.

25

Ceo Cao
{24 .9min) (26.1min)

—

t

Fig. 4. Separation of fullerene raw material obtained by Soxhlet
extraction of carbon soot with toluene. Two columns (600 x 20
mm I.D.) in series + 60 x 20 mm 1.D. guard column; stationary
phase, PSS-Gel (10 gm, 500 A); mobile phase, toluene at 15 ml/
min; injection, 7.5 ml of a saturated solution of fullerene raw
material in toluene (ca. 80% Cg,, 18% C,, and 2% higher fulle-
renes); detection, UV at 380 nm.

RESULTS AND DISCUSSION

It appears that neither the mobile phase nor the
pore diameter of the polystyrene gel influences the
separation. Both chloroform and toluene mobile
phases on 50 or 500 A pore diameter polystyrene gel
gave nearly identical chromatograms (see Fig. 4 for
elution with toluene). The smaller Cg, is eluted be-
fore C,9, followed by the higher fullerenes (Cre,
Crs, Cga, Cga). All of them have an elution volume
comparable to the column volume (column volume
= .395.6 ml; elution volume of Cgo = 370 ml).

Flow: 15ml
min
X1X2

flow

17.5
14.1
12.9
1.6

Fig. 5. Influence of the toluene mobile phase flow-rate on resolu-
tion. Injection volume, 1.5 ml; other conditions as in Fig. 4.
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TABLE 1

INFLUENCE OF INJECTION VOLUME ON RESOLU-
TION

Conditions as in Fig. 4.

Injection volume  X,/X,° Injection volume X, /X,°
(ml) (m))

1.5 11.6 7.5 39

3.0 10.0 9.0 29

4.5 1.7 10.5 22

6.0 5.6 12.0 1.7

¢ See Fig. 5.

Hence it is obvious that the compounds are not sep-
arated by a true size-selective filtration. The greater
contact area of Cyo vs. Cgo assuming that the ad-
sorption face of the solute is the maximum available
may explain the different elution behaviours of Cgq
and C,4 on polystyrene gel.

Toluene was used for further separations owing
to the higher solubility of the fullerenes. Optimum
conditions for the separation were found by first
increasing the mobile phase flow-rate at constant
injection volumes (1.5 ml of saturated fullerene so-

2 Cro
b
Cso Cso Cag
njection volume:
1.5ml
higher futlerenes
— 3 _J

Injection volume:
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lution) (Fig. 5) and then increasing the amount of
sample injected at a flow-rate that still gave a nearly
baseline separation of Cgo and C;¢ at an injection
volume of 1.5 ml (Table I and Fig. 6). Up to a mo-
bile phase flow-rate of 15 ml/min and an injection
volume of 12 ml no distortion of the Cg peak shape
was observed, suggesting that the stationary phase
has not been overloaded. Nevertheless, we observe
that with increasing injection volume the C,, peak
becomes more and more symmetrical, which may
be attributed to the complete occupation of “active
centres” by Cgp at larger injection volumes, result-
ing in the “normal” elution of C,¢. Further, we ob-
serve that C, and the higher fullerenes (Cs¢, Cs,
Cs2 and Cg,) elute together at an injection volume
of 7.5 ml. The optimum separation conditions were
determined to be a flow-rate of 15 ml/min mobile
phase and an injection volume of 7.5 ml. The best
fraction cut points (Fig. 7a) were found by analysis
of certain subfractions by HPLC on a reversed-
phase column (Fig. 7b). The vertical dashed line in
Fig. 7a indicates the change from the violet colour
of Cgo to the red-brown colour of C,, in the elute.
The injection interval was determined by switching
the detector to higher sensitivity (Fig. 8). Fullerene
raw material, which was obtained by Soxhlet ex-
traction of soot with toluene, showed marked tail-
ing, resulting in the elution of fullerenes over 9 min,

shoulder caused by
higher fullerenes

injection volume: 12ml

9ml

t

Fig. 6. Effect of injection volume: (a) 1.5; (b) 9; (c) 12 ml. Conditions as in Fig. 4.
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a Ceo Cuo

solvent front

(1.31 min)
Ceo
fr.9
fraction | Cgo- G- [C60/Cro
C intens. | intens. -ratio
7 412 - -
70 8 234 3.1 76
9 151 85 1.8
10 108 500 0.2
fraction | Cgq- Cyo- | Co0/Cro
intens. | intens. -ratio
11 50 674 0.07
14 42 1203 0.04
16 20 578 0.03
18 85 92 0.09

Fig. 7. (a) Separation of fullerene raw material obtained by
Soxhlet extraction of carbon soot with toluene, with cut points
for fractions 1-20. Conditions as in Fig. 4. (b) HPLC of fraction
9 and C,,/C,, content of certain fractions determined by HPLC.

whereas the material obtained by Soxhlet extraction
with hexane showed minor tailing, allowing the in-
jection frequency to be increased to 8 min (Soxhlet
extraction with hexane yields predominantly Cgo
and C,( and only traces of higher fullerenes, where-
as Soxhlet extraction with toluene yields more of
the higher fullerenes) [20].

27
Ceo Cro
(24.9min) (261min)
x 100
toluene
hexane

8min -
9min =1

Fig. 8. Chromatogram of fullerene raw material obtained by
Soxhlet extraction of carbon soot with toluene and hexane. Con-
ditions as in Fig. 4.

CONCLUSIONS

The major advantage of the described procedure
is the use of pure toluene as eluent. In addition to
the improved efficiency compared with literature
methods, this solvent allows an automatic appara-
tus to be set up, which redistils the elute contin-
uously (Figs. 9 and 10). Using this technique it is
possible to separate 5-10 g of fullerene raw material
per day without any solvent consumption. More-
over, the method can be eaily scaled up by using
columns of larger inner diameter. Two points are
worth mentioning. Owing to the exceptionally long
retention time of Cgo and the other fullerenes (‘“‘nor-
mal” compounds are eluted much earlier) the meth-
od is suitable for the detection of very small
amounts of fullerenes in complex matrices (e.g., en-
gine exhaust deposits or reaction mixtures). The in-
terruption of buckminsterfullerene’s conjugation by
functionalization leads to dramatically reduced re-
tention times, permitting the separation of fulle-
renes from their reaction products: Diels—Alder ad-
dition products of C-, with diphenylisobenzofuran
are easily separated from the educts, which also ap-
plies to fragmentation and other addition products
of Cg¢o and Co. Additional work using other sta-
tionary phases (polystyrene gel for reversed-phase
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'Tﬁol%uéﬂ-%—
I

2de

6-way-valve

~;| fullerene-
. solution

Fig. 9. Apparatus for automated separation of fullerene raw material.

chromatography, C;g-modified polystyrene gel,
n-basic stationary phases which possibly separate
the fullerenes by intermediary formation of charge-
transfer complexes) and other solvents is in pro-
gress. Because the column is probably only volume
overloaded at large injection volumes, replacement
of toluene with a better solvent for fullerenes will
dramatically enhance the productivity. Work is in

ondencer

diameter: 7 cm
height: 10 cm to the sqlvcm
from the 6-way-valve Gl-14 with septum l reservoir

Fig. 10. Distillation apparatus for continuous recovery of the
mobile phase.

progress using m-xylene as solvent (the solubility
amounts is ca. 8 mg of fullerene raw material in 1 ml
of m-xylene) and working at higher temperatures
with alkylated and halogenated aromatics and tet-
rachloroethane, which are excellent solvents for ful-
lerenes under these conditions.
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ABSTRACT

Hydroperoxides (HPO) of triacylglycerols (TG) and cholesterol esters (ChE) were selectively determined at picomole levels with a
fluorescence detector by postcolumn reaction with diphenyl-1-pyrenylphosphine. Hydroperoxides were separated on a normal-phase
silica gel column with gradient elution with n-hexane-1-butanol. With this system, TG-HPO and ChE-HPO were separated according
to their class and determined in the range 5-1000 pmol. Detection limits of hydroperoxides of cholesterol linolate and trilinolein were
about 2 pmol (signal-to-noise ratio = 3) and the relative standard deviations of their peak areas were 3.4% (39.1 pmol, » = 7) and 1.8%

(32.4 pmol, n = 7), respectively.

INTRODUCTION

Lipid peroxidation has attracted much attention
as one of the factors that cause some diseases and
ageing [1-4]. However, it has been difficult to deter-
mine lipid peroxides in biological materials because
of their trace concentrations, instability and diversi-
ty. In the initial stage of lipid peroxidation, hydro-
peroxides are produced both enzymatically and
non-enzymatically, and they decompose or poly-
merize gradually to various secondary products.

Lipid hydroperoxides have been determined ac-
cording to their class of molecular levels by both
normal- and reversed-phase high-performance
liquid chromatography (HPLC) [5-9]. UV detec-
tion at 235 nm, depending on their conjugated diene
systems, or refractive index detection were used.
However, these methods suffer problems such as se-

Correspondence to: H. Meguro, Department of Applied Biolog-
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Tsutsumidori-Amamiyamachi 1-1, Aoba, Sendai 981, Japan.
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lectivity, sensitivity or interferences from co-exist-
ing compounds.

Recently, chemiluminescence has been proposed
for the highly sensitive and selective postcolumn de-
tection of lpid hydroperoxides using isoluminol
[10] or luminol [11]. Electrochemical detection has
also been used for this purpose [12]. With chem-
iluminescence methods, hydroperoxides of choles-
terol esters (ChE) and triacylglycerols (TG) were
separated on a reversed-phase ODS column and
gave multiple peaks based on their fatty acid com-
positions. Howevere, some hydroperoxides of ChE
and TG might not be separated from each other.

Hydroperoxides of ChE and TG were expected to
separate into their class levels by normal-phase
HPLC with gradient elution, as non-oxidized lipids
were separated [13]. However, the system is not suit-
able for either chemiluminescence or electrochem-
ical detection because of the incapability of detec-
tion with non-polar organic solvents such as n-hex-
ane, which is popular solvent for normal-phase
HPLC.
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We have previously reported an aryl phosphine,
diphenyl-1-pyrenylphosphine (DPPP), as a fluores-
cence reagent for lipid hydroperoxides [14,15]. This
reagent was successfully applied to the highly sensi-
tive and selective determination of lipid hydroper-
oxides by methods HPLC postcolumn [16-18)]. The
reaction proceeded in organic solvents such as
methanol, 1-butanol, acetone, benzene and n-hex-
ane. This allowed us to use a normal-phase column
eluted with n-hexane. In this paper, we describe the
HPLC determination of hydroperoxides of TG and
ChE separated by a gradient elution with n-hex-
ane-1-butanol on a silica gel column with postcol-
umn fluorimetric detection with DPPP.

EXPERIMENTAL

Chemicals

DPPP was synthesized according to the method
described previously [14]. Trilinolein (TLo), triolein
(TOl), cholesteryl linoleate (ChLo), cholesteryl ole-
ate (ChOl), and cholesteryl arachidonate (ChAr)
were purchased from Sigma (St. Louis, MO, USA).
Methylene blue and triphenylphospine were ob-
tained from Wako (Osaka, Japan). Methanol and
1-butanol were of HPLC grade from Wako and
used as received. n-Hexane was used after distill-
ation. tert.-Butylhydroxytoluene (BHT) was pur-
chased from Tokyo Kasei Kogyo (Tokyo, Japan).
Vegetable oils were obtained from Nacalai Tesque
(Kyoto, Japan). The solvents for dissolving the
samples contained BHT (0.5 g/l) as an antioxidant.

Preparation of hydroperoxides

TLo, ChLo, ChAr and vegetable oils were autox-
idized at room temperature or 40°C in the dark for
12-72 h. TOIl and ChOl where photooxidized in the
presence of 0.1-0.3 mM of methylene blue in etha-
nol. TOI-HPo was also prepared by autoxidation at
40°C for 1 week. They were used after purification
as their monohydroperoxides by silica gel column
chromatography. Their hydroperoxide contents
were determined by fluorimetry [19]. They were
stored in a refrigerator at —25°C as a chloroform—
n-hexane (1:1) solution.

Separation and detection of hydroperoxides
The HPLC separation was performed on a Deve-
losil 60-3 (3 um) column (100 mm x 4.6 mm IL.D.)
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(Nomura Chemical, Aichi, Japan). The chromato-
graphic mobile phase were solvent A = rn-hexane
and solvent B = n-hexane-1-butanol (20:1, v/v),
with a linear solvent gradient from 8% to 90% B
between 2 and 24 min. The flow-rate of the mobile
phases was 0.6 ml/min.

The HPLC eluate was monitored by UV absor-
bance measurement at 235 nm prior to the postcol-
umn reaction with DPPP, but this was not essential
for this system. The eluent was mixed with DPPP
reagent [3 mg in 400 ml of methanol-1-butanol (1:1,
v/v)] which was kept in an ice-bath in the dark to
prevent drifting of the baseline. The flow-rate of the
reagent was 0.3 ml/min and the mixture was passed
through a 20 m x 0.5 mm L.D. reaction coil (stain-
less steel) at 80°C followed by a 0.5 m X 0.5 mm
I.D. coil in a 20°C water-jacket. Detection was per-
formed by monitoring the fluorescence intensity at
380 nm with excitation at 352 nm. The DPPP re-
agent was degassed by sonication under reduced
pressure before use. The mobile phase solutions
were also degassed and stood for 12-24 h.

Equipment

The HPLC pump used was a CCPM multipump
(Tosoh, Tokyo, Japan) in the high-pressure gra-
dient mode. The pump for the reagent solution was
an LC-3A (Simadzu, Tokyo, Japan). The reaction
oven was an RE-8000 reactor. The detectors used
were a UV-8000 spectrophotometer and an
FS-8000 spectrofluorimeter (Tosoh). An SC-8010
data processor (Tosoh) was used.

RESULTS AND DISCUSSION

The properties of DPPP and the mechanism of its
reaction with hydroperoxides have been described
previously [14,15].

The effect of reaction temperature on the peak
height of ChLo-HPO was examined between 40 and
80°C. The peak became higher with increasing reac-
tion temperature as shown in Fig. 1. This means
that hydroperoxides were not decomposed to unre-
active compounds under these conditions. No in-
crease in the baseline noise level was observed with
increase in temperature. The flow-rate of the re-
agent solution had no effect on the peak height in
the range 0.2-0.4 ml/min, but at 0.6 ml/min the
peak became smaller (about 70%) owing to short-
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Fig. 1. Effect of reaction temperature on the peak height of
ChLo-HPO. The separation column was Develosil 60-3 (100 mm
x 4.6 mm 1.D.) eluted isocratically with hexane-1-butanol
(100:1, v/v) at 0.6 ml/min.

ening of the reaction time at higher flow-rate. The
flow-rate of reagent solution adopted in subsequent
work was 0.3 ml/min. After the reaction, the mix-
ture was cooled to room temperature by passing it
through a 0.5-m coil in a water-jacket to prevent
foaming in the fluorimeter cell. This coil also pre-
vented the methanol and n-hexane from boiling in
the reaction coil by increasing the pressure.

The effects of the solvent of the reagent solution
on the peak height of ChLo-HPO were examined.
n-Hexane alone was not suitable because of the in-
stability of the baseline. n-Hexane—1-butanol (1:1,
v/v) solution gave the highest peak. 1-Butanol and
1-butanol-methanol (1:1, v/v) gave 85% and 92%
peak heights, respectively, of that of the n-hex-
ane—1-butanol. This might be attributed to the vis-
cosity of the reaction solution. Although 1-buta-
nol-methanol gave a smaller peak than n-hexane-1-
butanol, it was selected as the solvent in this method
because the baseline became unstable with n-hex-
ane-1-butanol with prolonged operation.

The most significant characteristic of the method
is that gradient elution with mobile phase from »-
hexane to n-hexane—1-butanol (5:1, v/v) is usable
without any effect on the peak area of ChLo-HPO.
The mobile phase solutions were degassed by soni-
cation under reduced pressure. It was recommend-
ed that they be used after standing for 12-24 h to
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minimize baseline drift and to improve the repro-
ducibilities of the peak areas.

Fig. 2 shows the chromatograms obtained with
gradient elution. ChLo-HPO and TLo-HPO were
separated from each other. The baseline drift was

. negligibly small for determination in this range. Ta-

ble I shows the retention times and relative peak
areas of ChE-HPOs and TG-HPOs detected by flu-
orimetry. ChLo-HPO, ChAr-HPO and ChOI-HPO
gave three or two peaks. This might be attributed to
the separation of the structural isomers. With the
exception of the last peak of ChAr-HPO, which was
eluted at 13.75 min, ChE-HPOs and TG-HPOs
were eluted between 8.5 and 12.5 min and between
13.8 and 14.5 min, respectively, independent of
their structural differences. Although there was on-
ly one exception tested, this allowed us to assign
generally the peaks eluted between 8 and 13 min as
ChE-HPO and those between 13.8 and 14.5 min as
TG-HPO. Although unoxidized ChE and TG gave
no peaks in this system, they eluted at 7.5 min.

The peak areas of ChOI-HPO and TOI-HPO
were smaller than those of other HPOs. This could
be attributed to the lower reactivities of the HPO of
oleic acid derivatives with DPPP [19] or less prob-
ably to the much loweer reactivity of the ChOl-
HPOs with a sterically hindered hydroperoxy group
on the cholesterol moiety. These HPOs could not be
detected by the UV method because they do not
contain a conjugated diene system. This means that
the present method is much superior to the UV
method in selectivity for hydroperoxides.

mV
80 -

40 1

Fig. 2. HPLC of ChLo-HPO and TLo-HPO. (A) No injection
(baseline); (B) ChLo-HPO (39.2 pmol); (C) TLo-HPO (42.5
pmol.
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TABLE 1
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RETENTION TIMES AND RELATIVE PEAK AREAS OF LIPID HYDROPEROXIDES

Hydroperoxide Oxidation Retention time (min) Relative peak area
method®
ChOI-HPO P 8.50, 12.30 0.57
ChLo-HPO A 10.37, 11.50, 12.37 1.00
ChAr-HPO A 9.24, 12.33, 13.75 1.06
TOI-HPO A 13.87, 14.23 0.79
P 13.83 0.73
TLo-HPO A 14.23 1.11
TLn-HPO A 14.25 0.92
Olive 0il-HPO A 13.83 0.98
Soybean oil-HPO A 13.80 1.07
Linseed o0il-HPO A 14.07 1.04

@ Hydroperoxides were prepared by (A) autoxidation and (P) photooxidation with methylene blue.

The HPOs of polyunsaturated fatty acid deriv-
atives gave almost the same peak area (R.S.D. =
6.4%, n = 7). The polyunsaturated fatty acid parts
are much more sensitive to peroxidation than the
monoenoic acid and cholesterol parts, and there-
fore it may be expected that most of the HPOs in
foods and biological materials were those of poly-
unsaturated fatty acid derivatives.

With the proposed method, the calibration
graphs for ChLo-HPO and TLo-HPO showed good
linearity in the range 5-1000 pmol (ChLo-HPO, y
= 13.09x + 444, r = 0.9999; TLo-HPO, y =
13.66x — 12.4, r = 0.9997; x = concentration of
hydroperoxide; y = peak area). From two calibra-
tion graphs, the ChE-HPO/TG-HPO peak-area ra-
tios were 1.04 (x = 50 pmol) and 0.966 (x = 500
pmol). This allowed us to use the calibration graph
of either ChLo-HPO or TLo-HPO for the determi-
nation of HPOs in these ranges. The R.S.D.s of
their peak areas were 3.4% (ChLo-HPO, 39.1 pmol,
n = 7)and 1.8% (TLo-HPO, 32.4 pmol, n = 7). At
lower concentrations, ChE-HPO gave larger errors
than TG-HPO because ChE-HPO separated into a
few peaks and the concentration was calculated
from their total peak areas. Although the peak area
of ChE-HPO was larger than that of TG-HPO at
lower concentrations, for both the detection limits
were about 2 pmol (signal-to-noise ratio = 3). This
was also attributed to the peak separation of ChE-
HPO.

Lipid hydroperoxides with a wider range of po-

larities can also be determined by this method. Fig.
3 shows the HPLC of hydroperoxides produced by
autoxidation of trilinolein at 40°C in air. At the be-
ginning, only TLo-HPO (monohydroperoxides)
was detected at 14 min and it increased gradually.
After incubation for 48 h, very small peaks other
than TLo-HPO were also detected at about 18 min.
The peaks were considered as bishydroperoxides
because of their polarities and reaction times. The
more polar hydroperoxides, at 20-28 min, were de-
tected after autoxidation for 120 h. Some of them

mono
mV "
1 bis
400+ -
1 120h
200
] }\ 72h
1 48h
0 T T ™/ 3h
0 10 20 30
min

Fig. 3. Development of hydroperoxides of TLo by autoxidation
at 40°C. TLo was sampled after autoxidation for 3 h (POV =
7.1), 48 h (POV = 91.4), 72 h (POV = 440) and 120 h (POV =
1470), and aliquots (5.4, 4.8, 3.0 and 2.8 ug, respectively) were
injected on to the HPLC column as n-hexane solutions. POV =
Peroxide values determined by our previous method.
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gave no peaks with UV monitoring at 235 nm. They
were probably decomposed products of trilinolein
mono- and bishydroperoxides because they had no
conjugated diene system and the products of the
later stages of oxidation.

CONCLUSIONS

ChE-HPO, TG-HPO and hydroperoxides with
higher polarity were separated by gradient elution
with a normal-phase column. The postcolumn de-
tection system with DPPP was successfully com-
bined with this separation system, and the combina-
tion made it possible to determine lipid hydroperox-
ides with high sensitivity and selectivity. The pres-
ent system should be useful for studying lipid per-
oxidation in complex systems such as foods and
biological materials. The 1-butanol content of the
mobile phase could be raised at least to 16.7% with-
out influencing the postcolumn reaction. This sug-
gests the possibility of the determination lipid hy-
droperoxides with a wider range of polarities using
this system.
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ABSTRACT

A method employing high-performance liquid chromatography with thermospray mass spectrometry (TSP-MS) and photodiode-
array detection was developed and applied to the analysis of autoxidation products of 2,5-dimethyl-N-alkylpyrroles in aqueous solution
under air or '80,. Numerous oxidation products were separated, characterized and categorized, primarily as (1) non-polar oligomers
without incorporated oxygen, and (2) polar, oxygen-containing monomers. Kinetic studies showed that oligomerization was the
dominant autoxidation pathway, with production of unstable dimers and trimers and, ultimately, a high-molecular-mass sediment.
TSP-MS together with UV and proton nuclear magnetic resonance spectral data revealed that both the dimer and trimer contained a
novel methylene bridge. These results suggest that this method is suitable for the analysis of alkylpyrrole autoxidation products that
may be relevant to hexane neuropathy and products that are responsible for the instability of fuels in storage.

INTRODUCTION

Autoxidation of alkyl-substituted pyrroles is a
phenomenon with important toxicological and
chemical implications. For example, 2,5-hexane-
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P.O. Box 509, Albany, NY 12201-0509 (USA).
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ington, DC, May 31-June 5, 1992.
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dione (2,5-HD), the ultimate neurotoxic y-diketone
metabolite of n-hexane, reacts with amino groups in
neurofilament proteins to yield 2,5-dimethylpyrrole
protein adducts [1]. These adducts undergo autoxi-
dation, resulting in protein cross-linking in vitro
[2,3] and in vivo [1,4). Several groups have con-:
firmed pyrrole formation as a necessary step in the
pathogenesis of hexane neuropathy [5-7], although
it is not clear whether autoxidative protein cross-
linking is also required. One study indirectly
showed that intermolecular cross-linking of protein
required pyrrole adducts on both proteins, suggest-
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ing pyrrole-to-pyrrole bridging [8]. These reactions
were accelerated by free radical initiators and thus
were suggested to be free radical-mediated. In con-
trast, a recent investigation suggested that protein
cross-linking was the consequence of the attack of a
nucleophile such as a thiol or an amine of one pro-
tein on an electrophilic, oxidized pyrrole adduct of
a second protein [9].

Alkylpyrrole autoxidation has also been associ-
ated with problems of storage instability of fossil
and synthetic fuels. The presence of trace amounts
of alkylpyrroles in these fuels under air atmosphere
resulted in formation of a highly colored sediment
[10-12]. 2,5-Dimethylpyrrole (DMP) was much
more reactive than unsubstituted pyrrole and was
used as a model compound in these experiments.
Although several groups have presented evidence
for the presence of different functional groups in the
sediment produced in DMP oxidation [13,14] and
have proposed reaction mechanisms [11,15], no in-
termediates or products of autoxidation have been
identified.

It is well known that alkylpyrroles in aqueous or
organic solutions are quickly oxidized by molecular
oxygen to form insoluble, amorphous, and dark-
colored polymers referred to as “pyrrole black™
[16-18). However, little structural information
about these products is available. Alkylpyrrole ox-
idation products, particularly oligomers, are very
difficult to analyze because they are extremely insol-
uble in water and in most organic solvents, and the
intermediates in their formation appear to be very
unstable.

Most previous attempts to analyze alkylpyrrole
oxidation products have employed open column
liquid chromatography and traditional chemical
separation procedures such as extraction and distill-
ation to isolate the oxidation products, followed by
nuclear magnetic resonance (NMR) and infrared
spectrometric analyses [17-19]. The instability of
the autoxidation products during these manipula-
tions renders several of these techniques inappro-
priate for their analysis. In addition, attempts to
separate and analyze products of DMP autoxida-
tion in dodecane and hexane by capillary gas chro-
matography (GC) have been unsuccessful [20], pos-
sibly because of the lack of volatility or the thermo-
labile nature of the products.

Reversed-phase high-performance liquid chro-
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matography (HPLC) has been used successfully for
the separation of several classes of pyrrole-contain-
ing compounds, including bile pigments [21] and
phenylpyrrole derivatives that are products of tryp-
tophan metabolism [22]. Coupling of HPLC with
thermospray mass spectrometry (TSP-MS) [23,24]
and with photodiode-array detection (PAD) [25]
has proven useful for identification of unknown xe-
nobiotic metabolites. This paper reports a method
employing HPLC with TSP-MS and PAD for the
separation and characterization of alkylpyrrole au-
toxidation products. In addition, we describe the
structure of novel alkylpyrrole oligomers produced
from 2,5-dimethyl-N-alkylpyrrole autoxidation.

EXPERIMENTAL

Materials

Ethanolamine and acetonitrile were obtained
from Fisher Scientific (Fair Lawn, NJ, USA), and
5-amino-1-pentanol was obtained from Aldrich
(Milwaukee, WI, USA). 2,5-Hexanedione was ob-
tained from Eastman Kodak (Rochester, NY,
USA). An equimolar mixture of 90, and '80,,
and [?H]CHCl; were from Cambridge Isotope
Labs. (Woburn, MA, USA). Water was purified by
the Milli-Q system (Millipore, Bedford, MA, USA).

Synthetic procedures

Synthesis of 1-(2-hydroxyethyl)-2,5-dimethyl-
pyrrole (HEDMP) was by Paal-Knorr condensa-
tion [26]. A mixture of ethanolamine (1 ml) and 2,5-
HD (1 ml) was heated at 50°C under argon atmo-
sphere for 1 h, followed by evaporation in vacuum
(5 mmHg; 1 mmHg = 133.322 Pa) at 70°C for 2 h.
A single component for the product was detected by
HPLC and GC-MS, and its structure was con-
firmed as HEDMP by GC-MS (m/z 139, 108, 94),
proton magnetic resonance (‘*H NMR) spectrosco-
py (2.25 ppm, s. 6 H; 3.70 ppm, t. >J = 6 Hz, 2 H;
3.88 ppm, t. 3J = 6 Hz, 2 H; 5.78 ppm, s. 2 H.) and
UV spectroscopy (Amax = 230 nm). 1-(2-Hydroxy-
pentyl)-2,5-dimethylpyrrole (HPDMP) was pre-
pared by the same method as HEDMP. The struc-
ture of HPDMP was confirmed by its TSP mass
spectrum ((M + H]" at m/z 182), and UV absorp-
tion spectrum (Agax 226 nm). The product
showed a single peak by HPLC. Pyrroles were
maintained under argon to avoid reactions prior to
the oxidation experiments.
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Autoxidation of alkylpyrroles

Solutions of 1% (v/v) HEDMP in 0.2 M sodium
phosphate buffer (pH 7.4) or 5% (v/v) phosphate
buffer-methanol (90:5) were incubated at 37°C, in
the dark, under air or 80,. Oxidation of HPDMP
(5%, v/v) in phosphate buffer—methanol (1:1) was
carried out under the same conditions. Each sample
was filtered through a 0.2-um nylon filter before
analysis by HPLC.

HPLC-TSP-MS

The HPLC system (Waters, Milford, MA, USA)
consisted of two Model 510 pumps, a Model 680
gradient controller, a Model 740 data module, a
Model 490 multiwavelength detector and a Nova-
Pak (Waters) C;g column (15 x 0.39 cm, 4-um par-
ticle size). The TSP-MS system consisted of a Hew-
lett-Packard (Palo Alto, CA, USA) 5970 quadru-
pole mass analyzer and a Vestec (Houston, TX,
USA) Model 101 thermospray interface. The data
system consisted of a Hewlett-Packard series 200
computer with MS ChemStation software.

Chromatography was performed with gradients
of acetonitrile concentration that were formed by
pumping varying amounts of eluent A (0.1 M am-
monium acetate in water) and eluent B (acetoni-
trile-water, 1:1, v/v, containing 0.1 M ammonium
acetate) to give a total flow-rate of 1.2 ml/min. For
the analysis of HEDMP oxidation samples the gra-
dient was as follows: from 2% B to 20% B over 10
min, a hold for 15 min, to 70% B over 20 min, a
hold for 5 min, to 100% B over 5 min, a hold for 5
min, to 2% B over 5 min. For the analysis of
HPDMP oxidation samples the following gradient
was used: from 20% to 40% B over 5 min, to 100%
B over 20 min, a hold for 15 min, to 20% B over 5
min. The UV detector monitored two wavelengths,
225 and 320 nm, in the maxplot mode, which re-
cords the greater of the two absorbance values.

TSP-MS was performed with a source block tem-
perature of 300-305°C, without the use of filament
or discharge ionization. The vaporizer temperatures
were chosen to be 10°C below the total vaporization
point of the initial mobile phase. The vaporizer set-
ting was sufficiently low to prevent fluctuations in
ionization as the mobile phase composition
changed later in the gradient.
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HPLC-PAD detection

The Waters HPLC-PAD system consisted of
two 6000A solvent delivery pumps, a WISP 710B
sample processor, a Model 720 controller, and a
Model 990 photodiode-array detector. The col-
umns, mobile phases, and gradients used for the
separation of pyrrole oxidation products were same
as those used in the HPLC-TSP-MS analyses, ex-
cept that the flow-rate was 1.4 ml/min. UV absor-
bance spectra were recorded over the range of 200
to 400 nm with a 2-s scanning interval.

GC-MS

The GC-MS system (Hewlett-Packard) consist-
ed of a Model 5890 GC, a Model 5970 quadrupole
mass analyzer and a Model 9000 computer with MS
ChemsStation software. A fused-silica capillary col-
umn (HP-1, 12 m X 0.2 mm, Hewlett-Packard) was
used with helium as the carrier gas at a head pres-
sure of 30 kPa.

'H NMR spectroscopy

The HPLC peak corresponding to HEDMP dim-
er was collected and immediately subjected to nitro-
gen sparging. The eluted sample was then lyophil-
ized and redissolved in 0.5 ml [?H]JCHCIl; and
placed in a 5-mm NMR tube maintained at room
temperature. 'H NMR spectra were acquired on a
Varian XL-300 multinuclear spectrometer operat-
ing at 299.94 MHz using a 4000 Hz sweep width
and 16 000 data points. The pulse width was set as
5.0 us to provide a 30° flip angle. The recycle time
was 2.0 s. A desirable signal-to-noise ratio was ob-
tained after 1000 transients were acquired. Chem-
ical shifts were referenced to tetramethylsilane
(TMS).

Methods for kinetic and stability studies

Freshly synthesized HEDMP was added to
phosphate buffer to give a 1% (v/v) solution and
allowed to autoxidize at 37°C in the dark under air
atmosphere. Aliquots of this solution were analyzed
by HPLC after 3, 18, 72 and 122 h of oxidation. In
order to test the stability of autoxidation products
in aqueous solution, major products of HEDMP
autoxidation (5%, v/v, 5-day sample) were isolated
by HPLC and lyophilization. These were redis-
solved in phosphate buffer (1:5 dilution compared
with original oxidation solution) and reincubated
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under the same autoxidation conditions. Concen-
trations of the major components at different peri-
ods of incubation were determined by HPLC.

RESULTS AND DISCUSSION

HPLC separation of pyrrole autoxidation products
The spontaneous autoxidation of HEDMP in
aqueous solution yielded a complex mixture of
products which are illustrated in a three-dimension-
al HPLC-PAD plot (Fig. 1). Peak AS, correspond-
ing to HEDMP, exhibited a UV absorbance maxi-
mum at 230 nm. Other peaks represented autoxida-
tion products, some of which (peaks Al and A2)
showed absorbance maxima in the range of 310 to
340 nm. Based on these UV spectral data, 225 and
320 nm were chosen as HPLC multiple detection
wavelengths in order to simultaneously detect par-
ent pyrroles and their major oxidation products.
Fig. 2a shows a dual-wavelength HPLC chromato-
gram of HEDMP after incubation in phosphate
buffer (5%, v/v) under air atmosphere for 174 h.
Autoxidation products of HEDMP were also de-
tected by on-line TSP-MS. Fig. 2b shows the total
ion current (TIC) chromatogram recorded during
the same sample analysis (10-fold greater sample
injection) as in Fig. 2a. Both detection methods
showed a similar pattern of oxidation products. The
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lower relative response in the TIC chromatogram to
components eluting later in the gradient (e.g., peak
A7) reflects the suppressive influence of acetonitrile
on the ionization.

Reversed-phase HPLC of HPDMP autoxidation
products in aqueous solution and of a CHCl; ex-
tract of “*pyrrole black™ are presented in Fig. 3, in
which peak B3 represents HPDMP. HPLC elution
profiles of both HEDMP (Fig. 2) and HPDMP
(Fig. 3) oxidation samples showed similar patterns
for major autoxidation products. Several polar
products (peak A1, A2 and A3 in Fig. 2a and peak
B1 and B2 in Fig. 3) eluted at low concentrations of
acetonitrile, and two non-polar products (peaks A6
and A7 in Fig. 2a and peaks B4 and BS5 in Fig. 3)
were found to be concentrated in the CHCl; ex-
tract.

A single analysis by HPLC on C;g columns en-
abled the separation of numerous components, in-
cluding polar, oxygen-containing monomers and
unstable oligomers (see below). In contrast, GC-
MS was found to be inappropriate for the analysis
of the pyrrole derivatives in these complex mixtures
(data not shown). The advantages of this HPLC
method include the lack of a requirement for chem-
ical derivatization or other sample pretreatment,
and increased sensitivity and rapidity of analysis as
compared with previously used open column chro-

Fig. 1. Three-dimensional HPLC-PAD chromatogram from the analysis of an HEDMP autoxidation sample. HEDMP was incubated
in phosphate buffer (5%. v/v) under air for 89 h (see under Experimental). Peak A5 corresponds to HEDMP: other peaks represent

autoxidation products.
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Fig. 2. HPLC separation of HEDMP autoxidation products.
HEDMP was incubated in phosphate buffer (5%, v/v) under air
for 174 h. (a) Maxplot chromatogram (dual-wavelength detec-
tion; 225 and 320 nm). (b) Total ion current chromatogram from
HPLC-TSP-MS analysis of the same sample. Peak designations
refer to data in Table I.
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Fig. 3. HPLC separation of HPDMP autoxidation products.
HPDMP was incubated under air for 76 h (see under Experi-
mental). (a) Maxplot chromatogram (225, 320 nm) of HPDMP
oxidation solution. (b) Maxplot chromatogram of CHCI, ex-
tract from autoxidation sediment. Peak B3 represents HPDMP,
while other peaks correspond to its oxidation products.
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matographic techniques. In addition, the HPLC
technique has the capability of quantitative deter-
mination, providing a useful tool for kinetic studies
of alkylpyrrole autoxidation.

Characterization of autoxidation products by TSP-
MS and PAD

Thermospray mass spectra of both parent pyr-
roles exhibited single peaks representing protonated
molecules without fragmentation (Figs. 4a and 5a).
TSP mass .spectra of major products of both
HEDMP and HPDMP autoxidations are summa-
rized in Table 1. To investigate the incorporation of
oxygen into alkylpyrrole autoxidation products,
HEDMP was oxidized under an equimolar of mix-
ture of 1°0, and 120,. TSP mass spectra of these
aytoxidation products were recorded and are sum-
marized in Table I. In addition, PAD was employed
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Fig. 4. Representative TSP mass spectra of HPDMP and its oli-
gomers. (a) HPDMP; (b) HPDMP dimer; (c) HPDMP trimer.
Molecular ions, major fragments and HPLC retention times are
listed in Table I.
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Fig. 5. Representative TSP mass spectra of HEDMP and its oli-
gomers. (a) HEDMP; (b) HPDMP dimer; (c) HEDMP trimer.
Molecular ions, major fragments and HPLC retention times are
listed in Table I.

to provide structural information (Table I), since
the substitution of carbonyl or other groups con-
taining double bonds at the pyrrole methyl carbon,
and/or the coupling of a pyrrole ring directly to that
of the second pyrrole would be expected to extend
the conjugation of the system, resulting in absor-
bance at longer wavelengths [27,28].

As can be seen in the UV chromatogram, one
major group of autoxidation products consisted of
non-polar alkylpyrrole species (peaks A6 and A7 in
Fig. 2 and peaks B4 and B5 in Fig. 3). TSP mass
spectra of the two non-polar oxidation derivatives
of HPDMP are shown in Fig. 4b and 4c. On the
basis of intense ions corresponding to [M + H]™,

M. Zhu et al. | J. Chromatogr. 628 (1993) 37-47

peaks B4 and B5 were assigned to the dimer and
trimer of HPDMP, respectively. Similarly, two non-
polar products of HEDMP autoxidation were de-
termined to be the dimer (Fig. 5b) and trimer of
HEDMP (Fig. 5¢).

Another major category of autoxidation prod-
ucts was polar oxygen-containing alkylpyrrole
monomers. Two components eluting from the
HEDMP autoxidation solution (peaks Al and A2
in Fig. 2a) exhibited the same molecular ion [M +
H]* at m/z 172, corresponding to the mass of the
protonated alkylpyrrole plus 32 (Table I). The data
suggested incorporation of two oxygen atoms, pos-
sibly due to sequential oxidation of the pyrrole
methyl group to an aldehyde and then to a carbox-
ylic acid. In addition, a common fragment ion (m/z
154) of both components may have resulted from
the loss of water from the [M + H]* ion. TSP-MS
of these two products (Table I) following autoxida-
tion under a 1:1 mixture of 190, and 80, showed
similar intensities of peaks at m/z 172 and 174 and
ions assigned to [M + H — H,0]" at m/z 154 and
156, but no isotopic peak at mjz 176. These data
indicated that during the oxidation process only
one oxygen atom was incorporated into alkylpyr-
role from molecular oxygen, which remained in the
alkylpyrrole fragment after the loss of water during
thermospray ionization. The second oxygen atom
was probably incorporated from the aqueous sol-
vent.

The values of A, of these derivatives, 338 nm for
peak Al and 328 nm for peak A2, were consistent
with extended conjugation of the pyrrole ring with
functional groups that contain a double bond, pos-
sibly resulting from oxidation of the pyrrole methyl
groups to aldehydes. For HPDMP autoxidation,
similar monomeric autoxidation products (peaks
B1 and B2) were present in UV chromatograms;
these exhibited the same pattern of [M + H]™ ions
and value of A, (Table I). The component corre-
sponding to peak A3 (Table I) was another mono-
meric HEDMP derivative that exhibited a [M +
H]* ion consistent with incorporation of only one
oxygen atom.

In addition to the two categories of major prod-
ucts, there were a number of minor autoxidation
products from both alkylpyrroles (Figs. 2 and 3).
These minor pyrrole derivatives exhibited moderate
polarity and were observed only after prolonged in-



M. Zhu et al. | J. Chromatogr. 628 (1993) 3747

TABLE 1
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CHARACTERIZATION OF MAJOR PRODUCTS OF HEDMP AND HPDMP AUTOXIDATION

Peak”’ Retention TSP-mass spectra Amax
time (min) m/z (relative intensity)
Al 48 172° (100), 154 (9) 338
[174 (76), 172 (100), 156 (28),
154(35))°
A2 5.6 172 (100), 154 (32) 328
{174 (100), 172 (92), 156 (54),
154(81)[°
A3 6.1 156° (100), 154 (66) 317
[158 (42), 156 (100), 154 (38)]°
Ad 8.9 170 (55), 152 (100) 224
A5 19.9 140° (100) 230
A6 429 4287 (0.3), 2897 (0.8), 277° (66), 229
152 (100), 140 (4),
138 (94), 126 (4)
A7 473 5657 (0.1), 4289 (2), 414° (24), 226
289 (67), 277 (9), 275 (79),
263 (17), 152 (100), 140 (15),
138 (89)
Bl 29 214* (100), 196 (22) 337
B2 42 214° (21), 198 (100), 196 (42) 318
B3 18.1 182° (100) 226
B4 29.1 5544 (0.8), 373 (0.5), 361° (24), 225
194 (100), 182 (8),
180 (22), 168 (8)
B5 339 540% (18), 373 (100), 359 (18), 223

347 (6), 194 (59), 182 (61),
180 (28),168 (50)

¢ Peaks A1-A7 are from the analysis of HEDMP autoxidation, peaks B1-B5 are from the analysis of HPDMP oxidation.

b Assigned to [M + H]*;
¢ Oxidation under '¢0,/*80,;
4 Assigned to adduct ion.

cubation time. Based on their respective [M + H]*
ions, most of them were assigned as various oxygen-
containing dimers. For example, in HEDMP ox-
idation samples, a peak at retention time 14 min
exhibited an apparent [M + H]* at m/z 293, consis-
tent with a dimer with one oxygen atom incorporat-
ed, while another peak (retention time 30.6 min)
showed an apparent [M + H]* ion at m/z 311, cor-
responding to a dimer with two oxygens incorporat-
ed (Fig. 2).

Identification of the alkylpyrrole dimer

An important goal of this study was to charac-
terize the type of linkage in 2,5-dimethyl-N-alkyl-
pyrrole dimers and larger polymers, since it may
constitute the protein cross-link in 2,5-HD-treated
protein. The dimer molecular mass indicated by
TSP-MS suggested oxidation, or a net loss of 2 H,
in its formation. In addition, the identical UV spec-
tra of alkylpyrrole monomer and dimer (Table I)
indicated a lack of conjugation between the pyrrole
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Fig. 6. Proposed general structure of 2,5-dimethyl-N-alkylpyr-
role dimer and its thermospray mass spectral fragmentation pat-
tern. R, is ((CH,),0H and R, is -(CH,),OH.

rings of the dimer. These results argued against a
direct ring-to-ring dimeric bridging structure [28],
and were instead consistent with involvement of ei-
ther the methyl or N-alkyl groups in pyrrole dimeric
bridging. Since the only structural difference be-
tween the two pyrrole monomers examined in this
study was in the N-alkyl group, the mass spectra
would have exhibited some differences if the N-al-
kyl group was involved in cross-linking. This possi-
bility was excluded by the identical fragmentation
patterns of both HEDMP and HPDMP dimers.
Fig. 6 shows the proposed structure and TSP-
MS fragmentations of the 2,5-dimethyl-N-alkylpyr-
role dimers, which contain methylene bridges from
C-2 of one pyrrole ring to C-3 of another pyrrole
ring. During thermospray ionization, the N-alkyl-
pyrrole moieties remained intact, while the methy-
lene bridges were less stable. The TSP mass spectra
of the dimers (Fig. 4b and Fig. 5b) showed peaks
which were interpreted as being formed by cleavage
of either of the C-C bonds of the methylene bridge
(Fig. 6). Despite the fact that both fragments would
be derived from substituted pyrroles and thus
would be expected to have high proton affinities, in
each case ions from the fragment retaining the
methylene carbon, e.g. the ions with m/z 152 and
138 in the mass spectrum of the HEDMP dimer,
showed much higher intensities than those derived
from the other pyrrole ring, e.g. the ions with m/z
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126 and 140. This might be explained by protona-
tion of the dimer followed by a cleavage mechanism
[29] in which the ions at m/z 138 and 152 arise from
formation of alkyl-substituted 1- and 2-azafulveni-
um ions carrying the positive charge, and the sec-
ond pyrrole is eliminated as a neutral fragment that
would require subsequent protonation for MS de-
tection.

In addition, there were several adduct ions with
higher values of m/z than those of the correspond-
ing [M + HJ" ions in the mass spectra of both the
HEDMP and the HPDMP dimers (Figs. 4b and
5b). The formation of these ions also followed a
pattern. For example, the ion at m/z 428 in the mass
spectrum of HEDMP dimer could be interpreted as
an adduct of the dimer with a major fragment ion
(m/z 152). This TSP mass fragmentation pattern
may be characteristic of the unique bridge structure
of 2,5-dimethyl-N-alkylpyrrole dimers and higher
oligomers.

In the 'TH NMR spectrum of the HEDMP dimer
(Fig. 7), three singlets were observed at 2.16, 2.18
and 2.24 ppm, respectively, which arise from three
isolated methyl groups on the pyrrole ring (protons
labeled e in the structure illustrated in Fig. 7). Four
triplets, at 3.55, 3.74, 3.86 and 3.89 ppm, were as-
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Fig. 7. The 'H NMR spectrum of the HEDMP dimer. Chemical
shifts were referenced to TMS. The numbers of protons within
specified chemical shift ranges are: 2.1 to 2.3 ppm, 9; 3.5 to 3.6
ppm, 2; 3.6 to 3.8 ppm 4; 3.8 to 4.0 ppm, 4; 5.6 to 5.7 ppm, 1; 5.8
to 6.0 ppm, 2. The letters assigned to groups of peaks on the
spectrum correspond to the letters denoting the different groups
of protons in the proposed structure.
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signed to the four methylenes in the two 2-hydrox-
yethyl groups (protons labeled ¢, 3J = 5.0 Hz). A
singlet at 3.68 ppm was assigned to the isolated
methylene connecting the two pyrrole rings (pro-
tons labeled d). In the aromatic region, a singlet at
5.63 ppm was assigned to the isolated proton on
one of the pyrrole rings (proton b), and the two
doublets at 5.83 and 5.89 ppm were ascribed to the
two vicinal protons on the second pyrrole ring (pro-
tons a, 3J = 3.5 Hz). There were three non-equiv-
alent methyl groups in the HEDMP dimer, as dem-
onstrated by its 'H NMR spectrum, implying that
the dimerization was not symmetrical. Asymmetry
of the dimer is also supported by the appearance of
two pairs of triplets which arise from two chem-
ically non-equivalent ethylene groups in the N-alkyl
sidechains. The appearance of the aromatic proton
signals indicate that one proton is isolated on one of
the pyrrole rings and that the other two are adjacent
on the second pyrrole ring. All these observations
confirm the proposed methylene bridge structure of
the HEDMP dimer as shown in Figs. 6 and 7.

UV spectral data also indicated that 2,5-dimeth-
yl-N-alkylpyrrole trimers were formed without con-
jugation between the pyrrole rings. Furthermore, a
similar TSP-MS fragmentation pattern of the tri-
mer as with the dimer suggested an identical methy-
lene bridging structure (Table I). This trimer is pro-
posed to be formed by substitution at the C-4’ posi-
tion of the dimer by a methyl carbon of a third
pyrrole monomer (Fig. 6). Since there are two meth-
ylene-bridge linkages in this trimer, cleavage of the
C-C bonds on either side of the methylene bridges
could yield a total of eight fragment ions in the mass
spectra of both HPDMP and HEDMP trimers.
Most of these ions were observed (Figs. 4¢, 5¢ and
Table I). An isomer of the proposed trimer having
the same linkage structure but a different substitu-
tion position (i.e. at C-3' of the dimer; Fig. 6) is also
possible. However, the structure of the trimer with
C-4’ substitution is considered the most likely be-
cause it would have less steric hindrance.

Kinetic studies

The time course of HEDMP autoxidation is il-
lustrated in Fig. 8. At 3 h (Fig. 8a), only the peak
corresponding to the HEDMP dimer (peak A6) was
present, indicating that this derivative was pro-
duced in the initial stage of autoxidation. After 18
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Fig. 8. Time course of HEDMP autoxidation. HEDMP was ox-
idized in phosphate buffer (1%, v/v) under air for various times.
(@), (b), (), (d) Analysis of samples after 3, 18, 44 and 128 h
incubation, respectively. The oxidation products were analyzed
by HPLC with dual-wavelength detection (maxplot; 225 and 320
nm).

h, the solution was slightly yellow, and HPLC at
this time (Fig. 8b) revealed primarily dimer and
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trimer (peak A7), suggesting that the HEDMP di-
mer may further react with HEDMP monomer to
form the trimer. In addition, two polar, oxygen-
containing products (peaks Al and A3) were pres-
ent at much lower concentrations at this time. The
concentrations of the dimer and the trimer in reac-
tion solutions reached a maximum after 44 h of ox-
idation (Fig. 8c) and then slowly decreased. In con-
trast, the levels of oxygen-containing polar mono-
meric products increased proportionally with incu-
bation time. The only exception was peak A3, cor-
responding to a monomer with one oxygen
incorporated, which decreased in intensity during
the middle period of autoxidation.

In the later stages of autoxidation (122 h), a
“pyrrole black™ sediment was present. HPLC at
122 h (Fig. 8d) revealed a decrease in the concentra-
tions of the HEDMP monomer, dimer and trimer,
while polar monomeric components were now the
major products, in particular peak Al. Results of
other studies with isolated component A2 suggest
that Al may have been generated from A2 during
prolonged incubation. Additionally, HPLC analy-
sis at 122 h showed a number of new peaks, possibly
representing additional autoxidation products,
such as oxygen-containing dimers (e.g. [M + H]*
at m/z 309) or degradation products of the poly-
mers.

Fig. 9 shows the stability of HEDMP dimer,
trimer, and polar monomeric derivatives, recovered
by HPLC and then reincubated in aqueous solu-
tion. Both oligomers were unstable, with ¢,, of ap-
proximately 1012 h. This indicated that tHese oli-
gomers may quickly undergo further reactions to
form polymers or other unknown insoluble prod-
ucts. Additionally, the decrease in the relative con-
centration of the HEDMP dimer with time followed
apparent first-order kinetics. The instability of the
dimer and trimer in aqueous solution accounts for
the decrease in the concentrations of these deriv-
atives in the later stages of autoxidation (Fig. 8). In
contrast, the intensities of peak A4 and the total of
peaks Al and A2 were relatively constant in aque-
ous solution (Fig. 9). Studies of the time course of
autoxidation and stabilities of the major products
in aqueous solution revealed that the formation of
pyrrole dimer was the predominant reaction at
physiological pH. However, there were additional
pathways yielding oxygen-containing monomers or
other derivatives which occurred at a slower rate.
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Fig. 9. Stability of major HEDMP autoxidation products in
aqueous solution. Isolated HEDMP oxidation products (collect-
ed from HPLC eluent) were reincubated in phosphate buffer (ca.
1%, v/v). Relative levels of these components were measured as
peak areas by HPLC maxplot with dual-wavelength detection
after various reincubation times, as compared with zero time
areas. Retention times, UV absorption data, and molecular mass
information of individual components corresponding to each
peak are listed in Table I. M = Peak Al plus peak A2; O =
peak Ad4; ¥ = peak A6; A = peak A7.

CONCLUSIONS

The application of HPLC coupled with TSP-MS
and PAD allowed the simultaneous separation and
characterization of autoxidation products of 2,5-di-
methyl-N-alkylpyrroles, including polar, oxygen-
containing monomers and high-molecular-mass oli-
gomers. The proposed methylene bridge structure
formed upon dimerization of these pyrroles, which
has not been previously reported, was confirmed by
'H NMR spectroscopy. The techniques reported
here should be useful in future mechanistic studies
of pyrrole chemistry as it relates to hexane neuro-
toxicity and the stability of petroleum-based fuels.
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ABSTRACT

Isocratic column liquid chromatography on a poly(styrene-divinylbenzene) stationary phase (PLRP-S, 25 cm % 0.46 cm 1.D.) at
50°C allowed the separation of cefadroxil from related substances. The mobile phase was acetonitrile-0.02 M sodium I-octanesul-
phonate—0.2 M phosphoric acid-water (10.5:20:5:up to 100, v/v). The flow-rate was 1.0 ml/min and UV detection was performed at 254
nm. Official standards were compared and a number of commercial bulk samples and specialities were analysed.

INTRODUCTION

Cefadroxil is a semi-synthetic -lactam antibiotic
from the group of the cephalosporins. Although
column liquid chromatography (LC) of cefadroxil
has been discussed in several papers, the separation
of cefadroxil from its potential impurities has not
been reported. Some papers have described the de-
termination of cefadroxil in biological samples
[1-4], and mainly considered to the separation of
the antibiotic from the biological matrix. The sep-
aration of cefadroxil from a mixture of cephalospo-
rins has also been reported [5,6]. Tsuji et al. [7] stud-
ied the degradation kinetics of cefadroxil by means
of LC techniques. LC has also been used for phar-
macokinetic studies of cefadroxil [8]. The separa-
tion of cefadroxil from excipients of pharmaceuti-
cals has also been reported [9]. The European Phar-
macopoeia (Ph. Eur.) proposed an LC method for
the assay of cefadroxil [10]. Nearly the same LC
method is prescribed by the United States Pharma-

Correspondence to: J. Hoogmartens, Laboratorium voor Farma-
ceutische Chemie, Instituut voor Farmaceutische Wetenschap-
pen, Katholieke Universiteit Leuven, Van Evenstraat 4, B-3000
Leuven, Belgium.

0021-9673/93/$06.00 ©

copeia XXII (USP) for the assay of cefadroxil [11].
This method was examined in our laboratory and it
was found that it did not allow the complete sep-
aration of cefadroxil from its potential impurities;
these results will be reported later. The Ph. Eur. and
the USP prescribe the use of reversed-phase materi-
als based on silica, for which the poor reproducibil-
ity of the selectivity towards cephalosporins has
been reported earlier [5].

In this paper, an isocratic method using poly(sty-
rene—divinylbenzene) (PS-DVB) as the stationary
phase is described. It permits the complete separa-
tion of cefadroxil from known related substances
and performs equally well on different available
brands of PS-DVB. The method has been used to
compare official standards and to analyse a number
of commercial samples of different origin.

EXPERIMENTAL

Reference substances and samples

The United States Pharmacopeia Reference Stan-
dard (USP-RS; Lot H; 929 ug/mg) and the Europe-
an Pharmacopoeia Chemical Reference Standard
(Ph. Eur.-CRS; 94.2%) were used.

Bulk samples were obtained from Italy, India and

1993 Elsevier Science Publishers B.V. All rights reserved
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Belgium. Dosage forms containing cefadroxil (Du-
racef, Moxacef, Bristol) were obtained commercial-
ly in Belgium.

Related substances

Related substances present as impurities in ce-
fadroxil can originate from the semi-synthesis and
from degradation. Fig. 1 shows the structures of
D-cefadroxil and its potential impurities. Com-
pounds VII and VIII, which are the basic constitu-
ents of the cefadroxil molecule, are commercially
available (VII, Gist-Brocades, Delft, Netherlands;
VIII, Janssen Chimica, Beerse, Belgium). Com-
pounds II, VI, IX and XI can arise from the semi-
synthesis of cefadroxil. Compounds II, VI and IX
were prepared in the laboratory and XI was provid-
ed by a manufacturer. The other related substances
are decomposition products formed in acidic (III,
IV), neutral (III, V) and alkaline (X) media. Com-
pounds HI, IV, V and X were prepared in the lab-
oratory. The preparation of these products will be
described elsewhere. Compound X was never isolat-
ed but was prepared in situ by dissolving cefadroxil
in 0.1 M NaOH (1 mg/ml) and storing the solution
at room temperature for 10 min.

Solvents and reagents

Acetonitrile (99%) (Janssen Chimica) and meth-
anol (Roland, Brussels, Belgium) were distilled be-
fore use. 2-Methyl-2-propanol (99.5%) (Janssen
Chimica) was used as received. Phosphoric acid
(85%) and potassium dihydrogen phosphate (ana-
lytical-reagent grade) were purchased from Merck
(Darmstadt, Germany) and sodium 1-octanesul-
phonate (NaOS) from Janssen Chimica. Water was
distilled twice.

LC apparatus and operating conditions

Isocratic elution (1 ml min~*) was used through-
out. The equipment consisted of an L-6200 pump
(Merck—Hitachi, Darmstadt, Germany), a CV-6-
UHPa-N60 20-ul loop injector (Valco, Houston,
TX, USA),a25cm x 0.46 cm [.D. column, packed
with 8-um PLRP-S 100 A (Polymer Labs., Church
Stretton, Shropshire, UK), a Model D 254-nm
fixed-wavelength UV monitor (LDC/Milton Roy,
Riviera Beach, FL, USA) and a Model 3396 A in-
tegrator (Hewlett-Packard, Avondale, PA, USA).
The column temperature was maintained at 50°C by
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means of a water-bath heated by a Julabo EM ther-
mostat (Julabo Labortechnik, Seelbach, Germany).
The selectivity of the method was also tested on
other PS-DVB stationary phases [PRP-1 (10 pum)
and PRP-1 (7-9 um); Hamilton, Reno, NV, USA]
For the examination of peak homogeneity the UV
detector was replaced with a Model 990 photo-
diode-array detector (Waters Assoc., Milford, MA,
USA). A Marathon autosampler with sample cool-
ing (Spark Holland, Emmen, Netherlands)
equipped with a fixed 20-ul loop and a Julabo C and
F10 cryomat was used for quantitative analysis.

Mobile phase

The mobile phase finally used was prepared by
mixing 500 ml of water, 105 ml of acetonitrile, 200
ml of 0.02 M NaOS and 50 ml of 0.2 M phosphoric
acid. The mixture was diluted to 1000 ml with water
and degassed by ultrasonication before use.

Sample preparation

Samples for quantitative analysis were prepared
by weighing an amount corresponding to 30 mg of
cefadroxil into a 20-ml volumetric flask. Mobile
phase containing 30% of 0.02 M NaOS solution
was used as the solvent. For the specialities a mix-
ture of sample powder and solvent was ultrason-
icated and centrifuged and the supernatant was
analysed. The reference substances were dissolved
the same way as the samples.

RESULTS AND DISCUSSION

Development of the chromatographic method
PS-DVB was used as the stationary phase be-
cause of its good stability, even at extreme pH con-
ditions and high temperatures [12]. The stationary
phase was heated at 60°C to enhance the mass
transfer and to reduce the back-pressure. The influ-
ence of the column temperature is discussed below.
The mobile phase, developed earlier for the chro-
matography of cefalexin [13], was examined for its
suitability to separate cefadroxil from its potential
impurities. It consisted of acetonitrile—0.02 M
NaOS8-0.2 M phosphoric acid (pH 1.4)-water
(10:5:10:up to 100, v/v). Using this mobile phase,
cefadroxil was separated from the related substanc-
es, but some substances (I and VI) were eluted as
split peaks. The composition of. the mobile phase
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Fig. 2. Influence of the concentration of acetonitrile on the separation of cefadroxil and related substances at (A) pH 1.4, (B) pH 3.0 and
(C) pH 4.0. Stationary phase: PLRP-S 100 A (8 um). Mobile phase: acetonitrile-0.02 M NaOS-0.2 M H,PO, or 0.2 M phosphate buffer
(pH 3.0 or 4.0)-water [x:10:5:up to 100, v/v].
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obviously needed some modification. Therefore, the
mobile phase was further evaluated by systematic
examination of its components.

The solution of phosphoric acid was replaced
with 0.2 M phosphate buffers of pH 3.0 or 4.0 in
order to examine the influence of the pH on the
separation. For each pH, the amount of organic
modifier was varied to optimize the separation (Fig.
2). All the products eluted much faster at higher
pH, except for III, IV and V, which were not affect-
ed by the pH. Compounds III and IV had no posi-
tively charged amino group like the other related
substances and consequently did not interact with
the ion-pairing reagent. Compounds III and V were
almost never separated at thefinvestigated pH val-
ues. Compound V was probably hydrolysed by
acidic mobile phases and converted into III. This
was confirmed by photodiode-array detection.
Compound XI was eluted very late compared with
the other substances, except at pH 4.0. At pH 1.4
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Fig. 3. Influence of the concentration of 2-methyl-2-propanol as
organic modifier on the separation of cefadroxil and related sub-
stances. Stationary phase: PLRP-S 100 A (8 um). Mobile phase:
2-methyl-2-propanol-0.02 M NaOS-0.2 M H,PO,—water
[x:10:5:(85 — x), w/v/v/[v].
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complete separation between cefadroxil and related
substances was achieved when less than 12% of ace-
tonitrile was used. A pH of 1.4 gave an average
plate number of 3000/m. At pH 3.0 the order of
elution was changed, IV being eluted after cefa-
droxil. Using about 7% of acetonitrile, all the relat-
ed substances were separated from cefadroxil. The
efficiency was distinctly lower, however, than at pH
1.4 (1600 plates/m). At pH 4.0 a very low efficiency
was obtained (400 plates/m). Only very slow elution
with 3% or less of acetonitrile present allowed the
complete separation of cefadroxil. In conclusion,
phosphoric acid was chosen to adjust the pH of the
mobile phase. At this pH the retention time of IX
was at least four times that of cefadroxil, and be-
cause its separation caused no problem, IX was
omitted from subsequent experiments.

Mobile phases with other organic modifiers were
also examined. 2-Methyl-2-propanol had already
been demonstrated to be very suitable for the LC of
tetracycline [14] or erythromycin [15] on PSDVB.
Fig. 3 shows the capacity factors obtained with dif-
ferent concentrations of 2-methyl-2-propanol.
None of the investigated mobile phases was able to
separate cefadroxil and its 42-isomer VI, although
the efficiency (3500 plates/m) was better than with
acetonitrile. In Fig. 4 the elution pattern obtained
with different concentrations of methanol as organ-
ic modifier is shown. Also owing to the low effi-
ciency (1700 plates/m), cefadroxil was not separated
from IV and VI. As a result, acetonitrile was pre-
ferred as the organic modifier.

The concentration of 0.2 M phosphoric acid did
not affect the selectivity in the range examined (2.5-
7.5%, v/v). Therefore, the initial concentration of
5% was maintained.

The influence of the ion-pairing reagent NaOS is
shown in Fig. 5. With 5% of the 0.02 M NaOS
solution most substances were eluted too fast and
the elution order had changed, the non-protonated
IV now being eluted between cefadroxil and VI.
Doubling the original concentration of 0.02 M
NaOS to 20% gave a remarkable improvement.
The peaks corresponding to IT and VI were sym-
metrical and the separation between IT and IV had
improved. In further experiments, 20% of 0.02 M
NaOS solution in the mobile phase was adopted.

The mobile phase finally selected for further use
throughout the study was acetonitrile-0.02 M
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NaOS-0.2 M phosphoric acid—water (10.5:20:5:up
to 100, v/v).

The selectivity of the method was further vali-
dated by examination of the peak homogeneity of
the cefadroxil peak after decomposition of a sample
in alkaline or acidic medium. For this purpose, the
chromatograms were recorded by means of photo-
diode-array detection. A solution of cefadroxil in
0.1 M NaOH (1 mg/ml) was stored at room temper-
ature for 10 min, neutralized and analysed. The ce-
fadroxil content had already decreased by 50%. Af-
ter examination of the UV spectra of the left-hand
slope, the maximum and the right-hand slope of the
cefadroxil peak, it was found to be homogeneous. A
solution of cefadroxil in 0.1 M HCl (1 mg/ml)
stored at 60°C for 5 h was examined in the same
way. The cefadroxil content was reduced by about
5% but the peak was homogeneous.

The reproducibility of the selectivity on other
PS-DVB stationary phases was checked using the
same mobile phase. The content of acetonitrile was

C. Hendrix et al. | J. Chromatogr. 628 (1993) 49-58
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phase on the separation of cefadroxil and related substances.
Stationary phase: PLRP-S 100 A (8 um). Mobile phase: aceto-
nitrile-0.02 M NaOS-0.2 M H,PO —water [10:x:5:up to 100, v/
V).

adapted for each column to obtain comparable re-
tention times. The characteristics of the columns are
listed in Table I. The separation pattern, shown in
Fig. 6, is the same for each column. This reproduc-
ible selectivity is an advantage with regard to the
use of reversed-phase stationary phases based on
silica and ensures an improvement of the between-
laboratory precision.

The influence of the column temperature on the
separation was investigated at 50, 60 and 70°C. The
products were eluted faster at higher temperature,
but the selectivity was similar at all three temper-
atures. The stability of a solution of cefadroxil in
the mobile phase stored at these three temperatures
was also examined. The solutions stored at 60 or
70°C showed decomposition after 45 minutes (0.3%
and 3.7%, respectively), whereas at 50°C no decom-
position was observed. In order to guarantee stabil-
ity of the samples during analysis, the column tem-
perature was decreased to 50°C.

Analysis of a solution of cefadroxil in water gave
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TABLE I
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CHARACTERISTICS OF THE PS-DVB COLUMNS USED, WITH THE RESPECTIVE CONCENTRATIONS OF ACETO-

NITRILE IN THE MOBILE PHASE

Column Age Stationary phase Batch Acetonitrile (%)
(years) (250 x 4.6 mm I.D.)
A 5 PLRP-S 100 A (8 um) (10-12-85)B 11.0
B 5 PLRP-S 100 A (8 pm) (10-12-85)B 11.0
C 2 PLRP-S 100 A (8 um) 35 10.5
D 1 PLRP-S 100 A (8 um) 35 11.0
E 1 PLRP-S 100 A (8 um) 35 1.5
F New PLRP-S 100 A (8 um) 8M-RPS-1-64 10.5
G 6 PRP-1 (10 um) 79400 11.5
H New PRP-1 (7-9 ym) 457 11.0

several disturbing system peaks. Using the mobile
phase as the solvent, some system peaks disap-
peared. After systematic variation of thie composi-
tion of this solvent, a mobile phase cOntaining 30%
of 0.02 M NaOS was chosen as the solvent for the
samples. Unfortunately, one small system peak was
still present.

Fig. 7 shows a typical chromatrogram of cefa-
droxil obtained using the selected chromatographic
conditions. The positions of the related substances
are indicated.
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Finally, a resolution test for this LC method was
developed. The products that eluted closest to ce-
fadroxil were IV, I and VI. As these related sub-
stances were not commercially available, a solution
of 5 mg of cefadroxil and 40 mg of amoxicillin tri-
hydrate in 50 ml of water was used to calculate the
resolution. Amoxicillin was chosen because its
sfructure is closely related to that of cefadroxil. As’
its specific absorption is much lower than that of
cefadroxil, the concentration was adjusted in order
to obtain peaks of equal height. A mixture of ce-
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Fig. 6. Capacity factors of cefadroxil and related substances on different PS-DVB columns (see Table I for characteristics). Mobile
phase: acetonitrile-0.02 M NaOS-0.2 M H,PO ~water [x:20:5:up to 100, v/v}; for x, see Table 1.
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Fig. 7. Typical chromatogram of cefadroxil (30 ug). The posi-
tions of the related substances are indicated. Stationary phase:
PLRP-S 100 A (8 um), 50°C. Mobile phase: acetonitrile—0.02 M
Na0S-0.2 M H,PO~water (10.5:20:5:up to 100, v/v). S = Sys-
tem peak.

fadroxil and small amounts of IV, II and VI was
analysed for visual evaluation of the separation.
These solutions were repeatedly analysed on the
columns listed in Table I, while the amount of or-
ganic modifier was increased. It was concluded that
a resolution of 4.0, calculated for the peaks of ce-

TABLEII
COMPOSITION OF CEFADROXIL STANDARDS

Values in % (w/w); R.S.D. values (%) are given in parentheses.

C. Hendrix et al..| J. Chromatogr. 628 (1993) 49-58

fadroxil and amoxiciilin, guaranteed sufficient sep-
aration of cefadroxil from IV, IT and VI.

Quantitative aspects of the LC method

The loadability was not only limited by the ca-
pacity of the column or the composition of the mo-
bile phase, but also by the equipment used. Analysis
of more than 100 ug of cefadroxil gave a chromato-
gram with an incompletely integrated cefadroxil
peak. It was decided to use a 30-ug amount for
quantitative analysis of cefadroxil samples. For this
amount the limit of detection (LOD) (§/N = 3) was
0.04%, expressed as cefadroxil. The limit of quanti-
fication (LOQ) was 0.08% [n = 8, relative standard
deviation (R.S.D.) = 16%]. The repeatability was
checked by analysing six times the same solution of
cefadroxil (30 ug) (R.S.D. = 0.04%, calculated on
the area of the cefadroxil peak) and by analysing
subsequently six freshly prepared solutions of ce-
fadroxil (30 pg) (R.S.D. = 0.3%, calculated on the
area of the cefadroxil peak). At about 6°C, solu-
tions of cefadroxil in the mobile phase remained
stable for at least 24 h. Linearity tests were perform-
ed (y = peak area/1000, x = amount injected in
ug): y = 9969x — 2709, standard error of estimate
Sy.» = 609, correlation coefficient r = 0.999 (n =

9), range of x.covered in the experiments = 24-36
Heg.

Parameter Ph. Eur.-CRS USP-RS
(94.2%) (929 pg/mg)
Number of analyses 9 9
Number of solutions analysed 3 3
Cefadroxil 94.24" (0.8) 93.92 (0.4)
Impurities 0.31° 0.48 (9.5)
Residual solvents 0.29° <0.1%, ND*
Water 5.16° 5.21%, ND¢
Total 100.0 99.6

@ Following ref. 16.
® Following ref. 17.
¢ ND = Not determined owing to limited amount of sample.
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TABLE III
COMPOSITION OF BULK SAMPLES OF CEFADROXIL

57

Values in % (w/w); R.S.D. (%) is given in parentheses. Water was determined by Karl Fischer titration. N = Number of analyses.

Origin Sample LC: LC: Water Total Total Non-aqueous
No. Cefadroxil Impurities n=4 4+ B+ O (C + D) titration

(n=175) (n=75) (9] (n=4
(4) B (D)

A 1 94.01 (0.4)  0.30(10.0) 5.52(2.3) 99.83 100.03 94.51 (0.1)

A 2 92.47 (0.3) 1.06 (11.2)  5.50 (2.3) 99.03 100.10 94.60 (0.2)

B 3 9398 (0.6) 0.59 (12.6) 5.65(2.0) 100.22 101.06 95.41 (0.4)

C 4 93.72(0.2)  0.58 (7.8) 5.68 (2.4) 99.98 100.46 94.78 (0.3)

C 5 9421 (0.5) 0.44(11.0) 5.16(1.5) 99.81 100.45 95.29 (0.0)

Comparison of cefadroxil standards

The USP-RS and the Ph. Eur.-CRS were com-
pared by means of the proposed LC method. The
cefadroxil content of the USP-RS was calculated by
comparison with the Ph. Eur.-CRS, which has an
assigned cefadroxil content of 94.2% on “as is”
[16]. Samples of 30 ug of each standard were ana-
lysed. Because the standards contained only small
amounts of impurities, the total content of impuri-
ties was calculated by comparison with the peak
area obtained for 0.3 ug of cefadroxil Ph. Eur.-CRS
(1% of the main peak). The results are given in Ta-
ble II. The R.S.D. values, given in parentheses, are
within acceptable limits. The LC result for the USP-
RS seems to be higher than the declared content.
The latter, however, is expressed in ug of activity
per mg and not in ug of mass per mg. The sum of
cefadroxil, impurities, residual solvents and water

TABLE IV

for the USP-RS is close to 100%. Owing to the lim-
ited amount of this standard available, the contents
of water and residual solvents were not determined.

Analysis of commercial samples

A number of bulk samples of cefadroxil were
analysed against the Ph. Eur.-CRS and the results
are given in Table III. The R.S.D. on the cefadroxil
content did not exceed 1.0%. The total mass was
well explained by addition of the content of cefa-
droxil, impurities and water, except for sample 2,
which has the lowest content of cefadroxil. This
may be because some of the decomposition prod-
ucts have a lower UV absorbance than cefadroxil at
254 nm.

For comparison, the base content of the bulk
samples was determined by non-aqueous titration.
Cefadroxil (250 mg) was dissolved in 40 ml of acetic

CEFADROXIL CONTENT OF PHARMACEUTICALS AS A PERCENTAGE OF LABEL CLAIM

Sample  Form Mean content (%, w/w) R.S.D.
No. (n=4 (%)

1 Capsules 106.78 0.9

2 104.92 0.4

3 Powder for suspension 111.18 0.8

4 120.90 1.0

5 101.57 0.8

6 111.08 1.3
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acid and titrated with 0.1 M perchloric acid using
potentiometric end-point detection. Each sample
was titrated four times. The results are given in Ta-
ble IT1. The total figures are higher for the titration
results, which might be due to the presence of impu-
rities carrying a basic function. The content of re-
sidual organic solvents was not determined. All the
samples complied with Ph. Eur. requirements for
content (95.0% on an anhydrous basis) and water
(3.0-6.0%).

A few pharmaceutical preparations of the same
origin were analysed following the same method.
The content was expressed as a percentage of the
label claim. The results are given in Table IV.

CONCLUSIONS

The results show that the described LC method is
suitable for purity control and assay of bulk sam-
ples and of preparations of cefadroxil. Important
advantages-of the method are its reproducible selec-
tivity and the applicability on PS-DVB stationary
phases of different origins and ages.
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heterogeneous solids by using gas—solid chromatographic

data
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ABSTRACT

A new numerical method for calculating the adsorption energy distribution function from retention volume data obtained by
gas—solid adsorption chromatography is introduced. The method, which considers the ill-posed character of the problem, is applicable
to all physico-chemical models that describe the local adsorption on one kind of sites. Using Langmuir and Jovanovic local isotherms
the distribution functions are determined for n-hexane and 1-hexene on a glass and for cyclohexane and cyclohexene on two silica gels

with different pore sizes.

INTRODUCTION

In recent years the problem of finding the distri-
bution of adsorption energies for heterogeneous
adsorbents has been considered in detail (see refs. 1
and 2 and references cited therein). The application
of gas chromatography (GC) has received a great
deal of attention because the technique is an effective
method of obtaining information about the interac-
tion of gases with solid surfaces and can be used to
collect both temperature- and pressure-dependent
data [3]. Although both types of data have been used
for evaluating energetic heterogeneity of adsorbents
[1,4], pressure-dependent GC measurements appear
especially appropriate for calculating the energy
distributions of different solids [3,5].

There are two possible ways of using GC for
calculating the distribution of adsorption energies.
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* Permanent address: Department of Chemistry, Leipzig
University, O-7010 Leipzig, Germany.

0021-9673/93/806.00 ©

One of these involves the initial calculation of the
adsorption isotherm from retention measurements
and then using an analytical or numerical algorithm
for evaluating the energy distribution function from
the isotherm. Recently, Guiochon and co-workers
[6-8] have employed this approach to obtain the
energy distributions for different alumina samples.
Also, Roles and Guiochon [9-11] have reexamined
the procedure of calculating adsorption isotherms
and have discussed the precision and accuracy of
this procedure. The above approach also has been
used by Jagiello and co-workers [12-14] for studying
energetic heterogeneity of modified silicas.

The other way of using GC measurements for
calculating the energy distribution functions is based
on theoretical equations, which relate directly reten-
tion volume measurement to the energy distribution.
This later approach has a long history. In 1974
Rudzinski et al. [15] showed that the energy distribu-
tion function could be expressed as a series, which
contained derivatives of the retention volume with
respect to equilibrium pressure. According to this
formulation, a crude approximation of the energy
distribution is expressed by the retention volume,

1993 Elsevier Science Publishers B.V. All rights reserved
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whereas a better approximation of this distribution
is obtained from the first derivative of the retention
volume with respect to pressure. Rudzinski et al. [15]
and later Boudreau and Cooper [16] used the latter
more refined approach for calculating the energy
distribution function of different solids. In 1976
Suprynowicz et al. [17] proposed an integral equa-
tion for expressing the overall retention volume in
terms of the energy distribution function, which
characterizes energetic heterogeneity of solid sur-
faces. These authors [17] and others [18] used this
integral representation to propose simple analytical
equations for calculating the energy distribution
functions of different modified silicas. These works
are discussed in recent monographs by Paryjczak [3]
and Jaroniec and Madey [1]. Recently, this integral
equation was solved analytically for a y-type distri-
bution in order to model the pressure dependence [3]
and temperature dependence [4] of retention volume
on energetically heterogeneous surfaces.

The integral representation of the overall reten-
tion volume on energetically heterogeneous surfaces
gives a direct relationship between GC measure-
ments and the energy distribution function. There-
fore, numerical inversion of this integral with respect
to the energy distribution function seems to be a
promising approach for evaluating the energetic
heterogeneity of different solids on the basis of GC
measurements, which has not been discussed in the
literature.

The aim of the current work has been to develop a
numerical method for inverting the integral equa-
tion of the retention volume with respect to the
energy distribution. In addition, problems associ-
ated with the calculation of the above distribution
from GC data (e.g., ill-posed nature of this numeri-
cal problem) have been considered. A regularization
method [19] has been used for inverting the retention
integral equation.

THEORY

One of the fundamental measurable quantity in
chromatography is the net specific retention volume,
Vn, which is defined as follows:

Vn=Vr — Vuww 1)

In the above V4 is the corrected retention volume,
Vnis the void volume, and w is the adsorbent’s mass.
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For a heterogeneous surface consisting of L differ-
ent types of adsorption sites (/ = 1, 2, ... L) the total
specific retention volume, Vy , can be represented as
a sum

L
Vie= 2 Vi @
=1
where Vy; denotes the specific net retention volume
of the /th type of adsorption sites. If n? is the total
number of adsorption sites of the /th type, then a
new retention volume V¥, can be introduced, and
the total net specific retention volume rewritten in
the following form

L L

VN,t = Z 7’1? Vli'f,t =n° Z flVﬁ,l (3)
=1 =1

where

Vﬁ,t = VN,l/n? “)

and

ny )

M=

fi=ndn®  n =
1

"

1

In the above 1n° denotes the total number of all
adsorption sites and f; is the fraction of adsorption
sites of the /th type. If the total number of types of
adsorption sites is large (i.e., L — o) then the
summation in eqn. 3 can be replaced by an integra-
tion

0
Vaap) = n° [ V¥(p,e)F(e)de Q)
Em
where p is the equilibrium pressure, ¢ is the adsorp-
tion energy, &, is the minimum adsorption energy,
and F(e) is the distribution function of ¢ normalized
to unity:

0
{ F(e)de =1 @)
Em

In order to solve the integral eqn. 6 with respect to
the energy distribution function F(g) it is necessary
to assume a model for the local retention, V§,. Since
adsorption determines retention in gas-solid chro-
matography, an expression for V', can be obtained
by using the relationship between retention volume
and the amount adsorbed, . For an ideal gas the
relationship between the total net specific retention
volume, Vy,, and n, is given by:

Vnu(p) = JRT(0n/0p)r ®)
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In the above T is the absolute temperature, R is
the universal gas constant and jis the compressibility
correction factor [20]. Eqn. 8 is valid for an adsor-
bate which fulfils the ideal gas law. Since chromato-
graphic measurements are usually carried out for
very small amounts of the adsorbate at relatively
high temperatures, the mobile phase can be consid-
ered as an ideal phase.

For a heterogeneous surface, the total amount
adsorbed n,, is a simple sum of the amounts
adsorbed on the /th type of adsorption sites, n;. If 6,
denotes the relative coverage of adsorption sites of
the /th type, then the specific retention volume, V¥,
defined by eqn. 3 is related to 6, as follows:

V() = Valn? = jRT(06,/0p)r where 0,=m/n} (9)

Substitution of eqn. 9 into eqn. 6 gives the
relationship between the total net specific retention
volume, Vy,, and the relative surface coverage

0(p,e):

Vnu(p) = jRTn® | [00(p,e)/0p]rF(e)de (10)

According to eqn. 10 in order to determine F(g) it
isnecessary to know the isotherm 6 = 6(p,&)r, which
describes the adsorption of gas molecules on sites
with adsorption energy . Since the GC sample’s
concentration is very small, the local adsorption
0(p,e) can be modelled as a monolayer adsorption
without lateral interactions. In the current paper,
two well known models have been considered: the
Langmuir and Jovanovic models.

The Langmuir model describes the case when
adsorbed molecules form a localized monolayer
without lateral interactions. For this model thermo-
dynamics gives the following expression for the
relative surface coverage 6

(1)

where K is so-called Langmuir constant given by
K = K%T) exp(¢/RT) (12)

In the above K°(T) is the pre-exponential factor,
which is the ratio of the partition function of an
isolated molecule in the gas and adsorbed phases
and thus, it reflects changes in the rotational,
vibrational and translational degrees of freedom
during the adsorption of an isolated molecule.
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Detailed expressions for KY are given in a mono-
graph by Clark [21]. In the current calculations a
low-temperature approximation for K° was used,
which according to Ross and Olivier [22] leads to the
following equation:

2amkT )3/ 2

(13)

K= kT( -

where m, is the molecule mass, k is the Boltzmann
constant and /% is the Planck’s constant.

The second local isotherm, proposed by Jova-
novic [23], has the following form:

O(p,e) =1 — exp(Kp) (14)

where K is again the Langmuir constant given by
eqn. 12. It has been shown elsewhere [1] that at
moderate pressure eqn. 14 reduces to the Langmuir
eqn. 11. Eqn. 14 has been used in earlier work to
describe the local retention, Vi, [S].

NUMERICAL PROCEDURE FOR DETERMINING THE
ENERGY DISTRIBUTION FUNCTION FROM RETEN-
TION DATA

General considerations

From a mathematical point of view, eqn. 10 is a
linear Fredholm integral equation of the first kind,
which can be written in a more general form as
follows:

g(») = [ K(x,y)f(x)dx (15)

The integral kernel K(x,y) corresponds to the first
derivative of the local adsorption isotherm with
respect to the pressure [06(p,e)/0p]lr where O(p,e)
represents the physico-chemical model of adsorp-
tion on sites with the adsorption energy &. The
function g(y) in eqn. 15 is a known function
representing the experimentally measured retention
volumes V().

Expressions like eqn. 15 also have been derived
for the adsorption of gases on energetically hetero-
geneous surfaces [2,24,25] and in microporous heter-
ogeneous solids [1], overall thermodesorption rates
[26], gas—solid virial coefficients [27], and liquid—
solid adsorption excess quantities [28]. In the last 15
years numerous attempts have been made to calcu-
late f(x) = F(¢) from experimental data, especially
in the field of gas adsorption where the earliest
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method, known as the “condensation approxima-
tion”” (CA-method), was introduced by Roginskij in
1944 [29]. Distribution functions determined by this
method are often used in other iterative procedures
as a first approximation [1]. Some authors have
assumed a-priori the shape of F(g), e.g., Gaussian or
y-distribution [1,5], and used these functions to
integrate eqn. 10 analytically for local isotherms like
the Jovanovic equation. The resulting expressions
for the overall retention volume contain free param-
eters, which can be determined by a numerical least
square fit using the experimental Vy (p) data.

In spite of their elegance, every analytical repre-
sentation has two main disadvantages: (i) the correct
shape of the distribution function is unknown, and
(ii)) a variety of different analytical distribution
functions often can be used to describe experimental
data, which usually are measured in a limited region
with a insufficient accuracy.

The second case is known as the so-called numeri-
calill-posedness of the integral eqn. 15, which arrises
from small changes in Vy (p), caused by experimen-
tal errors, that can influence significantly F(e).
Likewise, errors generated in numerical calculations
or errors arising from the quadrature of the integral
eqn. 10 can lead to a similar situation. Thus, the
ill-posedness of eqn. 15 is mainly a mathematical
numerical problem. Additionally, since the integral
kernel contains a theoretical adsorption isotherm,
which has only a hypothetical character, the as-
sumed local adsorption model may not accurately
represent the experimental observations.

Recommendations for handling numerical insta-
ble problems have been made by Tichonov and
Arsenin [30,31], who introduced the regularization
method. Subsequently, this method was first applied
to gas adsorption by House [32] and Merz [33]. A
short summary of the developments in regulariza-
tion methods can be found elsewhere [19]. In the
field of gas-solid adsorption chromatography only
Roles and Guiochon [6] have mentioned the ill-
posed nature of the determination of F(g), but their
approach assumes the shape of the distribution
function and is not a numerical regularization
method, which seems to be a better approach to deal
with ill-posed problems.

In the current work eqn. 10 will be solved by a
regularization method based on the singular value
decomposition developed by Von Szombathely [34],
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which already has been used successfully to calculate
gas adsorption isotherms on energetically hetero-
geneous surfaces [19].

REGULARIZATION METHOD

Each regularization requires discretization of the
integral equation by a quadrature. The integral
equation has to be transformed to a system of linear
equations

b
g(y) = [ K(x,)f(x)dx<>g = Af (16)

where g = (g,); ... 18 a vector of m experimental data
points, g; = g(y;). The vector f = (f;); .., represents
the unknown function, f(x), with » interpolation
nodes in the integration range [a,b]. The (m,n)
matrix A contains the product of the kernel-values,
K(x;,y:), and the corresponding quadrature weights.
Such a linear system of equations is commonly
solved by minimizing the residual, i.e., the sum of
least squares:

Min (|| Af — gl|?) (17)

Theidea of regularization is to replace an ill-posed
problem by a well-behaved one which smoothes the
resulting function and changes the original condi-
tion given by eqn. 17 only insignificantly. This can
be done by addition of a second minimizing term to
eqn. 17 which stabilizes the numerical solution:

Min (|| Af - g|* + y || W(D)]]?) (18)

The regularization parameter y is a measure for
the weighting of both terms in eqn. 18. The second
term in eqn. 18 is defined as the norm of the func-
tion f

[TWE)|* ~ [f2(r)ds (19)

where ¢ is the integration variable.

It was shown [19] that this choice additionally
minimizes the residual and suppresses oscillations in
the numerical solution. In principle the regulariza-
tion method still can be improved through inclusion
of additional restrictions on the solution, e.g.,
restriction of the solution to non-negative values
(NNLS) [19].

The regularization parameter y is usually chosen
on the basis of a lot of numerical experience. A
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detailed description of strategies for finding the
optimal y-value in the case of gas adsorption is given
in [19]. Usually, to start a high regularization
parameter, e.g., y = 1, is assumed, which resultsin a
strongly smoothed distribution function with a
residual || Af — g||? generally higher than the one
calculated from experimental errors. Subsequently y
is reduced until experimental accuracy is reached.
In the current work calculations were carried out
using the program INTEG developed by Von Szom-
bathely [19]. This regularization program uses sin-
gular value decomposition (SVD) of matrix A,
which represents the discretizized operator A in
eqn. 16. The above algebraic technique leads to
minimization of numerical errors, fast optimization
of the result by choosing different regularization
parameters, and allows very often a judgment about
the validity of the physico-chemical model of ad-
sorption leading to the operator in eqn. 16.

EXPERIMENTAL

n-Hexane and 1-hexene on a porous glass at 374.2 K

The details of the GC measurements have been
given previously [17]. A controlled porosity glass
(i.e., 7% Na,0, 23% B,03 and 70% SiO;) was
prepared from sodium borosilicate glass, and had a
BET specific surface area of 50.5 m* g~' and
a particle size distribution between 0.2-0.3 mm.
Porosimetric analysis for a similar porous glass [35]
gave no indications of the presence of micropores in
these types of adsorbents and allowed determination
of the pore radius associated with the maximum of
the pore size distribution equal to 13.5 nm.

Adsorbates, n-hexane and 1-hexene, were of GC
purity. The GC measurements were carried out on a
Chromatron (GCHF 18.3) gas chromatograph with
a thermal conductivity detector. The experimental
dependence of the specific retention volume, ¥y, on
the adsorbate pressure p for n-hexane and 1-hexene
were measured by the peak maxima elution method
[3]. These measurement conditions were chosen in
order to minimize dynamic effects.

Cyclohexane and cyclohexene on wide- and narrow-
pore silica gel at 400 K

These experimental data are published in ref. 36.
The wide-pore silica gel (the particle fraction of
0.20-0.39 mm) and the narrow-pore silica gel (the
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particle fraction of 0.15-0.20 mm) had BET specific
surface areas as measured by nitrogen adsorption of
35m?2 g~ and 180 m? g~ !, respectively. Analysis of
the pore-size distribution leads to the average pore
radii of 2 nm for the narrow-pore silica gel and
14 nm for the wide-pore silica. The bulk density
measured with helium were 2.1 g cm™3 for the
wide-pore silica and 2.5 g cm ™2 for the narrow-pore
silica gel. The solutes cyclohexane and cyclohexene
were purified by using a 5 A molecular sieve. The
measurements of the Vy (p) data were carried out
with the chromatograph described above.

RESULTS AND DISCUSSION

The adsorption energy distribution functions were
calculated using all of the data points shown in
Fig. 1. Summarized in Table I are the number of
data points, the lowest (pni,) and highest (pmax)
pressures and the standard deviation of the fit
between actual data and calculated data using the
energy distribution obtained by solving eqn. 10 with
INTEG and by assuming the Jovanovic equation for
the local adsorption.

The numerical determination of F(¢) with INTEG
has the general advantage that there is no limitation
concerning the choosen local isotherm and thus,
very complicated (non-analytical) local isotherms
can in principle be used. As mentioned earlier, in GC
the sample concentrations are small and the reten-
tion can be represented by equations associated with
simple adsorption models as those proposed by
Langmuir and Jovanovic. To illustrate how the
particular model influences F(¢), Fig. 2 shows the
distribution functions of the adsorption energy F(e)
for n-hexane on the porous glass calculated by
assuming the Langmuir model (eqn. 11) and the
Jovanovic model (eqn. 14). For the same regulariza-
tion parameter y = 0.1 the general shape and the
location of the peak maxima are in close agreement
for both models. However, since the Jovanovic local
isotherm seems to have better smoothing properties,
as can be seen in the energy range about 25 kJ/mol,
this model was chosen to cary out all additional
calculations. Further, the choice of the Jovanovic
equation to represent the local isotherm is conistent
with approaches often used in the theory of GC [5].

The distribution function F(e) also is influenced
by the pre-exponential factor K°. The determination
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Fig. 1. Ln Vy, vs. p representation for the experimental systems studied.

of K° has received considerable attention in the
literature [1,2,21]. The calculation of X° on the basis
of pure statistical thermodynamics requires the
approximation of the partition functions for mole-
cules in the mobile and stationary phases. Especially
for organic vapors typically used in GC experiments,
the theoretical calculation of the partition function
is often complicated. Simpler methods for deter-
mining K° refer only to simple gases and low
temperatures. An alternative way of calculating K?°

values is from measurements of solute retention at
different temperatures [35].

The influence of the pre-exponential factor K° on
the distribution funtion F(g) calculated from chro-
matographic data using INTEG is shown in Fig. 3.
The solid line represents the distribution function
for n-hexane on porous glass using X° calculated
according to eqn. 13. The dotted and dashed lines
show F(e) calculated for values of K° differing by
one order of magnitude from that obtained by
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TABLE 1

INFORMATION ABOUT EXPERIMENTAL SYSTEMS
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Experimental T Puin Prmax Number Standard
system (K) (atm - 10%) (atm - 10%) of points  deviation
used (eqn. 10)
n-Hexane/glass 374 0.92 213.3 67 +0.02
[-Hexene/glass 374 0.14 131.3 45 +0.14
Cyclohexane/wide-pore silica 400 2.77 462.3 23 +0.02
Cyclohexane/narrow-pore silica 400 1.82 205.3 19 +0.10
Cyclohexene/wide-pore silica 400 0.91 268.2 20 +0.04
Cyclohexene/narrow-pore silica 400 091 95.3 18 +0.20

means of eqn. 13. All functions are very similar in
shape but they are shifted 2 kJ/mol on the energy
axis. The same tendency also was observed by calcu-
lating F(¢g) from adsorption isotherms for different
values of K°. Since obviously the pre-exponential
factor did not change the shape of F(¢), eqn. 13 was
used to evaluate K°.

The energy distributions for both n-hexane and
1-hexene on porous glass show only one peak. It
follows from Fig. 4 that the specific interaction of
1-hexene with the surface of the adsorbent is greater
than n-hexane. The maximum of the adsorption

0.20

F(e) [mol /kJ)

0.05 {

0.00 == ——

0 10 20 30 40 50

€ [kJ/mol]
Fig. 2. Comparison of the distribution functions of the adsorp-
tion energy F(g) for n-hexane on porous glass calculated with

INTEG using the Jovanovic (solid line) and Langmuir (dotted
line) local isotherm models.

energy distribution is approximately 32 kJ/mol for
1-hexene which is nearly 10 kJ/mol higher than the
maximum of F(¢) for n-hexane. Jaroniec et al. [5]
derived an analytical equation for Vy , assuming the
Jovanovic local isotherm and a y-type distribution
for F(g). The authors applied this equation to the
same experimental data and obtained exponential
type distribution functions with peak maxima at
23 kJ/mol and 33 kJ/mol, respectively, for n-hexane
and 1-hexene. These values and the difference in the
adsorption energies are in very good agreement with
current pure “numerical” results using the regular-

0.20

0.1 K°

10 K° k°

F(e) [mol [kJ]

€ [kJ/mol]

Fig. 3. Dependence of the numerically calculated distribution
function on the value of the pre-exponential factor K° in the
Jovanovic local isotherm for n-hexane on porous glass.
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Fig. 4. Distribution functions of the adsorption energy F(e) for
n-hexane and 1-hexene on controlled porous glass. The calcula-
tions were carried out with INTEG using the Jovanovic local
isotherm model and a constant regularization parameter y = 0.01.

ization method. However, the present method gives
a better representation of the lower-energy part of
the F(e)-function, which was not predicted by the
analytical method.

Figs. 5 and 6 show the calculated distribution
functions for cyclohexane and cyclohexene on wide-
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T 010
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1 ' 1 1
0 10 20 30 40 50
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Fig. 5. Distribution functions of the adsorption energy F(e) for
cyclohexane and cyclohexene on wide-pore silica gel calculated
with INTEG (for details see Fig. 4).
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Fig. 6. Distribution functions of the adsorption energy F(e) for
cyclohexane and cyclohexene on narrow-pore silica gel calculated
with INTEG (for details see Fig. 4).

and narrow-pore silica gels. For both adsorbents
cyclohexene was more strongly adsorbed than cyclo-
hexane. For cyclohexane and cyclohexene on wide-
pore silica gel the adsorption energies associated
with the maxima in the distribution F(¢) were 18 and
28 kJ/mol, respectively. However, for the narrow-
pore adsorbent these values were slightly higher, 21
and 32 kJ/mol. These results are consistent with
greater interactions (i.e., about 10-11 kJ/mol in the
adsorption energy) which arises from the double
bond in cyclohexene. Similarly, this trend is in good
agreement with the double bond contribution of
1-hexene in comparison to n-hexane on porous
glass. Further the current result indicates the ob-
served z-electrons effects are similar between the
silica gels and the porous glass.

The influence of the pore-size on the adsorption
behavior can be seen by a comparison of the
distribution functions for cyclohexane on the wide-
and narrow-pore silicas shown in Fig. 7. For the
narrow-pore silica gel the distribution function F(e)
is slightly sharper and the maximum of the distribu-
tion is shifted approximately 3 kJ/mol to higher
values of ¢ (4 kJ/mol for cyclohexene). The 3—4 kJ/
mol increase in ¢ can be attributed to either the
presence of fine pores in the narrow-pore silica gel,
or a difference in surface composition. Although
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Fig. 7. Comparison of the distribution functions F(e) for cyclo-
hexane on wide- and narrow-pore silica gel (for details see Fig. 4).

neither of these can be ruled out, it seems more
possible that pore structure may play a larger role.

CONCLUSIONS

The numerical regularization method INTEG is a
useful procedure for determining the distribution
function of the adsorption energy from gas chro-
matographic measurements. A comparison of the
shapes of F(¢) curves calculated for different systems
provides information about the interaction of solute
molecules with solid surfaces. Studies of relative
changes in the F(g) functions should be useful for
analyzing surface treatments of adsorbents and
chromatographic packings, e.g., activation and
chemical modification of adsorbents and stationary
phases for GC.
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ABSTRACT

A model is developed, based entirely on chemical structure, for the accurate prediction of the retention of chlorinated dibenzodioxins
(PCDDs) on a non-polar stationary phase (DB-5) and for reproducing their experimental elution sequence. The first-order molecular
connectivity index (*y) and six other topological properties, the specific mono-, di- and trichloro substitution patterns, were used as
structural descriptors. Thus, one can predict the retention index for any given PCDD having only a knowledge of its chlorine sub-
stitution pattern. The agreement between observed and calculated retention indices (the average residual of 1.8 units) indicates that this
model works fairly well to describe the retention indices of all analysed PCDDs (37 tetra- to octachlorinated congeners). The developed
model was successfully validated by extrapolation on a small set of retention indices determined for di- and trichlorinated PCDD
congeners and by interpolation on a set of sixteen retention indices determined for tetra- to octachlorinated PCDDs on a low-polarity
HP-5 capillary column. The regression analysis shows that the PCDD retention indices are primarily influenced by their bulk proper-
ties, i.e., the size of these molecules. This property, described best by the 'y index, accounts for more than 97% of the variation in the
retention index data. The other factors that control the magnitude of the retention indices are various chlorine substitution patterns,
having either a positive or a negative effect on the magnitude of the retention indices. Finally, a mechanism for the interaction of

PCDDs with the non-polar stationary phase is also discussed.

INTRODUCTION

Polychlorinated dibenzodioxins (PCDDs) are xe-
nobiotic contaminants of great concern [1]. Owing
to their persistence in the environment, they can be
transported over long distances and they are wide-
spread contaminants in the atmospheric and aquat-
ic ecosystems. Residues of polychlorinated diben-
zodioxins are found in most organisms sampled in
natural aquatic and terrestrial environments. In ad-
dition, high toxicity has been associated with many
of the individual congeners in these series. As a re-
sult, many countries monitor chlorinated dibenzo-
dioxins in the environment. Despite considerable ef-

Correspondence to: A. Sabljic, Institute Ruder Boskovic, Bijen-
i¢ka 54, P.O. Box 1016, 41001 Zagreb, Croatia.

* For Part II, see ref. 20.
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forts during the last decade, analytical standards
are still needed for many of the 75 dioxin congeners.
Isomer-specific measurement information is neces-
sary because of the major toxicological differences
between individual congeners. Hence it would be
very helpful to have a structural model that can pre-
dict the retention indices of any particular isomer.
Such a method would be useful for identifying
chlorinated dioxins found during environmental
monitoring efforts.

Many investigators have noted [2] a very good
correlation between the experimental retention in-
dices and structural characteristics of molecules by
either the application of DARC topological system
[3-6] or topological indices such as molecular con-
nectivity indices [2,7-13] and Wiener numbers
[2,12,14-16]. Previously, we have demonstrated
that the molecular connectivity model [17,18] suc-

1993 Elsevier Science Publishers B.V. All rights reserved
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cessfully predicts gas chromatographic (GC) reten-
tion indices (/) and elution sequences of series of
chlorinated alkanes [19] and chlorinated benzenes
[20] on non-polar and polar stationary phases. As a
continuation of our research on harmful organo-
chlorine compounds in the environment [21-24],
this paper reports on the ability of a molecular con-
nectivity model to describe, in quantitative terms,
the GC retention behaviour of PCDDs on a non-
polar DB-5 capillary column. The ring structure of
polychlorinated dibenzodioxins and the numbering
scheme for available chlorination positions are
shown in Fig. 1.

In this study, models based on the molecular
characteristics of PCDDs will be developed for cal-
culating GC retention indices and for predicting
elution sequences of PCDDs. The molecular con-
nectivity indices, which are calculated exclusively
on the basis of information such as the number and
type of atoms and bonds and the number of all elec-
trons and valence electrons in each non-hydrogen
atom, will be used as molecular descriptors. Such
data are readily available for all chemicals, synthe-
sized or hypothetical, from their structural formu-
lae and from the Periodic Table. In addition, if nec-
essary, other simple topological properties, such as
the presence or absence of particular structural fea-
tures, may also be tested as potential molecular de-
scriptors. As in our earlier studies [19,20], two crite-
ria will be used to test the quality of fit between
observed and calculated retention indices: (i) a very
high correlation coefficient and (ii) the correctly
predicted elution sequence.

METHOD OF CALCULATION

Several extensive reviews of the theory and meth-
od of calculation of molecular connectivity indices
have been published [17,18,25-27]. Therefore, only
a description of the calculation of the first-order
molecular connectivity index used in this study is

Fig. 1. Structural formula of substituted dibenzodioxins.
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given here. Information used in the calculation of
molecular connectivity indices is the number and
type of atoms and bonds in a molecule and the
numbers of all electrons and valence electrons in
each non-hydrogen atom. These data are readily
available for all chemicals, synthesized or hypothet-
ical, from their structural formulae and the Periodic
Table. All molecular connectivity indices are calcu-
lated for the non-hydrogen part of the molecule. In
the non-valence approximation each non-hydrogen
atom is described by its atomic § value, which is
equal to the number of adjacent non-hydrogen
atoms. The first-order molecular connectivity index
(*7) is calculated from the atomic J values by the
equation:

=2 (0:0)7%° M

where i and j correspond to the pairs of adjacent
non-hydrogen atoms and the summation is over all
bonds between non-hydrogen atoms. The !y index
has been used extensively in various quantitative
structure—property relationship (QSPR) and quan-
titative structure—activity relationship (QSAR)
studies [17,18,25-27]. It has been found in several
studies [21,22,28] that this index correlates extreme-
ly well with the molecular surface for various classes
of chemicals and consequently correlates well with
most of molecular surface-dependent properties
and processes.

Other structural descriptors, i.e., the presence of
a specific substitution pattern, used in this study are
the following: the number of meta chlorine substi-
tuents (Cly), the number of pairs of ortho/meta
chlorine substituents (Cloym), the number of pairs of
chlorine substituents in positions 1 and 3 or analo-
gous relative positions (Cl,3), the number of pairs
of chlorine substituents in positions 1 and 4 or anal-
ogous relative positions (Cl;4), the number of se-
quences of three consecutive chlorine substituents
(Clsgqa) and the simultaneous presence of chlorine
substituents in positions 1 and 9 or 4 and 6 (CIOCI).
All possible combinations of substituents for those
structural descriptors are listed below:

Cly: substituents on positions 2, 3, 7 and 8§;

Cloy: pairs of substituents on positions 1-2, 34,
6-7 and 8-9;

Cl;5: pairs of substituents on positions 1-3, 24,
6-8 and 7-9;

Cl,4: pairs of substituents on positions 1-4 and
6-9;
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Clsgqs: sequences of substituents on positions 1—
2-3, 2-3-4, 6-7-8 and 7-8-9;

CIOCI: pairs of substituents on positions 1-9 and
4-6.

The numbering scheme for chlorine substituents
is presented in Fig. 1. The ortho and meta positions
of chlorine substituents are defined relative to the
ring oxygen atoms. All variables, except the CIOCI
variable, have an identical and linear weights sys-
tem. Thus, for each occurrence of a specific sub-
stitution pattern the corresponding variable in-
creases by 1. For the CIOCI variable, the presence
of one pair of substituents has a weight of 1 and the
presence of two pairs of substituents has a weight of
1.5. The non-linear weights for the CIOCI variable
are based on earlier experimental findings [29].

The molecular connectivity indices used in this
study were calculated with the GRAPH III comput-
er program for microcomputers on an Apple Mac-
intosh SE/30 personal computer. [The GRAPH III
program is now fully operational and it is distrib-
uted by MacAda, Apple Center Ljubljana, Parmo-
va 41, 61000 Ljubljana, Slovenia. Tables of molec-
ular connectivity indices (up to 6th order), other
structural variables and retention indices (measured
and/or predicted) for 75 chlorinated dibenzodioxins
may be obtained on diskette (Macintosh or IBM
PC format) at a small cost from the corresponding
author.] The GRAPH III computer program can
calculate molecular connectivity indices up to the
tenth order for the molecules with 36 non-hydrogen
atoms or less. Regression analysis was carried out
using a statistical analysis system (SYSTAT, ver-
sion 5.0) on an Apple Macintosh SE/30 personal
computer. To test the quality of the generated re-
gression equation, the following statistical param-
eters were used: the correlation coefficient (r), the
standard error of estimate (s), a test of the null hy-
pothesis (F-test) and the amount of explained vari-
ance (EV).

The 7 values used in this study were taken from a
study by Donnelly et al. [29]. A Hewlett-Packard
Model 5880A gas chromatograph equipped with a
flame ionization detector was used with a 60 m x
0.252 mm L.D. (0.25 pum film thickness) DB-5 fused-
silica capillary column (J & W Scientific, Rancho
Cordova, CA, USA) to determine the retention in-
dices of available PCDDs. The gas chromatograph
was programmed from 170 to 340°C at 2°C/min
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with an initial hold of 1 min. Helium was used as
the carrier gas with a flow-rate at 340°C of 20.2
cm/s. C,0—Caq n-alkanes were used to measure re-
tention indices.

RESULTS

A list of 37 polychlorinated dibenzodioxins
(PCDDs) with four to eight chlorine substituents is
shown in Table I together with their 7 values, the
first-order molecular connectivity indices and other
structural descriptors.

By modelling the retention behaviour of chlor-
inated alkanes [19] and chlorinated benzenes [20],
we found that the combination of global and local
structural descriptors is needed to describe their elu-
tion sequences correctly. It was reasonable to as-
sume that a similar combination of structural prop-
erties will also be important for chromatographic
behaviour of PCDD congeners. Therefore, we con-
centrated our initial search for structural descrip-
tors on molecular connectivity indices and other pa-
rameters that describe primarily the size of mole-
cules. The single-variable linear models were calcu-
lated for the simple and valence zero- and first-or-
der molecular connectivity indices, molecular mass
of the PCDDs, the number of non-hydrogen atoms
and bonds, plus the sums of ®y and %y or 1y and "
indices. The first-order molecular connectivity in-
dex (1) was found the most successful (correlation
coefficient 0.988). The same index was also found to
be the most successful in describing the chromato-
graphic behaviour of chlorinated benzenes on a
non-polar stationary phase {20]. However, as all
other global structural descriptors also exhibit very
high correlations with the PCDD retention indices,
we decided to continue the modelling process with
the 1y index, as the most promising global descrip-
tor, and to re-evaluate the successful model with
other global structural descriptors listed above.
Most of the calculated connectivity indices were un-
available for statistical evaluation in the multiva-
riable models with the 'y index because they in-
tercorrelate strongly. Therefore, additional struc-
tural variables, describing the presence of specific
substitution patterns such as the number of ortho
and meta chlorine substituents, the number and
types of pairs of chlorine substituents and the pres-
ence of longer sequences of adjacent chlorine sub-
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TABLE 1
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MEASURED RETENTION INDICES (/) FOR 37 CHLORINATED DIBENZODIOXIN DERIVATIVES (PCDDs)

The values of the structural descriptors (*y, Cly,, Clgy, Cl,;, Cl,,, Cl

seqa: CIOCI) used in the modelling procedure are also listed.

Compound I y Cl,, Cloy Ci,, C,, Clsggs CioCl
1234-PCDD 2379 8.592 2 2 2 1 2 0
1236-PCDD 2378 8.575 2 1 1 0 1 0
1237-PCDD 2382 8.559 3 1 1 0 1 0
1238-PCDD 2382 8.559 3 1 1 0 1 0
1239-PCDD 2392 8.575 2 1 1 0 1 1
1246-PCDD 2346 8.575 1 1 1 1 0 1
1247-PCDD 2340 8.559 2 1 1 1 0 0
1248-PCDD 2340 8.559 2 1 1 1 0 0
1249-PCDD 2346 8.575 1 1 1 1 0 1
1267-PCDD 2408 8.575 2 2 0 0 0 0
1268-PCDD 2349 8.559 2 1 1 0 0 0
1269-PCDD 2378 8.575 1 1 0 1 0 1
1278-PCDD 2400 8.559 3 1 0 0 0 0
1279-PCDD 2364 8.559 2 1 1 0 0 1
1289-PCDD 2428 8.575 2 2 0 0 0 1
1368-PCDD 2290 8.542 2 0 2 0 0 0
1369-PCDD 2315 8.559 1 0 1 1 0 1
1378-PCDD 2340 8.542 3 0 1 0 0 0
1379-PCDD 2304 8.542 2 0 2 0 0 1
1469-PCDD 2341 8.575 0 0 0 2 0 1.5
1478-PCDD 2353 8.559 2 0 0 1 0 0
2378-PCDD 2386 8.542 4 0 0 0 Y 0
12347-PCDD 2573 8.986 3 2 2 1 2 0
12367-PCDD 2604 8.986 3 2 1 0 I 0
12378-PCDD 2587 8.969 4 1 1 0 1 0
12389-PCDD 2623 8.986 3 2 1 0 1 1
12468-PCDD 2501 8.969 2 1 2 1 0 1
12479-PCDD 2501 8.969 2 1 2 1 0 1
123467-PCDD 2812 9.414 3 3 2 1 2 1
123468-PCDD 2742 9.397 3 2 3 1 2 1
123478-PCDD 2781 9.397 4 2 2 1 2 0
123678-PCDD 2788 9.397 4 2 2 0 2 0
124679-PCDD 2713 9.397 2 2 2 2 ] 1.5
124689-PCDD 2713 9.397 2 2 2 2 0 L5
1234678-PCDD 2994 9.824 4 3 3 1 3 1
1234679-PCDD 2949 9.824 3 3 3 2 2 1.5
12346789-PCDD 3196 10.252 4 4 4 2 4 1.5

stituents, were tested in multivariate regression
analysis. The simultaneous presence of two chlorine
substituents in either positions 1 and 9 or positions
4 and 6 (Fig. 1) was also found [29] to have a large
influence on the resulting 7 values of PCDD congen-
ers. Therefore, a structural descriptor describing
this particular substitution patterns was also tested
in multivariate regression analysis. All these specific
structural descriptors are shown in Fig. 2 for octa-
chlorodibenzodioxin.

To generate the experimental elution sequence
for all 37 PCDD congeners, seven-variable regres-
sion equation was necessary. The following struc-
tural descriptors have been found to be important
in a multiple linear regression with the 'y index: the
number of meta chlorine substituents (Cly), the
number of pairs of ortho/meta chlorine substituents
(Clowm), the number of pairs of chlorine substituents
in positions 1 and 3 or analogous relative positions
(Cl;3), the number of pairs of chlorine substituents
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in positions 1 and 4 or analogous relative positions
(Cly4), the number of sequences of three consec-
utive chlorine substituents (Clsgqs), and the simul-
taneous presence of chlorine substituents in posi-
tions 1 and 9 or positions 4 and 6 (CIOCI). All vari-
ables are statistically significant above the 99.95%
level (Student’s ¢ -test).

I= —1580.2 + 457.5'y + 14.8Cly + 19.9Cloy —
35.4Cl 3 — 12.9Cly4 + 22.1Clggq; + 15.3CIOCI
@

N =37,r=1000,s = 3.2, F'?° = 26 016,
EV = 100%

5
8
Cl, 7 | |
M Qe

8
Clom 7
(o}
O
Clu 7
Fig. 2.
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The statistical parameters show that eqn. 2 is sta-
tistically significant above the 99.9% level and it
accounts for all of the variation in the I data. It is
also very accurate in calculating 7 data of PCDDs
and the average residual of calculated values was
only 2.4 units. This topological model was also ef-
fective in predicting the correct elution sequence for
all 37 PCDD congeners. However, the residual
analysis shows that 1,2,3,8,9-PCDD, 1,2,3,4,6,7-
PCDD and octachlorodibenzodioxin are outliers
which exert an undue influence on the regression

(Continued on p. 74)
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X

Fig. 2. Structural formulae of octachlorodibenzodioxin with outlined specific substitution patterns, used in this study as local structural
descriptors: the four meta chlorine substituents (Cl,,), the four pairs of ortho and meta chlorine substituents (Cl,,,), the four pairs of
chlorine substituents in positions 1 and 3 or analogous relative positions (Cl, ), the two pairs of chiorine substituents in positions 1 and
4 or analogous relative positions (Cl, ), the four sequences of three consecutive chlorine substituents (Clggq,), and the simultaneous
presence of chlorine substituents in positions 1 and 9 or 4 and 6 (CIOCl).

model since their 7 values are all underestimated by
3.6-6.2 units. Eliminating them from the regression
analysis resulted in an improved correlation and al-
so in a statistically more reasonable and meaningful
quantitative model described by eqn. 3 and its sta-
tistical parameters:

] = —1586.4 + 458.4'y + 14.3Cly + 19.1Cloy —
34.9Cl;3 — 12.5Cl;4 + 21.3Clggqs + 13.5CIOCI
®)

N = 34,r = 1.000, s = 2.4, F"*® = 29 350,
EV = 100%

Eqgn. 3 is also very accurate in calculating I data of
PCDDs and in predicting their correct elution se-
quence. The average residual of calculated values is
now only 1.8 units. The high accuracy of the molec-
ular connectivity model in predicting the I values of
PCDDs is also shown in Fig. 3, where the observed
vs. predicted (eqn. 3) retention indices are plotted.

Because of its high statistical significance and
ability to explain all variations in the measured re-
tention indices, the developed model (eqn. 3) was
used to estimate the 7 values for the PCDD congen-
ers with two to six chlorine substituents whose GC
retention data have not yet been measured. The re-
sults are presented in Table II.

The experimental control of the predicted I val-
ues of several selected PCDDs with different de-
grees of chlorination should afford a constructive
challenge to the molecular topology approach and
the quantitative model described by eqn. 3.

Finally, an attempt was made to test the other

L] hd T v L] v L] v L4
3200 | e
O"
3000 | .,-' -
Tops, 289 [ f‘l .

2600 - F 1
2400 | / -
2200 L2 1 i N 1 N 1 i

2200 2400 2600 2800 3000 3200

Teake,

Fig. 3. Plot of calculated vs. observed retention indices of 37
PCDDs shown in Table 1. The broken line corresponds to the
molecular connectivity model, eqn. 3.
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TABLE II

75

CALCULATED RETENTION INDICES (/) FOR 36 CHLORINATED DIBENZODIOXIN DERIVATIVES (PCDDs) WITH
TWO TO SIX CHLORINE SUBSTITUENTS BY THE MOLECULAR TOPOLOGY MODEL, (EQN. 3)

The values of the structural descriptors (*y, Cly, Cloy, Cl;3, Clj4» Clggos, CIOC)) used in the estimation procedure are also listed.

Compound Tearc Iy cl, Cloy al,, a,, Clssos cloc
13-PCDD 1940 7.737 1 0 1 0 0 0
14-PCDD 1956 7.754 0 0 0 1 0 0
16-PCDD 1968 7.754 0 0 0 0 0 0
17-PCDD 1975 7.737 1 0 0 0 0 0
18-PCDD 1975 7.737 1 0 0 0 0 0
27-PCDD 1981.4° 7.720 2 0 0 0 0 0
28-PCDD 1981.4¢ 7.720 2 0 0 0 0 0
19-PCDD 1982 7.754 0 0 0 0 0 i
23-PCDD 19897 7.737 2 0 0 0 0 0
12-PCDD 2002 7.754 1 1 0 0 0 0
136-PCDD 2128 8.148 1 0 1 0 0 0
137-PCDD 2135 8.131 2 0 1 0 0 0
138-PCDD 2135 8.131 2 0 1 0 0 0
139-PCDD 2142 8.148 1 0 1 0 0 1
124-PCDD 2143 8.165 1 1 1 1 0 0
147-PCDD 2151 8.148 1 0 0 1 0 0
146-PCDD 2158 8.165 0 0 0 1 0 1
236-PCDD 2177 8.148 2 0 0 0 0 0
237-PCDD 2184 8.131 3 0 0 0 0 0
126-PCDD 2190 8.165 1 1 0 0 0 0
123-PCDD 2191 8.165 2 1 1 0 1 0
127-PCDD 2197 8.148 2 1 0 0 0 0
128-PCDD 2197 8.148 2 1 0 0 0 0
129-PCDD 2204 8.165 1 1 0 0 0 1
12469-PCDD 2527 8.986 1 1 1 2 0 1.5
12368-PCDD 2539 8.969 3 1 2 0 1 0
12478-PCDD 2540 8.969 3 1 1 1 0 0
12379-PCDD 2552 8.969 3 ! 2 0 1 1
12467-PCDD 2566 8.986 2 2 1 1 0 1
12489-PCDD 2566 8.986 2 2 1 1 0 i
12369-PCDD 2568 8.986 2 1 1 1 1 1
12346-PCDD 2581 9.003 2 2 2 i 2 1
123679-PCDD 2755 9.397 3 2 2 1 1 1
123689-PCDD 2755 9.397 3 2 2 1 1 1
123469-PCDD 2764 9.414 2 2 2 2 2 1.5
123789-PCDD 2803 9.397 4 2 2 0 2 1

* The measured 7 values [29] for these four PCDDs are as follows: 27-PCDD and 28-PCDD, 1985; 23-PCDD, 1993; and 124-PCDD,

2152.

size descriptors such as the %y, °¢* and 'y* indices,
the molecular mass of the PCDDs, the number of
non-hydrogen atoms and bonds and the sums of %
and %" or 'y and 'y" indices in place of the first-
order molecular connectivity index in eqn. 3. How-
ever, those models were unsuccessful in reproducing
the experimental elution sequence for all 37 PCDD
congeners.

DISCUSSION

Model description

QSAR analysis with topological features shows
that the retention indices of PCDDs are primarily
influenced by their bulk properties, i.e., the size of
the molecules. In the model developed this property
is described best by the 'y index, whose numerical



76

values are directly proportional to the number of
bonds in the PCDD congeners, and it accounts for
more than 97% of the variation in the 7 data. How-
ever, all parts of a PCDD do not contribute equally
to its retention index. The highest contribution
stems from the chlorine—carbon bonds, followed by
the bonds between unsubstituted carbon atoms,
and the lowest from the bonds between substituted
carbon atoms. The other factors that control the
magnitudes of the retention indices can be collec-
tively termed the chlorine substitution pattern. It is
possible to subdivide this general term into three
more specific structural features: (1) the absolute
position of chlorine atoms on each ring (Cly, Cloy),
(2) the relative position of chlorine atoms on each
ring (Clys, Clyq, Clsggs) and (3) the absolute posi-
tion of chlorine atoms on both aromatic rings
(CIOCI). Some of these structural features (Cly,
Clowm, Clsgqs, CIOCI) have a positive effect on the
magnitude of retention indices whereas the others
(Clys, Cli4) have a negative effect. The regression
coeflicients in eqn. 3 can be used as quantitative
estimates for the effects of those chlorination pat-
terns.

Model validation

There was a possibility of validating our model
both by extrapolation and by interpolation. The ex-
trapolation test was performed with a small number
of reported [29] retention indices for di- and trisub-
stituted PCDDs which were not included in the re-
gression analysis. The calculated and observed re-
tention indices for 2,3-, 2,7-, 2,8- and 1,2,4-chlor-
inated PCDDs are presented in Table II. A compar-
ison of these observed and calculated indices clearly
demonstrates that the developed model (eqn. 3) is
accurate in predicting 7 data even in this extrapola-
tion region. The average difference between the pre-
dicted and observed retention indices is only 5 units,
their elution sequence is predicted correctly and the
relative differences in retention indices within di-
chlorinated PCDDs are reproduced very well. Un-
fortunately, it must be pointed out that our model
underestimated the retention indices for all four test
compounds used in this extrapolation procedure.

The interpolation test was performed with recent-
ly reported [30] retention indices for sixteen tetra- to
octachlorinated PCDDs determined on a low-po-
larity HP-5 capillary column, which is very similar

S. SekuSak and A. Sablji¢ | J. Chromatogr. 628 (1993) 69-79

to the DB-5 column used in the study by Donnelly
et al. [29] (Table I). The calculated and observed
[29,30] retention indices for the second set of test
compounds are presented in Table III. The reten-
tion indices obtained on the HP-5 column [30] are
systematically lower than those obtained earlier on
the DB-5 column [29]. This is due mainly to the
different stationary phases used and to the different
operating conditions. However, there is a very high
correlation between the two sets of reported reten-
tion indices (r* = 1.000). The set of calculated re-
tention indices (eqn. 3) also correlates to a high de-
gree with the retention indices obtained on the HP-5
column (r? = 1.000). Further, the developed model
(eqn. 3) generates the correct elution sequence for
all sixteen PCDD congeners obtained on the HP-5
column and also for the so-called “window” iso-
mers, ie., the first and last isomer eluting in each
isomeric group. Consequently, the reliable reten-
tion indices on the HP-5 column can be calculated
for the remaining 33 tetra- to hexachlorinated iso-
mers by a simple linear relationship from the reten-
tion indices calculated by our model (eqn. 3). Hence
it is fair to conclude that the developed model (eqn.
3) was very successful in predicting the retention

TABLE IIT

COMPARISON OF MODEL (EQN. 3) PREDICTIONS TO
MEASURED RETENTION INDICES (/1 [30] AND 72 [29])
FOR SIXTEEN TETRA- TO OCTACHLORINATED DI-
BENZODIOXIN DERIVATIVES (PCDDs)

Compound I 11, [30] R, [29]
1368-PCDD 2288 2262.3 2290
2378-PCDD 2387 2353.1 2386
1289-PCDD 2425 2393.8 2428
12468-PCDD 2504 2464.3 2501
12479-PCDD 2504 2464.3 2501
12378-PCDD 2588 2554.8 2587
12389-PCDD 2614 2579.5 2623
124679-PCDD 2714 2668.3 2713
124689-PCDD 2714 2668.3 2713
123478-PCDD 2777 2741.8 2781
123678-PCDD 2790 2746.9 2788
123789-PCDD 2803 2762.0 -
123467-PCDD 2803 2762.0 2812
1234679-PCDD 2950 2893.9 2949
1234678-PCDD 2992 2937.2 2994
12346789-PCDD 3189 3132.6 3196
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indices of PCDD:s in both the interpolation region
and the extrapolation region and that this model
can be recommended as a reliable means for calcu-
lating retention indices.

The results in Table III indicate that the retention
index system introduced by Kovats [31] to minimize
the influence of operating conditions on measured
retention indices are still influenced to a certain ex-
tent by the type of stationary phase and the column
temperature or temperature cycle. Thus, strictly,
the model developed in this study (eqn. 3) is valid
only for retention indices obtained on a DB-5 col-
umn and with the temperature cycle used in the
study by Donnelly ez al. [29]. However, it has been
demonstrated [31-33] that retention indices are line-
arly dependent on temperature and that in most in-
stances the temperature coefficients are very small.
Further, for stationary phases where the non-specif-
ic interaction forces control the retention process,
the measured retention indices are linearly depen-
dent and highly correlated [29,30]. This is also dem-
onstrated in our study (see Table I1I) for two capil-
lary columns, DB-5 and HP-5. Retention indices
obtained for chlorinated dibenzodioxins on this two
columns correlate above the 99.9% level. Hence it
seems that our model can be adapted very rapidly in
order to be used for other column types or temper-
ature cycles, provided that two or three reference
points are available for its calibration to a partic-
ular type of stationary phase and/or temperature
cycle.

In the following section, as a part of the vali-
dation process, we compare our model with those
already published. At present, there are two quanti-
tative models [29,34] that are available for the com-
parison procedure (an attempt was also made to
model the retention indices of PCDDs for tetra-
chlorinated isomers by solubility parameters [35]).
The first model [34] is based on three calculated
physical properties as parameters: molecular polar-
izabilities, ionization potentials and dipole mo-
ments. The second model [29] is based on an empir-
ical additive scheme with eleven parameters (ten
fragments and one correction factor). For the first
model [34] the standard error of the estimate is
above 32 units. Hence this model can estimate the
retention indices of PCDDs only on a semi-quanti-
tative level, i.e., neither the generation of experi-
mental elution sequences nor reliable isomer-specif-
ic estimations are possible with this model.

7

The second model [29], based on an empirical ad-
ditive scheme, has an average residual of 3.1 units
for the calculated retention indices of 37 tetra- to
octachlorinated isomers. This result is comparable
to the estimation performance of our model (aver-
age residual 2.4 units). However, our model was su-
perior in estimating the retention indices of di- and
trichlorinated PCDDs. The average residual for cal-
culated retention indices was only 5 units, while the
empirical additive scheme has an average residual
of 9 units for this group of PCDD congeners. An
additional advantage of the structural model devel-
oped in this study is the smaller number of param-
eters that are needed to attain (a) the same level of
precision in estimating retention indices and'(b) the
experimental elution sequence for PCDD congen-
ers. The introduction of the first-order molecular
connectivity index made it possible to reduce the
number of necessary structural parameters from
eleven to seven and the possibility of a chance corre-
lation.

Mechanism of interaction of PCDDs with non-polar
stationary phase

The retention process of PCDDs is primarily
influenced by their bulk properties, i.e., the size of
these molecules. In the model developed, their size
is described best by the !y index. It has been found
in several studies [21,22,28] that the !y index corre-
lates extremely well with the molecular surface of
various classes of hydrocarbons, halogenated hy-
drocarbons and similar compounds. Therefore, it
was logical to find that this structural descriptor
accounts for more than 97% of the variation in the
PCDD [ data, i.e., correlates well with this molec-
ular surface-dependent process.

The six local structural parameters that control
the magnitude of retention indices can be classified
into two groups: (i) parameters that increase the
magnitude of retention indices (Cly, Clom, Clsgos,
ClOC)) and (ii) parameters that decrease the magni-
tude of retention indices (Cl;3, Cly4). From the
mechanistic point of view, the first group of param-
eters describes structural features that have attrac-
tive interactions with the stationary phase while the
second group of parameters describes structural
features that either have repulsive interactions with
the stationary phase or interfere with a possible fa-
vourable interaction.
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From our results, it is also possible to speculate
about the mechanism of interaction of PCDD con-
geners and non-polar stationary phases in gas chro-
matography. It seems that the meta chlorine sub-
stituents interact more strongly with a stationary
phase than the ortho substituents. Further, the ac-
cumulation or adjacent substitution also has a posi-
tive effect on the magnitude of retention indices de-
scribed by positive contributions of the pairs of or-
tho and meta chlorine substituents and the sequenc-
es of three consecutive substituents. The positive ef-
fect of the simultaneous presence of chlorine
substituents in positions 1 and 9 or 4 and 6 can be
rationalized as the two chlorines blocking the re-
pulsive interactions of the polar ether oxygens with
the non-polar stationary phase, i.e., the shielding
effect. Finally, the negative effects of two types of
non-neighbouring substitutions (Cl; 3 and Cl4) can
be rationalized as the steric hindrance of possible
favourable interactions between PCDD congeners
and the non-polar stationary phase. However, in a
recent study [36] with similar solutes, chlorinated
dibenzofurans, it was suggested that the formation
of local dipoles has a strong influence on their inter-
action with a non-polar stationary phase, i.e., local
dipoles reduce the positive interaction between the
solute molecules and the stationary phase. Hence it
is also possible that in chlorinated dibenzodioxins
the presence of substitution patterns such as Cl;3
and Cl,, stimulates the formation of local dipoles
which interfere with the positive interaction be-
tween the solute molecules and a non-polar station-
ary phase and consequently reduce the magnitude
of the retention indices.

CONCLUSIONS

We have demonstrated that a relatively simple
model, based on topological properties of mole-
cules, can be used to predict successfully the reten-
tion indices of chlorinated dibenzodioxins on a
non-polar stationary phase. The agreement be-
tween the observed and calculated retention indices,
the r? value of 1.000 and the standard deviation of
2.4 all indicate that this model works well to de-
scribe the retention indices of all the PCDDs ana-
lysed. To reproduce the experimental elution se-
quence of 37 PCDD congeners the seven-variable
model was necessary. Those variables account for
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(i) the number of chlorine atoms present, i.e., the
molecular size of the PCDD congeners, (ii) the posi-
tion and the relationship of chlorine atoms on each
aromatic ring and (iii) the relationship of chlorine
atoms on both aromatic rings. Hence one can pre-
dict the retention index for any given PCDD having
only a knowledge of its chlorine substitution pat-
tern.

The developed mathematical model, which de-
scribes the pattern in PCDD retention data from
the chlorine substitution patterns, will be of great
analytical value. It could be used to verify the ob-
served retention data because of the difficulties as-
sociated with preparing and then positively identi-
fying any particular PCDD. In any case, with this
model, it is possible to narrow greatly the range to
search for and identify a given PCDD. Further, the
developed model can predict the retention charac-
teristics of PCDDs which have not yet been syn-
thesized (see Table II).
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ABSTRACT

A method is described for the determination of the C,~C, , aromatic hydrocarbons in water based on purge-and-trap capillary gas
chromatography with flame ionization and mass spectrometric detection. Retention time data and 70 eV mass spectra were obtained for
benzene and all 35 C,—C,, aromatic hydrocarbons. With optimized chromatographic conditions and mass spectrometric detection,
benzene and 33 of the 35 alkylbenzenes can be identified and measured in a 45-min run. Use of a flame ionization detector permits the

simultaneous determination of benzene and 26 alkylbenzenes.

INTRODUCTION

In recent years numerous investigators have re-
ported the presence of volatile hydrocarbons in
groundwater, rivers, lakes and even coastal and es*
tuarine ecosystems [1-15]. Contamination of aquat-
ic environments results from a variety of causes.
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Resources Division, Reston, VA 22092, USA.
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These include: (1) leakage of underground storage
tanks, (2) leaching of landfills and other waste dis-
posal sites, (3) discharge of industrial and municipal
effluents and (4) occasional oil spills. Among the
most toxic and water soluble constituents of crude
oil and refined petroleum products are the aromatic
hydrocarbons. When oil comes in contact with wa-
ter the most soluble compounds enter the aqueous
phase and are subsequently removed or trans-
formed by a variety of physical and biological
processes [16-18]. Because of differences in their
physical properties and structures, the aromatic hy-
drocarbons may be transported and/or removed at

1993 Elsevier Science Publishers B.V. All rights reserved
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different rates [3,19]. Consequently, the determina-
tion of a wide range of aromatics is of interest not
only because these compounds are toxic, but also
because they can serve as useful indicators of nat-
ural removal processes.

A number of techniques have been used to deter-
mine benzene and its alkylated derivatives in water.
These include headspace analysis [5], purge-and-
trap gas chromatography (GC) [11,20-24], mi-
croextraction [25,26] and closed loop stripping
analysis [27,28]. Each technique has specific advan-
tages and drawbacks [26,29,30], but purge-and-trap
GC and its variants (e.g. Bianchi ez al. [14] and Lu-
cas et al. [31]) have enjoyed the widest use. Intro-
duced originally in 1974 by Bellar and Lichtenberg
[32] and currently recommended by the US Envi-
ronmental Protection Agency, the purge-and-trap
method is sensitive, precise, relatively simple and
suitable for a wide range of volatile contaminants.
However, it has rarely been applied to the determi-
nation of aromatic hydrocarbons other than ben-
zene, toluene and the Cg aromatics (BTEX). The
principal objective of the present work was to devel-
op a method based on purge-and-trap GC that per-
mitted the measurement of most, if not all, of the
C¢—C1o aromatic hydrocarbons in water. Extend-
ing the range of analytes to include the Cs and C, o
aromatics has substantially improved our ability to
understand processes affecting the fate of petroleum
hydrocarbons in groundwater. Because of the large
number of isomeric Cy and Cy, aromatics (8 and
22, respectively) and similarities in the physico-
chemical properties of these isomers, it was possible
to establish the importance of biological degrada-
tion in hydrocarbon removal [3,19]. Moreover, dif-
ferences in apparent removal rates of isomeric hy-
drocarbons strongly suggest that the structures of
the hydrocarbons control their rates of removal.
Thus, the Cy and C,, aromatics represent powerful
molecular probes of biogeochemical processes af-
fecting the fate of petroleum in aquatic environ-
ments. Here we present information on the identifi-
cation, chromatographic separation and instrumen-
tal analysis of these compounds.

EXPERIMENTAL

Materials
Water used for preparation of standard solutions
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and for dilution of samples was purified by boiling
with concurrent helium sparging. The volatile-free
water (VFW) was stored in the erlenmeyer flask in
which it was boiled. Purge-and-trap grade methanol
(Burdick and Jackson) was used for preparation of
standards without further purification.

Alkylbenzenes and alkanes were obtained from
the following suppliers: Supelco, Alltech, Aldrich,
Wiley Organics and the American Petroleum Insti-
tute. In all but one case (1,2-diethylbenzene; purity
95%), quoted purities exceeded 98%. The com-
pounds were stored at —4°C in ampoules or in glass
vials sealed with PTFE-lined lids. Prior to use in
standard solutions, each compound was tested for
purity by high-resolution gas chromatography-
flame ionization detection (HRGC-FID).

Six alkylbenzenes were evaluated for suitability
as recovery and internal quantitation standards:
[PHglbenzene, [*H,olo-xylene, [*H,o]p-xylene,
[*H,cJethylbenzene, n-hexylbenzene and n-octyl-
benzene. [Perdeuterated species were obtained from
Cambridge Isotope Laboratories (Woburn, MA,
USA).] Comparison of the retention times of vola-
tile hydrocarbons present in 12 oil-contaminated
groundwater samples showed that [*H;]o-xylene
and [*H,o)ethylbenzene eluted in chromatographic
regions free of interference. The higher alkylben-
zenes we tested proved unsuitable because of their
low stripping efficiencies in the purge-and-trap
HRGC system under the conditions of analysis we
employed. Perdeuterated p-xylene offered no ad-
vantage over [*H;]o-xylene or [2H,cJethylbenzene
and [?Hg]benzene was not always baseline-resolved
from benzene, typically the dominant hydrocarbon
in our samples. The Cg aromatics elute in the mid-
dle of the elution range of alkylbenzenes considered
here, whereas the other candidate elute either very
early or late in the gas chromatogram. For these
reasons, we selected [2H,oJo-xylene and [*H oleth-
ylbenzene as recovery and internal (quantitation)
standards, respectively.

Standard solutions used for instrument calibra-
tion were prepared as follows. A 1-dram (ca. 1.5 ml)
borosilicate vial fitted with a PTFE mininert valve
was positioned in a Dewar containing liquid nitro-
gen. Amounts of 50 ul of each component were
transferred quantitatively into the vial with a 100-ul
microsyringe. After this mixture had been prepared
at liquid nitrogen temperatures, it was allowed to
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warm to room temperature (valve closed). The mix-
ture was then agitated to insure homogeneity, and a
measured aliquot was transferred by microsyringe
to a volumetric flask containing methanol. This
stock solution was serially diluted to provide cali-
bration standard solutions over an appropriate
concentration range (2-260 ng 1~ ! component ™).

Sample preparation

Samples of contaminated groundwater were col-
lected from water table wells using an all-PTFE
bailer. Details of the sampling procedures are given
elsewhere [33]. Groundwater was introduced to 40-
ml amber glass bottles sealed with PTFE-faced sil-
icone rubber liners. Before the bottle was sealed,
each sample was poisoned with HgCl, and spiked
with 2 ul of the recovery surrogate solution
([*Ho]o-xylene in methanol). We prepared recov-
ery surrogate solutions at several levels within a
concentration range of 8.1-810 ng ul~'. The con-
centration of [2H;o]o-xylene used for introduction
to a given sample was based on the expected con-
centration of volatile hydrocarbons in that sample.
The bottles were sealed without headspace, taped
secure and placed on ice in a cooler until return to
the laboratory (where they were stored at 4°C). Sim-
ilar procedures were used for collection and storage
of produced water with the exception that these
samples were taken directly from a spigot at the
onshore water treatment plant (Carpenteria, CA,
USA). Field banks, consisting of VFW spiked with
various amounts of [2H,]o-xylene, were prepared
and preserved according to the same protocol.

Just prior to analysis, water samples were permit-
ted to warm to room temperature. When the con-
centration of volatiles was known to be extremely
low (< ca. 5-15 pug 17! component~*), an aliquot
of the sample was poured (to overflowing) directly
into a 5-ml gastight Luer-lok syringe fitted with a
PTFE mininert valve in the open position. The sy-
ringe plunger was quickly inserted in order to seal
the sample in the syringe without bubbles or head-
space. The sample volume was then adjusted to 5
ml, expelling the excess to waste, and the mininert
valve was closed. The internal standard solution
(0.5 ul of [*Hjclethylbenzene in methanol; 44.5 ng
ul~1) was taken up in a 1.0-ul syringe. The mininert
valve was then removed, the needle of the microsyr-
inge was inserted into the 5-ml syringe, and the in-
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ternal quantitation standard was introduced to the
sample. The sample was immediately transferred to
the purge vessel (see below) via the Luer-lok fitting.

As discussed below, the linear calibration range
of the purge-and-trap HRGC-FID system de-
scribed here is limited (<0.2 to 10 ug 1! in purge
vessel). At the same time, the concentrations of aro-
matic hydrocarbons encountered in oil-contaminat-
ed waters often span more than four orders of mag-
nitude [3-4]. Consequently, samples having individ- |
ual hydrocarbon concentrations greater than ca.
10-15 pg 17! required dilution prior to being in-
troduced into the purge vessel. First, an appropriate
aliquot of the sample was measured in the 5-ml sy-
ringe and transferred to the purge vessel. Then
VFW was loaded into the same syringe without
headspace (as described above), and the volume
was adjusted such that the total volume of the dilut-
ed sample (i.e. VFW + sample) equalled 5 ml. The
VFW was immediately transferred to the purge ves-
sel. The internal standard solution was introduced
to either the VFW or the sample depending on
which volume was greater. For extremely contam-
inated water (> ca. 300 ug 1~! component ™ *), mi-
crosyringes were used to transfer small aliquots (5-
250 ul) of the sample to a syringe containing 5 ml
VFW. As before, the internal standard solution was
spiked into the 5-ml syringe before the diluted sam-
ple was introduced to the purge-and-trap concen-
trator.

Purge-and-trap gas chromatography

Analyses were performed on Tekmar LSC-2 and
LSC-2000 purge-and-trap concentrators interfaced
to Varian 3300 or 3500 high-resolution gas chro-
matographs equipped with hydrogen flame ioniza-
tion detectors. In the case of the LSC-2, the heated
transfer line (175°C) from the purge-and-trap device
was 1/16 in. stainless-steel tubing. This was con-
nected (within the GC oven) to a retention gap con-
sisting of an uncoated length of deactivated fused-
silica capillary (0.3 m X 0.25 mm 1.D.) using a
stainless-steel union. The uncoated fused-silica cap-
illary was, in turn, connected to 2 30 m x 0.25 mm
I.D. fused-silica capillary column coated with a
1.0-um film of DB-5 (J&W Scientific) using a stain-
less-steel zero dead volume union. By contrast, the
LSC-2000 interfaces directly to the capillary col-
umn via an uncoated length of fused-silica capillary
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tubing (0.5 m X 0.32 mm 1.D.) originating at the
multiport valve of the purge-and-trap device. Thus,
only one zero dead volume union was required.
Although several purge-and-trap protocols were
investigated, routine conditions of analysis were as
follows: purge gas, nitrogen; purge flow, 40 ml
min~!; purge time, 11 min; dry purge time, 4 min;
trap temperature (during purge), 22°C; (during de-
sorption), 175°C; desorption time 4 min. Sample
components were transferred from the trap to the
column using helium carrier gas at a flow-rate of ca.
1.5 ml min~"* (linear velocity at 150°C = ca. 30 cm
s™1). The column was maintained at — 50°C, the
column was programmed to 40°C at 50°C min~!
(5-min hold), then to 150°C at 3°C min~! folowed
by a 25-min isothermal hold. This temperature pro-
gram was developed after evaluating and optimiz-
ing the conditions of separation using complex oil-

Ground-water Sample
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contaminated groundwater samples. The chro-
matographic conditions described here are similar
to those reported by Johansen et al. {34] who ana-
lyzed gasoline samples on a glass capillary column
coated with QV-101. Data were acquired and
processed on a Nelson 2700 chromatography data
system equipped with a Nelson 900 intelligent ana-
log-to-digital interface operating at a sampling rate
of 2 points s~ 1.

The use of a narrow bore capillary column af-
forded the resolving power needed to separate the
complex assemblages of alkylbenzenes we were pri-
marily interested in. However, the low column flow-
rates acted to reduce the efficiency of sample trans-
fer from the trap for the most abundant compo-
nents (principally benzene) in heavily contaminated
samples. As described earlier, this affected only
those samples having alkylbenzenes at concentra-
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Fig. 1. High resolution gas chromatograms resulting from purge-and-trap HRGC-FID showing (a) volatile hydrocarbons in pe-
troleum-contaminated groundwater, (b) calibration standard used for determination of benzene and C,~C,, aromatic hydrocarbons.

Identities of compounds in numbered peaks are given in Table 1.
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tions that spanned several orders of magnitude.
This limitation was readily overcome by simply di-
luting the sample.

Gas chromatography—mass spectrometry

For purposes of qualitative analysis, the Tekmar
LSC-2 was interfaced to a Finnigan 4510B HRGC-
mass spectrometry (MS) apparatus in the same
manner as described above. The end of the analyt-
ical column was inserted directly into the ion
source. The HRGC-MS system was equipped with
a Data General Nova 4C computer and SuperIncos
data acquisition and processing software. The
purge-and-trap concentrator and GC conditions
were identical to those described in the preceding
section. Mass spectral data were acquired in the full
scan, electron impact mode (70 eV) with scanning

from 50 to 150 amu at a rate of 1 scan s~ 1.

RESULTS AND DISCUSSION

Qualitative analysis

Our interest in volatile hydrocarbons originated
with a study of groundwater contamination in a re-
mote area of northern Minnesota (USA). At this
site, crude oil accidentally released from an under-
ground pipeline in 1979, migrated to the water ta-
ble. Dissolution of the more soluble components of
the oil resulted in volatile dissolved organic carbon
concentrations of approximately 20 mg 17! in the
groundwater near the oil body [33]. A typical gas
chromatogram of the volatile hydrocarbons in
groundwater collected at the water table near the oil
is shown in Fig. la. Preliminary purge-and-trap
HRGC-MS analysis of this sample indicated the
presence of a large number of aliphatic and aromat-
ic hydrocarbons. The latter included benzene, a
complex mixture of C,—C;; monoaromatics and
naphthalene [35]. Our initial efforts were, therefore,
aimed at determining the retention characteristics
of the alkylbenzenes and optimizing conditions for
their purge-and-trap GC analysis.

Previous investigators have established the reten-
tion behavior of many of the C¢—C,, aromatic hy-
drocarbons on a variety of stationary phases under
isothermal and programmed temperature condi-
tions (Johansen et al. [34]; Kumar et al. [36]; and
references cited therein). These studies have demon-
strated the difficulty of separating all isomeric Ce—
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C,o aromatics on a single high resolution capillary
column. Kumar et al. [36] achieved the baseline sep-
aration of many of the alkylbenzenes on a 91-m
capillary column coated with Carbowax 1540 using
programmed temperature GC. They noted that the
two principle problems associated with the GC
analysis of the C¢—C;o aromatics are: (1) their sep-
aration from low-molecular-weight saturated hy-
drocarbons and (2) complete resolution of the aro-
matics from each other. Although non-polar phases
provide excellent selectivity for the Cs—C;o aromat-
ics [34,37-39], difficulties in separating them from
saturated hydrocarbons can arise when petroleum
products are analyzed. This obstacle is mitigated in
the case of petroleum-contaminated waters for two
reasons: (1) the high solubilities of the aromatic
leads to their enrichment in the aqueous phase and
(2) the saturated hydrocarbons are more rapidly
biodegraded [33]. As illustrated in Fig. la, these
phenomena result in elution of most of the C;—Cjo
aromatics in regions that are effectively free of chro-
matographic interference from saturated hydrocar-
bons.

Retention data are provided in Table I for ben-
zene, all 35 C,—Co aromatics, specific deuterated
analogues (4) and selected alkanes (11) under two
different temperature programs. Both of these pro-
grams provide good overall separations. For com-
parison, a typical gas chromatogram obtained using
the faster program (RRT2) for a mixture of most of
these pure compounds is shown in Fig. 1b. Benzene
and all but seven of the alkylbenzenes can be (at
least partially) resolved within 45 min under these
conditions; 20 compounds (inctuding the deuterat-
ed substances) are baseline-resolved (Table II).

Because of the incomplete chromatographic reso-
lution of certain alkylbenzenes it was of interest to
determine whether MS would permit more accurate
qualitative and quantitative analysis of the partially
resolved and co-eluting peaks. We, therefore, col-
lected 70-eV electron impact mass spectra for ben-
zene, each of the 35 C;—C;( aromatics and 3 of the
perdeuterated analogues. Only one pair of co-elut-
ing alkylbenzenes (m-xylene/p-xylene) was found to
have indistinguishable mass spectra. There are also
two pairs of partially resolved alkylbenzenes whose
mass spectra are virtually identical: (1) 1-methyl-3-
ethylbenzene/1-methyl-4-ethylbenzene and (2) 1,4-
methyl-2-ethylbenzene/1,3-dimethyl-4-ethylben-



86 R. P. Eganhouse et al. [ J. Chromatogr. 628 (1993) 81-92

TABLE 1
RELATIVE RETENTION TIME DATA FOR VOLATILE ALIPHATIC AND AROMATIC HYDROCARBONS

Compound RRTI® RRT2® Peak®

Aliphatic hydrocarbons
2,3-Dimethylbutane -4 0.3495 -
2-Methylpentane 0.3417 0.3527 -
3-Methylpentane 0.3449 0.3677 -
2,4-Dimethylpentane 0.3999 0.4284 -
2,3-Dimethylpentane 0.4756 0.4870 -
3-Methylhexane 0.4863 0.4977 -
2,2,4-Trimethylpentane 0.5078 0.5193 -
2,5-Dimethylhexane 0.5874 0.5990 -
2,3,4-Trimethylpentane 0.6258 0.6326 -
3-Methylheptane 0.6739 0.6838 -
2,2,5-Trimethylhexane 0.6931 0.7208 -

Aromatic hydrocarbons
[*H]Benzene 0.4620 —d -
Benzene 0.4655 0.4787 1
Toluene 0.6609 0.6717 2
[*H, ,JEthylbenzene —d 0.8582 3
Ethylbenzene 0.8618 0.8691 4
[*H,  lp-Xylene 0.8574 — -
m,p-Xylene 0.8797 0.8863 5
[2H, ,Jo-Xylene - 0.9227 6
0-Xylene 0.9294 0.9352 7
Isopropylbenzene 1.0000 1.0000 8
n-Propylbenzene 1.0712 1.0595 9
[-Methyl-3-ethylbenzene 1.0906 1.0748 10
I-Methyl-4-ethylbenzene 1.0947 1.0781 11
1,3,5-Trimethylbenzene 1.1083 1.0866 12
I-Methyl-2-ethylbenzene 1.1399 1.1124 13
tert.-Butylbenzene 1.1758 1.1372 -
1,2,4-Trimethylbenzene 1.1776 —d 14
Isobutylbenzene 1.2179 1.1642 15
sec.-Butylbenzene 1.2276 1.1698 16
[-Methyl-3-isopropylbenzene 1.2580 1.1862 17
1,2,3-Trimethylbenzene 1.2637 1.1912 18
1-Methyl-4-isopropylbenzene 1.2672 —4 -
1-Methyl-2-isopropylbenzene 1.3113 1.2154 19
1,3-Diethylbenzene 1.3438 1.2311 20
1-Methyl-3-propylbenzene 1.3497 1.2340 21
1-Methyl-4-propylbenzene 1.3621 —4 -
1,4-Diethylbenzene 1.3649 1.2410 22
n-Butylbenzene 1.3653 —4 -
1,3-Dimethyl-5-ethylbenzene 1.3847 1.2510 23
1,2-Diethylbenzene 1.3721 1.2439 24
1-Methyl-2-propylbenzene 1.4031 1.2589 25
1,4-Dimethyl-2-ethylbenzene 1.4356 1.2724 26
1,3-Dimethyl-4-ethylbenzene 1.4422 1.2754 27
1,2-Dimethyl-4-ethylbenzene 1.4641 1.2842 28
1,3-Dimethyl-2-ethylbenzene 1.4877 1.2948 29
1,2-Dimethyl-3-ethylbenzene 1.5395 1.3145 30
1,2,4,5-Tetramethylbenzene 1.5730 —4 -
1,2,3,5-Tetramethylbenzene 1.5874 1.3324 31
1,2,3,4-Tetramethylbenzene 1.7094 1.3753 32
[*HgNaphthalene -4 -4 33
Naphthalene - - 34

2

RRTI = relative retention times using isopropylbenzene as reference peak. Chromatographic conditions as follows: — 50°C — 40°C
at S0°C min~*, 5 min isothermal hold, — 90°C at 3°C min~! — 150°C at 1°C min~1.

RRT2 = relative retention times using isopropylbenzene as reference peak. Chromatographic conditions as follows: —50°C — 40°C
at 50°C min~!, 5 min isothermal hold, — 150°C at 3°C min~!, 40 min isothermal hold.

¢ Peak numbers refer to Fig. 1.

¢ Not determined.

L
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TABLE 11
IDENTIFICATION OF ALKYLBENZENES BASED ON RETENTION TIMES AND MASS SPECTRAL CHARACTERISTICS

Compound Resolution’ Potential GC-MS Other

quantitation ions® significant ions°
Benzene b 78 77(25)
Toluene b 91 92(62)
[*H, ,JEthyibenzene b 98 116(31)
Ethylbenzene b 91 106(34), 77(11)
[*H,  lp-Xylene b 98 116(52), 114(16)
p-Xylene c }d 91 106(53), 105(25), 77(17)
m-Xylene c 91 106(53), 105(25), 77(17)
[*H, Jo-Xylene b 98 116(49), 114(13)
o-Xylene b 91 106(50), 105(21), 77(15)
Isopropylbenzene b 105 120(30), 77(18)
n-Propylbenzene b 91 120(25)
1-Methyl-3-ethylbenzene p }d 105 120(33), 91(9), 77(10)
1-Methyl-4-ethylbenzene p 105 120531;, glg;, 7;8))2)
1,3,5-Trimethylbenzene b 105 120(55), 91(9), 7
1-Methyl-2-ethylbenzene b 105 120(32), 91(10), 77(10)
tert.-Butylbenzene c° 119, 134(27) 120(10), 105(1), 91(58)
1,2,4-Trimethylbenzene cs 105, 120(52) 119(13), 91(8)
Isobutylbenzene p e 91, 92(57) 134(29), 105(1)
sec.-Butylbenzene p } 105 134(20), 92(2), 91(13), 77(10)
1-Methyl-3-isopropylbenzene b 119 134(27), 91(21), 77(6)
1,2,3-Trimethylbenzene Pae 105, 120(49) 119(11), 91(8), 77(10)
1-Methyl-4-isopropylbenzene p } 119, 134(27) 105(5), 91(18), 77(6)
1-Methyl-2-isopropylbenzene b 119 ) 134(29), 91(199) o
1,3-Diethylbenzene Pye 119(98 134(48), 105, 91(21)
1-Methyl-3-propylbenzene p } 105 134(26), 119(4), 91(8), 77(9)
1-Methyl-4-propylbenzene C e 105 134(22), 119(1), 91(6), 92(2)
1,4-Diethylbenzene c } 119, 105(82) 134(47), 92(2), 91(26)
n-Butylbenzene c 91, 92(56) 134(29), 119(3), 105(8)
1,2-Diethylbenzene b 105 134(50), 119(86), 91(28)
1,3-Dimethyl-5-ethylbenzene b 119 134(33), 91(14), 77(6)
1-Methyl-2-propylbenzene b 105 134(24), 91(14), 77(6)
1,4-Dimethyl-2-ethylbenzene P 119 134(33), 105(15), 91(13)
1,3-Dimethyl-4-ethylbenzene p } 119 134(28), 105(4), 91(12)
1,2-Dimethyl-4-ethylbenzene b 119 134(30), 105(8), 91(13)
1,3-Dimethyl-2-ethylbenzene b 119 134(29), 105(5), 91(12)
[,2-Dimethyl-3-ethylbenzene b 119 134(32), 105(10), 91(14)
1,2,4,5-Tetramethylbenzene b 119 134(54), 105(3), 91(13)
1,2,3,5-Tetramethylbenzene b 119 134(49), 105(3), 91(12)
1,2,3,4-Tetramethylbenzene b 119 134(47), 105(3), 91(14)

@ Chromatographic resolution based on chromatographic conditions given in Table I (RRT2): b = baseline resolved, ¢ = coelution,
p = partial coelution.

® Masses underlined are specific to the compound present in the coeluting peak. Negligible or no interference from other alkylbenzenes.
Base peak is in bold.

° Numbers in parentheses indicate abundance (%) relative to base peak.

4 Mass spectra of coeluting peaks are essentially identical.

¢ Mass spectra are readily distinguishable.

zene. All other non-baseline-resolved alkylbenzenes latter cases, the co-eluting components yield ions
can be readily differentiated by HRGC-MS for that are sufficiently unique to make quantitation by
purposes of qualitative analysis. In some of these selected ion monitoring possible. In other instances,
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the mass spectra differ only in the relative abun-
dances of common ions, and some deconvolution
would be necessary. Table II summarizes these find-
ings.

Together these data indicate that purge-and-trap
HRGC-MS should permit the qualitative and
quantitative analysis of benzene and 33 of the 35
alkylbenzenes of interest here. Assuming there are
no interferences from substances other than aro-
matic hydrocarbons, purge-and-trap HRGC-FID
should, in principle, be applicable to the determina-
tion of 28 of the 35 C;—C,( aromatic hydrocarbons.
In practice, however, separation of the 1,2,3-tri-
methylbenzene/1-methyl-4-isopropylbenzene dou-
blet was not sufficient to permit accurate determina-
tion of the individual components. Use of more se-
lective stationary phases either in series (e.g. Math-
ews et al. [40]) or in parallel could provide further
improvements in the separation of the difficult mul-
ticomponent peaks.

Quantitative analysis

Based on the retention data described above, we
developed a 35-component calibration standard so-
lution (¢f. Fig. 1b). A multipoint calibration was
performed on the LSC-2000/Varian 3500 system us-
ing eight serial dilutions of the calibration standard
ranging in concentration from 2 to 250 ng ul~!
Purge-and-trap HRGC-FID analyses were carried
out on 5-ml aliquots of VFW amended with 0.5 pl

TABLE 111

STATISTICAL RESULTS OF MULTIPOINT CALIBRATION
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of each dilution of the calibration standard solution
(duplicate analyses at each level). Calibration of the
system was performed for all targeted compounds
because the stripping efficiencies of the Cs—C, aro-
matics decrease with decreasing vapor pressure.

Table IIT lists results developed from linear re-
gression analysis of the data obtained during the
multipoint calibration experiment. Results are
shown for benzene and six representative alkylben-
zenes. The tabulation is for data that span the full
concentration range (eight levels) as well as subsets
of the complete data set. In the latter cases, levels
have been excluded from the regression in a cumu-
lative fashion starting with the highest concentra-
tion and progressing to increasingly lower concen-
trations. This procedure provides an objective
means of evaluating the practical linear calibration
range using trends in the correlation coefficient and
response factors (i.e. the slope) for each regression
analysis.

All calibration curves for the complete concen-
tration range (All Data) exhibit a convex upward
trend. The correlation coefficients and slopes tend
to increase (and then plateau) as increasing num-
bers of levels (at the highest concentrations) are ex-
cluded from analysis. For example, higher correla-
tion coeflicients and slopes are obtained when all
but the three highest levels (All Data-3) are used as
compared to the case where all eight levels (All Da-
ta) are included in the regressions. The results show

Compound Dataset®

All Data All Data-1 All Data-2 All Data-3 All Data-4

r? Slope® r? Slope  r? Slope 12 Slope r? Slope
Benzene 0.790 198 0879 396 0964 574 0994 7.86 0995 7.26
Toluene 0.841 253 0922 476 0925 6.55 0989 7.79 0967 747
Ethylbenzene 0.889  3.11 0962 548 0963 6.94 099  7.38 0993  6.63
0-Xylene 0.864 2.80 0946 5.14 0997 6.79 0997 1736 0995 694
1-Methyl-3-ethylbenzene 0929 551 0974 882 099  6.92 0998 7.51 0998  6.99
1-Methyl-2-propylbenzene 0.853  2.59 0.941 4.84 0.994 647 0.996  7.23 0987  6.68
1,2,3,4-Tetramethylbenzene 0854 234 0935 433 0989  5.81 0994 6.84 0983  6.04

¢ Alldata = includes all eight levels; All Data-1 = all levels but highest; All Data-2 = all levels but two highest; All Data-3 = all levels

but 3 highest; All Data-4 = all levels but 4 highest.

b Slope = (peak area (cts)/concentration (ng ml~")] - 1073
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TABLE IV

LIMITS OF DETECTION (LOD) AND QUANTITATION (LOQ) FOR PURGE-AND-TRAP CAPILLARY GC WITH FID
(ug1™)

LOD and LOQ determined as mean + 3 S.D. and mean + 10 S.D., respectively based on n = § (Keith et al. [43]).
Compound LOD LOQ
Benzene 0.019 0.043
Toluene 0.043 0.058
Ethylbenzene 0.022 0.037
m,p-Xylene 0.072 0.155
[*H, Jo-Xylene 0.022 0.054
o-Xylene 0.027 0.066
Isopropylbenzene 0.011 0.029
n-Propylbenzene 0.006 0.014
1-Methy!-3-cthylbenzene 0.041 0.109
1-Methyl-4-ethylbenzene 0.015 0.035
1,3,5-Trimethylbenzene 0.023 0.060
1-Methyl-2-ethylbenzene 0.016 0.042
tert.-Butylbenzene + 1,2,4-Trimethylbenzene 0.169 0.442
Isobutylbenzene 0.022 0.060
sec.-Butylbenzene 0.003 0.005
1-Methyl-3-isopropylbenzene 0.016 0.041
1,2,3-Trimethylbenzene + 1-Methyl-4-isopropylbenzene 0.008 0.016
1-Methyl-2-isopropylbenzene 0.003 0.007
1,3-Diethylbenzene 0.020 0.048
1-Methyl-3-propylbenzene 0.020 0.046
1-Methyl-4-propylbenzene + 1,4-Diethylbenzene + n-Butylbenzene 0.020 0.049
1,2-Diethylbenzene 0.035 0.080
1,3-Dimethyl-5-ethylbenzene 0.023 0.058
1-Methyl-2-propylbenzene 0.035 0.092
1,4-Dimethyl-2-ethylbenzene 0.028 0.073
1,3-Dimethyl-4-ethylbenzene 0.020 0.054
1,2-Dimethyl-4-ethylbenzene 0.011 0.026
1,3-Dimethyl-2-ethylbenzene 0.080 0.191
1,2-Dimethyl-3-ethylbenzene 0.120 0.299
1,2,3,5-Tetramethylbenzene 0.027 0.067
1,2,3,4-Tetramethylbenzene 0.025 0.066

that the effective linear calibration range is approxi-
mately <0.2 to 10 ug 17! (purge vessel concentra-
tion). This narrow range does not reflect a limita-
tion of the flame ionization detector, but rather the
purge-and-trap GC system as a whole.

We also analyzed VFW repetitively in order to
estimate limits of detection and quantitation for all
the compounds in our calibration mixture. A sum-
mary of these results 1s given in Table IV. In gener-
al, the data show that the C4—C,o aromatics can be
detected at concentrations above approximately 30
ng 171, These detection limits are similar to, albeit
slightly higher than, data reported by Ho [22] ob-
tained with a photoionization detector. On the oth-

er hand, they are significantly lower than those ob-
served by a number of other investigators using
variants of the purge-and-trap method [15,23,41,
42].

Methoda performance

In order to develop estimates of method preci-
sion, we performed analyses of contaminated
groundwater samples collected with a PTFE bailer.
Groundwater was sampled from water table wells
in the vicinity of a crude oil spill. All wells were
located downgradient of the spill area, and no vis-
ible free oil phase was present. Data for three repre-
sentative wells are presented in Table V. Replicates
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TABLE V

RESULTS OF ANALYSES OF REPLICATE SAMPLES OF OIL-CONTAMINATED GROUNDWATER AND PRODUCED

WATER

Sample n Component Concentration (ug 17 1) R.S.D. (%)

Mean S.D.

Groundwater samples®

S522A 7 Benzene 2080 198 9.5
Toluene 353 51 14.4
Y Cg-aromatics 1060 71 6.7
> Cy-aromatics 470 40 8.5
Y C,,-aromatics 218 19 8.5
Bz + ZABS 4190 293 7.0

534B 3 Benzene 618 19 3.1
Toluene 94.2 9.5 10.0
Y Cq-aromatics 313 5.1 1.6
) C,y-aromatics 235 11.5 49
Y C, ,-aromatics 150 49 3.3
Bz + YABs 1410 21 1.5

530B 5 Benzene 15.2 1.6 10.5
Toluene 0.48 0.23 47.6
Y Cg-aromatics 0.73 0.04 5.4
Y C,y-aromatics 221 0.18 8.3
) C, ,-aromatics 61.0 4.08 6.7
Bz + ZABS 79.7 5.79 7.3

Produced water®

Wemco #3 4 Benzene 1210 15.6 1.3
Toluene 1390 22.7 1.6
> Cg-aromatics 945 30.5 3.2
Y C,-aromatics 319 18.6 5.8
> C, j-aromatics 361 46.5 12.9
Bz + ZABS 4225 103 2.4

* Samples collected in 1987 from groundwater contamination site near Bemidji, MN, USA (Eganhouse et al. [33]).
b Sample collected in 1988 from onshore teatment plant, Carpenteria, CA, USA.

were taken as separate subsamples (n = 3-7) from a
single deployment of the bailer at wells representing
varying degrees of contamination (benzene -+
)'C7-C;o aromatics = 0.08 to 4.2 mg 171). Tt is
assumed that the water collected within the bailer is
homogeneous with respect to dissolved constitu-
ents. However, for purposes of comparison, we also
performed replicate analyses of a produced water
sample collected from an onshore oil production
treatment plant. In this case, the same sample was
repeatedly analyzed (n = 4) over a one day period
to estimate method precision. Alkylbenzenes were
determined by purge-and-trap HRGC-FID ac-
cording to procedures described in the Experimen-
tal section.

The method precision for individual (benzene,
toluene) and homologue group analytes ranges
from ca. 1.3-48% relative standard deviation
(R.S.D.), but most values fall below 10%. The high
R.S.D. values for toluene in the groundwater sam-
ple from well 530B (48%) is attributable to an
anomalous result obtained for one of the five repli-
cate subsamples (toluene concentration = 0.88 ug
1Y), The R.S.D. values for individual alkylben-
zenes (data not tabulated here) were generally less
than 10% with the lowest values being observed for
the more highly contaminated samples. These re-
sults are consistent with data developed by other
investigators using purge-and-trap HRGC metho-
dology [15,23,41].
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TABLE VI
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RECOVERY OF [*H, Jo-XYLENE FROM CONTAMINATED GROUNDWATER SAMPLES

Spiked concentration (ug 17 1) n Recovery
Mean (%) 1S.D. R.S.D. (%)
514 28 85.4 16.5 19.3
5.14 17 108.8 21.8 20.1
0.51 19 103.8 20.5 19.7

Finally, as part of our field studies near Bemidji
in 1987 we measured the recovery of [2H;]o-xylene
from 64 field-spiked groundwater samples. These
included petroleum-contaminated water samples
containing widely varying concentrations of aro-
matic hydrocarbons and pristine groundwater col-
lected from a control well. Three spiking levels were
used within a concentration range of 0.51 to 51.4 ug
171, The results, given in Table VI, show that mean
recoveries ranged from ca. 85-109%. The same de-
gree of variation (about 20% R.S.D.) was observed
regardless of the spike solution concentration.
These recoveries are similar to data reported by
other investigators [22,23,41]. However, when com-
pared with results obtained from the analysis of
replicate samples of ground water (Table V), the
precision associated with recovery of [2H;glo-xy-
lene in the field-spiked samples was significantly
poorer. This difference is most likely attributable to
errors associated with the field spiking procedures
and possible matrix effects. Until improved proce-
dures for spiking field samples are developed, recov-
ery correction of the data would appear to be un-
warranted.

CONCLUSIONS

A method for determining C4~C;, aromatic hy-
drocarbons in contaminated water samples has
been developed based on purge-and-trap GC with
FID and MS. When HRGC-MS is used, benzene
and 33 of the 35 C,—C;( aromatics can be identified
and measured within a chromatographic run time
of approximately 45 min. When FID is employed,
benzene and 26 alkylbenzenes can be determined
with a detection limit of approximately 30 ng 171,
The precision of the method is generally less than

10%, and recovery of surrogates spiked in contam-
inated field samples ranges from 85-108%.
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ABSTRACT

A gas chromatographic-mass spectrometric method for the determination of trace amounts of muramic acid was developed. Muram-
ic acid, a compound unique to bacterial peptidoglycan, not present elsewhere in nature, was measured as its trifluoroacetylated methyi
glycoside, and in that form could be determined at low picogram levels (injected amount) when using negative-ion chemical ionization.
The method included methanolysis, extraction, evaporation and acetylation. The presence of excess amounts of yeast in the samples did
not interfere with the analysis. The method is rapid and simple and is useful for the determination of small amounts of peptidoglycan in

complex environments.

INTRODUCTION

The development of chromatographic and mass
spectrometric methods for the analysis of bacterial
constituents has considerably facilitated the detec-
tion and differentiation of small amounts of bacteria
in complex samples. Such methods are of impor-
tance when early detection of bacteria is vital, as in
medical diagnosis and in the food and biotech-
nology industries [1]. Chemical markers, that is,
cellular components specific to the microorganisms,
are used as analytes.

Correspondence to: 1. Elmroth, Department of Technical Analyti-
cal Chemistry, Chemical Centre, University of Lund, Box 124,
221 00 Lund, Sweden.

0021-9673/93/$06.00 ©

One of the most selective and sensitive chro-
matographic detectors is the mass spectrometer. In
gas chromatography—mass spectrometry (GC-MS),
the ionization techniques commonly used are elec-
tron impact (EI) and chemical ionization (CI).
Compared with EI, negative-ion chemical ionization
(NICI) of halogenated derivatives frequently im-
proves the selectivity as underivatized materials are
not detected (as they do not contain halogens).
Minimum fragmentation of the analyte occurs with
NICI because the ionization is gentler, which in turn
often results in reduced background noise. In addi-
tion, halogenated derivatives are extremely strong
electron-capturing compounds, hence the sensitivity
is also greatly enhanced.

The bacterial cell wall skeleton, peptidoglycan,

1993 Elsevier Science Publishers B.V. All rights reserved
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contains a polysaccharide backbone with the repeat-
ing monomers N-acetylglucosamine and N-acetyl-
muramic acid. As muramic acid (MuAc) is unique to
bacteria, it has been used as a chemical marker for
detecting both intact bacteria and bacterial debrisin,
e.g., synovial fluids in animal models of arthritis [2].
In the literature on MuAc analysis, MS methods
described include GC-EI-MS of alditol acetate [3],
aldononitrile [4,5] and trimethylsilyl (TMS) deriva-
tives [6], and NICI-MS of N-heptafluorobutyryl
isobutyl ester derivatives [7]. In addition, an HPLC-
MS method for the determination of underivatized
MuAc has been reported [8].

In the alditol acetate GC-MS procedure, MuAcis
released by hydrolysis and the aldehyde group of the
acid is then reduced (to eliminate the anomeric
centre) and hydroxyl and amino moieties are subse-
quently acetylated. The carboxyl group of MuAc
forms a lactam [9]; other carboxyl groups, such as
those found in amino acids, do not appear to be
derivatized. Between the reduction and acetylation
steps, the reducing agent (borohydride) is removed
(as tetramethylborate gas) by multiple evaporations
with methanol-acetic acid, a process that is time
consuming. The procedure incorporates prederivati-
zation clean-up steps that remove hydrophobic
substances (e.g., fatty acids) before acetylation of
hydroxyl or amino groups.

Earlier attempts to develop simpler methods to
replace the alditol acetate procedure have not been
entirely successful. In the aldononitrile procedure,
reaction of the aldehyde moiety with hydroxylamine
(to destroy the anomeric centre) replaces reduction
with sodium borohydride, and multiple evaporation
steps to remove borate are thus eliminated. Unfor-
tunately, with this procedure, extraneous peaks are
generated from side-reactions between the hydroxyl-
amine and acetic anhydride [4,5]. The TMS deriva-
tive of MuAc is simple to prepare although rather
unstable [6]. HPLC-MS analysis, in contrast to
other methods, requires a minimum of sample pre-
treatment as derivatization is not necessary, but at
present this technique does not allow the detection
of sub-nanogram injected amounts of MuAc [8].

In this work, a procedure for the trace determina-
tion of MuAc was developed in which samples were
methanolysed and then subjected to trifluoroacetyla-
tion. This procedure was adapted from the tech-
nique that Pritchard ez al. [10] used successfully with
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electron-capture detection. Other NICI-MS proce-
dures for MuAc determination have been devel-
oped, but not widely used, however [2,7]. In compar-
ison, highly sensitive and useful GC-NICI-MS
methods have been developed for certain other
chemical markers of microorganisms, e.g., tubercu-
lostearic acid [11], p-alanine [12,13] and 3-hydroxy-
fatty acids [14,19].

EXPERIMENTAL

Chemicals

Acetyl chloride (purity >99%) was obtained
from Fluka (Buchs, Switzerland), trifluoroacetic
anhydride (TFA) (purity >99%) from Janssen
Chimica (Beerse, Belgium), muramic acid (purity
99%), L-rhamnose, D-ribose, D-glucose, D-galactose,
D-glucosamine and D-galactosamine from Sigma
(St. Louis, MO, USA) and N-methyl-D-glucamine
(purity 99%) from Aldrich Chemie (Steinheim,
Germany). All solvents were of analytical-reagent
grade and used without further purification. Prior to
use, glassware was washed in 5% Deconex (Borer
Chemie, Zuchwil, Switzerland), rinsed several times
with hot tap water and then heated at 400°C for 10 h.

Microorganisms

A strain of group G streptococci isolated from a
clinical specimen at the Clinical Microbiology Lab-
oratory, Lund Hospital, was sub-cultured overnight
on blood agar plates at 37°C and then inoculated in
10 ml of Todd Hewitt Broth (Difco, MI, USA) and
grown overnight at 37°C. The bacteria were then
washed and centrifuged (10 000 g, 15 min) three
times and then resuspended in 0.9% sodium chloride.
Saccharomyces cerevisiae, isolated from bakers’
yeast, was cultured in 100 ml of Lactobacillus
Carrying Medium [16] at 32°C for 24 h and then
washed and centrifuged and resuspended five times,
as described above. Following this procedure, the
microorganisms were freeze-dried.

Group A streptococcal cell walls (PG-PS) were
prepared as described previously [17]. In brief,
streptococcal cells were solubilized by extensive
sonication and intact cells and high-molecular-mass
debris were removed by centrifugation at 10 000 g.
The cell wall fragments were then treated sequential-
ly with hyaluronidase, ribonuclease and deoxyribo-
nuclease, papain and pepsin; between the enzyme
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treatments, buffers were changed by dialysis. Cell
walls were then separated from enzymes and de-
graded cellular constituents by centrifugation at
110 000 g, extracted with chloroform—methanol
and freeze-dried.

Gas chromatography—mass spectrometry

The GC-MS analyses were performed on a
Hewlett-Packard (Palo Alto, CA, USA) Model 5890
gas chromatograph connected to a VG Trio 1-S
mass spectrometer (VG Masslab, Manchester, UK).
The mass spectrometer was used in the CI mode
with NI detection. A fused-silica capillary column
(25 m x 0.25 mm 1.D.), containing cross-linked
OV-1 as the stationary phase, was interfaced directly
to the ion source. Volumes of 1 ul were injected in
the splitless mode (injector temperature 260°C)
using a Hewlett-Packard Model 7673 autosampler.
Helium, at a column head pressure of 10 psi
(1 psi = 6894.76 Pa), served as the carrier gas, and
isobutane (ionized at an energy of 70 eV) as the
reagent gas. The initial column temperature (70°C)
was increased at 8°C/min to 200°C and the tempera-
ture of the GC-MS interface was 260°C. The ion
source temperature was 110°C; for comparisons,
fragmentation patterns of the MuAc derivative were
also studied at ion source temperatures of 80, 110,
130 and 150°C. Both scan mode and selected ion
monitoring (SIM), measuring the ions m/z 674, 657,
567 and 480, were used in the experiments.

Sample treatment

Samples (1-2 mg) were methanolysed under a
nitrogen atmosphere at 85°C for 18 hin 1 ml of 4 M
methanolic hydrochloric acid (HCI; prepared by
-adding acetyl chloride dropwise to methanol while
cooling in an ice-bath). After cooling, 1-10 ug of the
internal standard N-methyl-D-glucamine, dissolved
in 100 ul methanol, were added, and the meth-
anolysate was extracted with 2 ml of hexane. After
evaporating the methanolic phase to dryness at 40°C
under a stream of nitrogen, 50 ul of TFA and 50 ul of
acetonitrile were added; derivatization was per-
formed at 60°C for 5 min. Subsequently, the deriva-
tized samples were allowed to stand for 5 min at
room temperature, whereafter 400 ul of acetonitrile
were added. Sample portions (50-100 ul) were then
transferred to new test-tubes, evaporated to approx-
imately half the volume, diluted with acetonitrile
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(0.1-1.0 ml) and finally analysed (1-ul aliquots) by
GC-MS.

Relative yield and chemical stability

To investigate the influence of methanolysis time
and concentration of the HCl on the relative yield of
MuAc, duplicate bacterial samples were heated in
4 M methanolic HCI for 1, 3, 6, 18, 25, 38 and 48 h.
In addition, separate samples were heated for 25 h in
1, 2, 3 and 4 M methanolic HCI and treated as
described under Sample treatment. The area ratio
between the molecular ion peak of MuAc and that of
the internal standard was calculated.

Different TFA derivatization conditions were
also investigated. Bacteria were first heated in 4 M
methanolic HCI at 85°C for 18 h and then subjected
to hexane extraction (see Sample treatment), where-
after eight 100-ul aliquots of the methanolic phase
were placed in separate tubes. The liquid in the tubes
was evaporated and 50 ul of acetonitrile and the
same amount of TFA were added. Derivatization of
duplicate samples was performed at 80°C for 10 min,
80°C for 5 min, 60°C for 10 min and 60°C for 5 min.
Derivatized internal standard was added and the
samples were evaporated to approximately half the
volume, diluted in acetonitrile (see Sample treat-
ment) and analysed in the scan mode. For each of the
individual samples the area ratio between the molec-
ular ion peak of MuAc and that of the internal
standard was calculated.

To evaluate the chemical stability of the deriva-
tives, two bacterial TFA preparations and one
PG-PS TFA preparation were stored in a refrigera-
tor (a) after removal of TFA by evaporation (as
described under Sample treatment) and (b) in the
presence of 10% TFA. The samples were analysed
(scan mode) after 1, 3 and 7 days of storage, and the
peak areas of the molecular ions of MuAc and the
internal standard, selected from the total ion current
profile, were integrated. The evaporated samples
were compared with those of the corresponding
samples stored in 10% TFA.

Linearity, precision, accuracy, quantification and
limit of determination

To investigate the linearity and precision of the
overall analytical procedure, six bacterial samples
were heated in 4 M methanolic HCI, then extracted
with hexane and evaporated to dryness (as described
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under Sample treatment), and the resulting residues
were dissolved in 2 ml of methanol. Volumes
corresponding to 5, 12.5, 25, 50, 125 and 250 ug (dry
mass) of bacterial cells were then taken from two of
these solutions and placed in separate vials, and the
methanol was subsequently evaporated. In addition,
volumes corresponding to 50 and 250 ug of bacterial
cells were transferred from the remaining four sam-
ples into separate vials. Internal standard (2.0 ug)
was added to each of these vials and the samples
were derivatized with TFA (see Sample treatment).
After 5 min at room temperature, 100 ul of aceto-
nitrile were added. A 100-ul portion was then
transferred into a new test-tube, evaporated to
approximately half the volume, diluted with 400 ul
of acetonitrile and analysed in the SIM mode. A
graph illustrating the area ratios between the molec-
ular ion peak of MuAc and that of the internal
standard versus the total amount of bacteria in the
sample was constructed.

To investigate the limit of determination for
bacterial MuAc in the GC-MS part of the method,
bacterial samples were heated in 4 M methanolic
HCI, extracted with hexane and evaporated (see
Sample treatment). The residues were dissolved in
1 ml of methanol and then diluted tenfold. Portions
(100 ul) of the diluted residues were transferred into
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new tubes for evaporation and TFA derivatization
(see Sample treatment). After 5 min at room temper-
ature, 400 ul of acetonitrile were added, a 50-ul
portion was evaporated to half the volume and
diluted with 0.1-2.0 ml acetonitrile and finally
analysed in the SIM mode. The limit of determina-
tion was defined as the amount of MuAc injected
into the GC-MS system that gave a signal-to-noise
ratio of about 6 (peak-to-peak noise).

For determination of the amount of MuAc in the
bacteria, four samples of 1.2-1.5 mg of PG-PS and
four bacterial samples were processed (see Sample
treatment). The amount of MuAc in the PG-PS
preparation (7.7% w/w, dry mass) had previously
been determined by the alditol acetate method [17].
The GC-MS analyses were performed in the SIM
mode. The amount of MuAc in the bacteria was
determined by comparing the bacterial samples with
the PG-PS samples with respect to the area ratio
between the molecular ion peak of MuAc and that of
the internal standard.

Detection of muramic acid in the presence of yeast
Bacterial and yeast samples were heated separate-
lyin 4 M methanolic HCI, extracted with hexane and
evaporated. After this procedure, the yeast prepara-
tions were immediately derivatized with TFA and

100"
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Fig. 1. Bottom trace: total ion current NICI profile of derivatized group G streptococcal carbohydrates analysed in the scan mode;
glucose (1), glucosamine (2) and MuAc (3) are indicated. Top trace: ion current profile selected from the same analysis and showing the

molecular ion of MuAc (m/z 567).
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Fig. 2. NICI mass spectra of the MuAc TFA derivative at ion source temperatures of 80 (top) and 110°C (bottom).

then dissolved in 400 ul of acetonitrile, whereas the
bacterial preparations were dissolved in 1 ml of
methanol, diluted tenfold, transferred (100-y ali-
quots) into new tubes and evaporated, and then
derivatized with TFA and dissolved in 400 g of
acetonitrile. Portions (25-50 ul) of the derivatized
bacteria samples were then mixed with portions
(100 1)) of the derivatized yeast, and these mixtures

were subsequently evaporated to half the volume,
diluted with 1 ml of acetonitrile and subjected to
GC-MS analysis in the SIM mode.

RESULTS

Gas chromatography—mass spectrometry
A total ion current (TIC) profile of the carbo-
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hydrates in the group G streptococcal strain (ana-
lysed in the scan mode) is presented in Fig. 1 (bottom
trace). The top trace shows an ion current profile
that was selected from the TIC profile and focused
on the molecular ion of the MuAc derivative (m/z
567). Glucosamine, galactosamine, glucose, galac-
tose, ribose and rhamnose were identified by com-
paring their spectra and retention times with those
of corresponding reference substances. The MuAc
derivative eluted after 15.3 min, i.e., about 5 min
after the other amino sugars and 7 min after the
internal standard derivative.
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Fig. 3. NICI mass spectra of TFA-derivatized glucose (top),
glucosamine (centre) and N-methyl-D-glucamine (internal stan-
dard) (bottom) at an ion source temperature of 110°C.
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The relative abundance of the fragments in the
mass spectrum of the MuAc derivative varied with
the ion source temperature, and for the molecular
ion of m/z 567, [M]~, a significant decrease was seen
at higher temperatures. Mass spectra produced at
ion source temperatures of 80 and 110°C are shown
in Fig..2. The fragments found in the higher m/z
range were interpreted as (M —HF]™ (m/z 547),
M —-CH;OCH=0])" (m/z 507) and [M —
CH;CHCOOCH,] ™ (m/z 480).

For comparison, mass spectra of the TFA deriva-
tives of glucose, glucosamine (peaks marked 1 and 2
in Fig. 1) and N-methyl-D-glucamine are shown with
the molecular ions of m/z 578, 577 and 674, respec-
tively in Fig. 3. In the glucose spectrum additional
prominent ions were found and interpreted as
[M 4+ O = COCF3]™ (m/z 691),[M — O = CCF,]~
(m/z482);,and [M — O = COCF;]~ (m/z465);in the
glucosamine spectrum the ions M — HF]™ (m/z
557) and [M — O = COCF 3]~ (m/z 464) were found.
Corresponding mass spectra were found for galac-
tosamine, galactose, ribose and rhamnose.

Relative yield and chemical stability

The relative yield of MuAc achieved under differ-
ent methanolysis conditions is illustrated in Fig. 4.
When using 4 M methanolic HCI, the maximum

0.3

Relative yield

0 T T T T
0 10 20 30 40 50

Time (h)

Fig. 4. Relative yield of MuAc obtained after heating streptococci
in (0) 4 M methanolic HCl at 85°C for |-48 hand in(A) 1, (@) 2
and (©) 3 M methanolic HCl at 85°C for 25 h. Relative yields are
expressed as bacterial response relative to the internal standard,
i.e., the area ratio between mjfz 567 and m/z 674 ions. Values
represent means for duplicate samples.
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yield was reached after heating for 6 h. Yields
obtained using 2, 3 and 4 M methanolic HC] were
similar, whereas the yield using 1 M HCl was
comparatively lower (methanolysis time 25 h).

The final TFA derivatization conditions chosen
were heating for 5 min at 60°C. An increased
temperature or derivatization time did not increase
the yield.

The MuAc derivative was stable for 7 days, even
when TFA had been evaporated. After 1 day of
storage, the TFA-derivatized internal standard (in
the absence of TFA) was not degraded, whereas
after 3 days only 78% remained and after 1 week
44% (mean of three values).

Linearity, precision, accuracy, quantification and
limit of determination

The relative response, i.e., the area ratio between
the molecular ion peak of MuAc (m/z 567) and the
internal standard (m/z 674), versus the total amount
of bacteria in the prepared samples is shown in
Fig. 5. The straight line, fitted to the individual data
using the method of least squares, followed the
equation y = 3.0-1073x — 4.4- 1073, where y is

0.9
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the relative response and x is amount of bacteria.
The relative standard deviation of the relative
response was 10% for the six 50-ug samples (mean
0.143, s,_; = 0.016) and 5.3% for the six 250-ug
samples (mean 0.739, s,—; = 0.039). The amount of
MuAc in the bacteria was found to be 0.49% (dry
mass). The limit of determination of the overall
method, defined as the amount of MuAc which gave
a relative standard deviation of 10%, was found to
be 250 ng in the original sample, whereas the limit of
determination of MuAc in the GC-MS part of the
method was found to be 3 pg (injected amount).

Detection of muramic acid in the presence of yeast

SIM chromatograms focused on the ion of m/z
567 (MuAc) in the analysis of a preparation of 0.6 ng
of bacterial cells (corresponding to 3 pg of MuAc)
and 120 ng of yeast cells (injected amounts) and a
corresponding chromatogram for 120 ng pure yeast
are shown in Fig. 6. The noise was of equal
magnitude to that when pure bacterial samples were
analysed and no interfering responses from pure
yeast were detected.

0.8

0.7

0.6

0.5

0.4

0.3

Relative response

0.2

0.1

0 50 100 150 200

Bacteria (ug)

250 300

Fig. 5. Test of linearity, precision and accuracy. Relative response, i.e., the area ratio between the molecular ion peak area of MuAc (m/z
567) and that of the internal standard (m/z 674), versus the total amount of bacteria in the samples, are shown. The method of least squares

was used to fit a straight line to the individual data.
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Fig. 6. Selected ion monitoring chromatograms (m/z 567) from analysis of MuAc. The top trace represents the injection of an amount
corresponding to 0.6 ng of bacterial cells and 120 ng of yeast cells and the bottom trace the injection an amount corresponding to 120 ng of
pure yeast. The higher noise apparent in the bottom trace is due to automatic normalization of the total ion current.

DISCUSSIONS

Chromatographic analysis of bacterial constitu-
ents is a useful method for the detection of bacteria
or bacterial debris in biological samples and, in
contrast to classical microbiological and biochemi-
cal procedures, culturing is not required. By cou-
pling GC separation with MS detection, a high level
of sensitivity is achieved that permits the determina-
tion of very small amounts of bacteria. The selectiv-
ity can be deliberately chosen by using analytes that
are specific for particular species or genera or for
bacteria in general. MuAc exemplifies the latter type
of analyte, or chemical marker, as it is unique for
bacteria. A highly sensitive and selective method for
the determination of MuAc would allow the detec-
tion of trace amounts of peptidoglycan in, for
example, environmental samples (e.g., soil, ground
water and air), foods, pharmacological products,
biotechnical processes or body fluids (e.g., samples
for clinical diagnosis of infectious diseases).

Compared with GC-EI-MS analysis of the MuAc
alditol acetate derivative, which provides a limit of
detection of 2.5 ng (injected amount) [3], the NICI
TFA method offers a considerable improvement in
sensitivity, as MuAc can be determined at low pico-

gram levels. However, the alditol acetate method is
more attractive for carbohydrate profiling than the
NICI TFA method, as alditol acetates elute as single
peaks, whereas multiple peaks appear upon TFA
derivatization. The TFA derivative of MuAc eluted
as one dominating and one minor peak (not baseline
separated), with only the major peak being consid-
ered in the quantification.

Even under mild conditions TFA reacts with the
hydroxyl groups of carbohydrates. As TFA deriva-
tives are known to be unstable in the presence of
moisture, it has been recommended that prepara-
tions should be stored at —20°C in a 10% excess of
TFA [18]. We followed this recommernidation and
then evaporated the excess of TFA prior to analysis
in order to prolong the life of the GC column. On
storing the evaporated samples, the MuAc deriva-
tive was found to be stable for at least 1 week,
whereas degradation of the N-methyl-D-glucamine
derivative was observed after 3 days. We therefore
recommend that samples devoid of an excess of TFA
be analysed on the same day they are prepared to
avoid problems in the quantification.

Compared with previously reported techniques,
the NICI TFA method is simple, as it includes only
one ‘“‘clean-up” step. The hexane extraction of
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methanolysates is effective in separating fatty acid
methyl esters from methyl glycosides [19]. All water-
soluble methanolysis products are present in the
final sample, however. Despite this, the presence of a
200-fold excess of yeast did not interfere with
analysis for trace amounts of MuAc derivative. To
ascertain the identity of the MuAc and the internal
standard derivative, we monitored four ions in the
SIM analyses.

Methanolysis was the most time-consuming step
in the TFA procedure. In addition to the production
of methyl glycosides from the hydroxyl groups
involved in linkage of monomeric units, the carboxyl
group of muramic acid is methylated. The maximum
yield was achieved after 6 h of heating.

The influence of the ion source temperature on the
NICI mass spectra of halogenated derivatives has
been described previously [20]. For the MuAc
derivative, there was a major difference between the
relative abundance of the fragments obtained at
80°C and those obtained at 110°C, whereas the mass
spectrum at 150°C was almost identical with that at
110°C. To ensure optimum selectivity in the analy-
sis, a high abundance of the molecular ion is
desirable. A temperature of 110°C was used because
it is the lowest stable ion source temperature per-
mitted by our GC-MS system when using standard
filaments. Previously reported data on fragmenta-
tion patterns of carbohydrate TFA derivatives [21]
and N-heptafluorobutyryl-2-butyl ester derivatives
of (R)-alanine [22] were used in the interpretation of
spectra.

Methanolysis of the free MuAc standard pro-
duced a mixture of compounds containing methyl
and TFA groups (data not shown), whereas when
bacteria were processed only the MuAc methyl
glycoside was detected. A MuAc standard therefore
cannot be used in the quantification. Instead, a
peptidoglycan-containing specimen with a known
amount of MuAc can be used; in our study, a PG-PS
preparation with a MuAc content previously deter-
mined by the alditol acetate method was employed.
In other investigations, N-methyl-p-glucamine has
been used as an internal standard in determinations
of bacterial carbohydrates [3,8]. The amount of
bacterial MuAc found (0.49% of the dry mass)
corresponded well with the amount found in S.
pyogenes (0.53%) when using the alditol acetate
method [5], and the complete carbohydrate compo-
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sition of the group G streptococci analysed agreed
well with previously reported results [10].

So far, the alditol acetate method has been used
most often when determining MuAc. The NICI
TFA method described here is superior in sensitiv-
ity, but its selectivity for different sample matrices
remains to be evaluated. In addition, it should be
investigated whether the use of a different internal
standard would improve the precision in the overall
method. Experiments are now being planned to
assess the technique with regard to its applicability
for the determination of peptidoglycan in organic
dust and different kinds of clinical samples and for
the detection of bacterial contamination of biotech-
nical processes.
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ABSTRACT

The separation of 29 isomer pairs, namely three pairs of 5- and/or 8-substituted 1,2,3,4-tetrahydronaphthols, one pair of naphthalene
derivatives (naphthalene-1,7-diol and naphthalene-1,6-diol) and 25 pairs of N-substituted 3-amino-1,2,3,4-tetrahydro-2-naphthols
{including their lactone derivatives, tetrahydro-4H-naphth[2,3-b][1,4]oxazin-2-ones} in TLC systems on silica or alumina was studied.
The possibility of two-point contact with the adsorbent in the case of more strongly retained isomers and their edgewise orientation
against its surface is discussed. Attention is also paid to the influence of substituents in position 3 of the 1,2,3,4-tetrahydro-2-naphthol

ring system on the retention sequence of the respective isomers.

INTRODUCTION

trans-3-[(2-Hydroxyethyl)amino]-5,8-dimethoxy-
1,2,3,4-tetrahydro-2-naphthol™ (tetraminol, 1) is a

OCH
% NH-CH,CH,OH

OH
CHs

Tetramino! (1)

drug exhibiting «-adrenomimetic, vasoconstrictory
and pressoric effects [1-3]. In the course of a study
of its biotransformation in vitro involving the eluci-

Correspondence to: Professor Ivo M. Hais, Department of Bio-
chemical Sciences, Faculty of Pharmacy, Charles University,
Heyrovského 1203, 501 65 Hradec Kralové, Czechoslovakia.

* In agreement with standard chemical nomenclature, position
of the alcohol group is indicated here as 2- and that of the
amino group as 3- (¢f., C.4. code No. 64381-81-8), although
the name 2-hydroxyethylamino-3-hydroxy-5,8-dimethoxy-
1,2,3,4-tetrahydronaphthalene has been used in the chemical
and pharmacological literature [1-3].

0021-9673/93/806.00  ©

dation of the structure of the isomeric products of
mono-O-demethylation (12 and 13), three isomeric
pairs of 1,2,3,4-tetrahydro-2-naphthols substituted
in the aromatic nucleus (2-7) and nine pairs of iso-
meric derivatives of 3-amino-1,2,3,4-tetrahydro-2-
naphthols 5,8-disubstituted in the aromatic nucleus
as well as on the N-atom (12-15, 20/21, 40/41, 44—
47, 54-59) [4,5] were prepared (Table I).

This paper is devoted to the interpretation of the
retention sequence of isomers. In order to check
some conclusions, N-acetyl (18/19) and N-benzoyl
(36/37) derivatives of compounds 12 and 13 were
prepared. For the sake of comparison, five isomeric
pairs devoid of a methoxy group in the aromatic
nucleus (10/11, 16/17, 34/35, 38/39, 42/43) were also
prepared [6]. Tt has been found that during chroma-
tography in basic systems S3 and S4, lactones 54-59
react with the components of the mobile phases
(methanol, ethanol, ammonia). Chromatographic
retention of the resulting esters 22-25, 28-31 and
48-51 and the amides 26-27, 32/33 and 52/53, most
of which were prepared synthetically [6], has been
shown to be important for the corect interpretation

1993 Elsevier Science Publishers B.V. All rights reserved
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TABLE I
STRUCTURES OF THE COMPOUNDS

K. Drandarov and I. M. Hais | J. Chromatogr. 628 (1993) 103-109

Compound Compound
No. R No. R"
R
OH OH
R’ (5) R” (8) R’ (3) R" (5) R (8)
2 OH H O=CCH,
3 H OH |
4 OCH, H 20 -NCH,COOH OH OCH,
5 H OCH,
6 OH OCH, 0=CCH,
7 OCH, OH |
21 -NCH,COOH OCH, OH
0=CCH,
R |
2 -NCH,COOCH,  OH OCH,
Y. OH 0=CCH,
| :
23 -NCH,COOCH,  OCH, OH
R’ R” 0=CCH,
|
8 (1,6-diol) OH H 24 -NCH,COOC,H, OH OCH,
-diol) H
9 (1,7-diol) OH 0=CCH,
|
25 -NCH,COOC,H, OCH, OH
-
R 0=CCH,
|
OH 26 ~NCH,CONH, OH OCH,
p o
0=CCH,
|
R'(3) R" (5) R™ (8) 27 -NCH,CONH, OCH, OH
0=CCH,
10 -NHCH,CH,O0H OH H |
11 -NHCH,CH,OH H OH 28 ~-NCH,COOCH,  -OCOCH, OCH,
12 -NHCH,CH,O0H OH OCH, O=CCH
13 -NHCH,CH,0H OCH, OH - o
14 -NHCH,COOH OH OCH
15 _NHCH_.COOH OCH, oH 29 -NCH,COOCH,  OCH, -OCOCH,
O=CCH, 0=(|3CH3
[
16 _NCH,CH,OH OH - 30 -NCH,COOC,H, -OCOCH, OCH,
0=CCH, 0= fCHs
I
17 ANCH,CH,OH H OH 31 -NCH,COOC,H, OCH, -OCOCH,
O=CCH, 0=CCH,
l !
18 -NCH,CH,O0H OH OCH, 32 -NCH,CONH, -OCOCH, 'OCH,
0=CCH, O=CCH,
I l
19 —-NCH,CH,0H OCH, OH 3 —NCH,CONH, OCH, -OCOCH,
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TABLE 1 (continued)
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Compound Compound .
No. R” No. R
4 R
p fom
R (3) R" (5) R™ (8) R' (3) R” (5) R™ (8)
O=CPh O=COCH,Ph
| |
34 -NCH,CH,0H OH H 48 -NCH,COOCH, OH OCH,
O=CPh O=COCH,Ph
| |
35 -NCH,CH,OH H OH 49 —NCH,COOCH, OCH, OH
O=CPh O=COCH,Ph
| |
36 ~NCH,CH,OH OH OCH, 50 -NCH,COOC,H, OH OCH,
O=CPh O=COCH,Ph
| |
37 -NCH,CH,0H OCH, OH 51 -NCH,COOC,H,  OCH, OH
CH,Ph O=COCH,Ph
| |
38 ~NCH,CH,OH OH H 52 -NCH,CONH, OH OCH,
CH,Ph O=COCH,Ph
| f
39 -NCH,CH,0H H OH 53 -NCH,CONH, OCH, OH
CH,Ph
| .
40 -NCH,CH,0H OH OCH, R R
CH,Ph Nl
| oo
41 ~NCH,CH,0H OCH, OH
S=CNHPh (2,3,4a,5,10,10a-hexahydro-4H-
| naphth([2,3-5] [1,4]oxazin-2-one
42 -NCH,CH,0H OH H derivatives)
S=CNHPh
|
43 -NCH,CH,0H H OH R"(4) R (6) R™ (9)
| 54 ~COCH, OH OCH,
44 -NCH,CH,OH OH OCH, 35 —-COCH, OCH, OH
S$=CNHPh 56 —-COCH, -OCOCH,; OCH,
| 57 —COCH, OCH, ~OCOCH,
45 -NCH,CH,0H OCH, OH 58 ~COOCH,Ph OH OCH,4
59 -COOCH,Ph OCH, OH
46 SPh OH OCH,
- [
S=‘—NPh
47 —N\/LO OCH, OH
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of some of the effects noted in the chromatography
of compounds 54-59.

EXPERIMENTAL

Materials

Kieselgel 60 F;5, and Aluminiumoxid 60 F,s4
glass plates were obtained from Merck (Darmstadt,
Germany).

Analytical-reagent grade chemicals were used un-
less indicated otherwise. Chloroform [stabilized
with 1% ethanol (Merck), not redistilled], absolute
methanol (Merck, not redistilled), 96% ethanol
(chemically pure, distilled), butanol (Merck), acetic
acid (Merck), 4-nitrobenzenediazonium fluorobo-
rate (Reanal, Budapest, Hungary) and 1,7-naph-
thalenediol (9) [95% (pract.) (Fluka, Buchs, Swit-
zerland)] were commercial products.

1,6-Napthalenediol (8) was prepared by heating
5-amino-2-naphthol at 180°C in 10% sulphuric acid
for 4.5 h in a sealed ampoule as recommended by
Dr. J. Latinak (VChZ, Pardubice-Semtin, Czecho-
slovakia), who also supplied the starting substance.

Compounds 2-7, 12-15, 20/21, 40/41, 44-47 and
54-59 were prepared by procedures described else-
where [4,5].

Compounds 10 and 11 were prepared by amino-
lysis of 2,3-epoxy-5-acetoxy-1,2,3,4-tetrahydro-
naphthalene with 2-hydroxyethylamine, using a
method analogous to that for the production of 12
and 13 [4,5,7].

Compounds 16-19 were prepared by N-acetyla-
tion and 34-37 by N-benzoylation of 10-13. Com-
pounds 38 and 39 were prepared by the reduction of
34 and 35 with lithium aluminium hydride. Com-
pounds 42 and 43 were prepared from 10 and 11 by
means of phenyl isothiocyanate [5]. Compounds 26
and 27 were prepared by heating the lactones 54
and 55 with 25% ammonia.

Compounds 22/23 and 48/49 were prepared by
briefly heating methanolic solutions of the lactones
54/55 and 58/59, respectively. Compounds 24/25
and 50/51 were similarly prepared by heating of eth-
anolic solutions of the respective lactones.

Methyl esters 28/29 and ethyl esters 30/31 were
prepared by adding catalytic amounts of triethyl-
amine to the solutions of the lactones 56/57 in chlo-
roform—methanol (1:1, v/v) or chloroform—ethanol
(1:1, v/v), respectively.

The amides 32/33 and 42/43 resulted during chro-
matography of the lactones 56/57 and 58/59, re-
spectively, on silica in systems S3 and S4, which
contain ammonia. Chromatographic spots corre-
sponding to the amides were identified according to
their chromatographic retention and the colours of
the detection reactions.

Compounds 2-7 are racemates; 10-53 are 2,3-
trans racemates; the 2,3,4a,5,10,10a-hexahydro-4 H-
naphth[2,3-b] [1,4]oxazin-2-one derivatives 54-59
are 4a,10a-trans racemates.

Chromatographic technique

A Camag (Muttenz, Switzerland) Model 20/20
chromatographic tank was used. Equilibration was
applied for 30 min before chromatography.

TLC solvent systems. The following systems were
used: S1 = chloroform; S2 = chloroform-metha-
nol (95:5, v/v); S3 = chloroform—methanol-25%
(w/v) aqueous ammonia (80:10:1, v/v/v); S4 =
chloroform-96% (v/v) ethanol-25% (w/v) aqueous
ammonia (80:10:1, v/v/v) (turbidity is removed by
filtration through cotton-wool); S5 = chloroform—
methanol-acetic acid (15:5:1, v/v/v); and S6 = bu-
tanol-acetic acid-water (40:10:50, v/v/v) (the or-
ganic phase is used).

Solutions for spotting. These were freshly pre-
pared, as some of the compounds are not stable.
Volumes of 2-3 ul of 1% solutions of the com-
pounds tested were spotted in the following sol-
vents: chloroform, 4/5, 28/31, 4245, 56/57; chloro-
form-ethanol (4:1, v/v), 2/3, 6-9, 22-25, 48-51, 54/
55, 58/59; chloroform~ethanol (1:1, v/v), 3841, 46,
47; ethyl acetate, 16-19, 34-37; methanol, 20/21,
26/27; and methanol-25% (w/v) aqueous ammonia
(8:2), 10-15.

Detection. Method D1 was as follows: 5 ml of an
aqueous solution of 2-nitrobenzene diazonium fluo-
roborate (0.2%, w/v) was mixed with 3 ml of aque-
ous NaHCOj; (1%, w/v). This mixture was immedi-
ately used for spraying of the chromatogram. De-
tection limits were ca. 0.1 ug/cm? on silica and 0.5
ug/cm? on alumina (Table II). For alternative de-
tection of the compounds, see ref. 8.

Compounds 4/5 are detected by quenching of flu-
orescence excited at 254 nm.
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RESULTS AND DISCUSSION

The results for all the compounds under study are
given in Table III.

It should be realized that when lactones 54-59 are
chromatographed in S3 or S4, which contain am-
monia and methanol or ethanol, they undergo alco-
holysis to give esters as indicated in Table III. In
addition to the esters indicated in Table III, certain
amounts of amides are produced from the lactones
54-59 in system S3 or S4 on silica.

Systems S5 and S6 usually did not resolve the
isomer pairs, with the exception of 12 which is more
strongly retained than 13 in S5.

With respect to the resolution of the isomer pairs,
the compounds under study can be grouped into
three classes: in (a) and (b) the retention sequence
can be predicted on simple assumptions, whereas in
(c) the prediction is difficult.

(a) In the case of isomeric 1,2,3,4-tetrahydro-
naphthalenediols 2/3 and 6/7, a stronger retention
corresponds to a shorter distance between the OH
groups. This also applies to the pair of isomeric
naphthalenediols 8/9.

The stronger retention of 8 and 9 in the basic
system S3, especially on alumina, is probably due to
their biphenolic nature compared with 2/3 and 6/7.

The stronger retention of isomers with a shorter
distance between the OH groups could be explained
by their capacity to form two-point contacts with
the adsorbents in the case of edgewise orientation

TABLE 11

DETECTION OF THE COMPOUNDS ON SILICA WITH
4-NITROBENZENEDIAZONIUM FLUOROBORATE

For alternative detection of the compounds, see ref. 8.

Compounds D1

2/3, 10/11, 16/17, 34/35, 38/39, 42/43
6/7, 12-15, 18-27, 28-33°, 36/37, 40/41,

Yellow-orange

44/45, 48-55, 56/57°, 58/59 Red-purple
8 Ochre
9 Crimson

46/47 Brownish red

¢ The chromatogram is first enclosed in an atmosphere of am-
monia in order to liberate the phenolic group by ammonolysis.

with respect to the adsorbent surface. This hypothe-
sis is also applicable to the methoxyhydroxy iso-
mers 4 and 5 in system S1. A weaker interaction of
the methoxy groups with the adsorbent in 4 and 5,
when compared with phenolic OH groups in the
remaining isomer pairs (2/3, 6-9), may explain the
loss of separation of 4 and 5 in the more polar sys-
tems S2 and S3.

With all the other compounds, nitrogen occurs in
position 3 of the tetrahydronaphthalene or in the
oxazine ring.

(b) In all instances in which a bulky substituent is
bound to this nitrogen (compounds 34-53 and 58/
59), compounds with OH or OCOCHj3 in position 8
of the tetrahydronaphthalene or in position 9 of the
hexahydronaphthoxazinone are more strongly re-
tained. Here again, one would postulate the forma-
tion of two-point contacts of the analyte with the
adsorbent in the case of edgewise orientation with
respect to the adsorbent surface. Such an orienta-
tion involving OH (or OCOCH,;) in position 5 (or
6) would be prevented by the bulky substituent on
the nitrogen.

(c) With the remaining compounds (10-33 and
54-57), it is difficult to establish whether the nitro-
gen- or the oxygen-containing grouping is more po-
lar and to predict whether the isomer with OH (or
OCOCH;) in position 5 or 8 of the tetrahydronaph-
thalene (or 6 or 9 of the hexahydronaphthoxazi-
none) would be more strongly retained.

Primary alcohols 16/17 and 18/19 and the esters
22/23 and 24/25 resemble the groups discussed un-
der (a) and (b) by their stronger retention of the
8-OH isomers.

With the 10/11 and 12/13 [9] pairs, the 8-isomer is
distinctly more strongly retained in S3 on alumina,
electrostatic attraction might increase the adsorp-
tion of the -NHCH,CH,OH group on silica, but
not on alumina.

Of the N-acetylated compounds 16-33, amides
26 (with 5-OH) and 32 (with 5-OCOCH,;) and the
O-acetylated esters 28 and 30 (with 5-OCOCH,)
show stronger retentions than their isomers. Simi-
larly, in the 54/55 and 56/57 pairs, those with 6-OH
(54) or 6-OCOCH3;) (56) are more strongly re-
tained.

Amino acids 14/15 and 20/21 are not resolved; in
both instances, system S6 gave the best shape of the
spots.
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TABLE 111
TLC RETENTION DATA

Compound R, x 100
Silica Alumina
S1 S2 S3 S4 S5 S6 S3
2 6 20 38 46
3 S 16 32 40
4 19 47 66 71
5 17 47 66 71 -
6 6 19 38 49
7 5 14 32 42
8 7 22 32 28
9 5 17 26 18
10 0 0 7 32 51 15
(26)°
11 0 0 7 32 51 8
(27
12 0 0 7 33 51 15
28y
13 0 0 7 36 51 10
(30)
14 0 0 0 14° 44 0
15 0 0 0 14° 44 0
16 0 8 25 94 36
17 0 6 20 94 26
18 0 7 24 94 38
19 0 6 21 94 31
20 0 0 0 42° 48 0
21 0 0 0 42° 48 0
22 7 29 53 49 62
23 5 27 49 43 55
24 7 33 58 53 65
25 5 29 52 46 57
26 0 3 14 6 14
27 0 4 16 8 14
28 8 55 74 73 81
29 10 59 76 75 81
30 11 58 76 75 81
31 12 61 78 77 81
32 - - 33 25 -
33 - - 36 29 -
34 0 i4 35 42
35 0 12 29 34
36 0 14 35 46
37 0 12 32 39
38 0 19 52 63
39 0 14 39 50
40 0 18 St 63
41 0 14 40 53
42 0 19 40 56
43 0 13 29 42
0
0
0
0
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TABLE 111 (continued)
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Compound R, x 100
Silica Alumina
S1 S2 S3 5S4 S5 S6 S3
48 10 44 65 61 70
49 7 37 57 51 63
50 13 51 66 63 70
51 12 46 58 53 63
52 - — 30 21 -
53 - - 27 i8 -
54° 6 26 53 (22) 53 (24 62 (22)
55¢ 8 33 49 (23) 45 (25) 55(23)
56° 13 59 74 (28) 75 (30) 81 (28)
57° 15 62 76 (29) 77 31) 81 (29)
58° 12 48 65 (48) 63 (50) 70 (48)
59¢ 11 44 57 (49) 53 (81 63 (49)

4 Fivefold elution.
b Diffuse spots.

¢ Numbers in parentheses refer to esters into which the lactones have been converted in the respective solvent systems.

REFERENCES

1 D. Dantchev, K. Christova, D. Staneva, L. Rainova and L.
Tschakarova, Arch. Pharm. (Weinheim, Ger.), 310 (1977)

369.

2 L. Rainova, D. Staneva and L. Chakurova, Eksp. Med. Mor-
fol., 21, No. 4 (1982) 183.

3 D. Staneva, L. Chakurova and L. Rainova, Eksp. Med. Mor-
Jfol., 22, No. 4 (1983) 42.

4 K. Drandarov and I. M. Hais, Cesk. Farm., 40 (1991) 240.

5 K. Drandarov, Collect. Czech. Chem. Commun., 57 (1992)
I111.

6 K. Drandarov, unpublished results.

7 F. P. Hauk, Ch. M. Cimarusti and J. E. Sundeen, US Pat.,
3930022 (1975); C.A., 84 (1976) 135367¢.

8 K. Drandarov and 1. M. Hais, J. Chromatogr., 285 (1984)
373.

9 K. Drandarov, E. Kvasnitkova and 1. M. Hais, Arch. Pharm.
( Weinheim, Ger.), 325 (1992) 589.






Journal of Chromatography, 628 (1993) 111-121
Elsevier Science Publishers B.V., Amsterdam

CHROM. 24 617

Structural characterization of polypeptides and proteins
by combination of capillary electrophoresis and 2°2Cf
plasma desorption mass spectrometry

Wolfgang Weinmann, Kerstin Baumeister, Ingrid Kaufmann and Michael Przybylski
Fakultdt fiir Chemie, Universitdt Konstanz, Postfach 5560, W-7750 Konstanz (Germany)

(First received June 9th, 1992; revised manuscript received September 1st, 1992)

ABSTRACT

An efficient and sensitive method for the isolation and transfer of peptides and proteins from capillary zone electrophoresis sep-
aration for subsequent analysis by 232Cf plasma desorption mass spectrometry was developed. Sample isolation on to nitrocellulose-
coated targets for mass spectrometric analysis is performed by using a stainless-steel microtube pre-filled with aqueous buffer solution,
to which the capillary end is connected, and the peptide is collected by applying a suitable transfer voltage according to the separation
voltage. Low- and sub-picomolar sample amounts were isolated with high transfer efficiency and reproducibility, without the necessity
for independent determination of electroosmotic flow-rates. Plasma desorption mass spectra of several peptides and proteins showed
predominantly intact molecular ions; however, for several peptides partial oxidative modification was found which can be accounted
for by the electrophoretic separation and/or transfer conditions. First applications to peptides and proteins show the feasibility of this
off-line combination for primary structure characterization, such as by in situ chemical modification and enzymatic proteolysis reac-

tions on the sample target prior to mass spectrometric analysis.

INTRODUCTION

Capillary electrophoresis (CE) has been devel-
oped in recent years as a powerful, high-resolution
microanalytical separation method [1], which is cur-
rently finding growing attraction and application to
the characterization of drug metabolites and bio-
macromolecules, such as peptides and proteins
[2,3]. One of the key analytical features of CE is the
high detection sensitivity in the pico- to femtomolar
range, at high separation efficiency, obtained at ve-
ry low flow-rates and small sample volumes of mi-
crocell UV or fluorescence detectors [4]. In contrast,
the identification and structural characterization of
separated compounds is at present a major problem
with the CE method, particularly in the analysis of
multi-component mixtures [5].

Correspondence to: M. Przybylski, Fakultit fiir Chemie, Uni-
versitdt Konstanz, Postfach 5560, W-7750 Konstanz, Germany.
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The successful development of desorption—ioni-
zation methods of mass spectrometry (MS) in re-
cent years such as fast atom bombardment (FAB-
MS), 252Cf plasma desorption (PD-MS) and, more
recently, electrospray (ES-MS) and laser desorption
(LD-MS) has permitted molecular mass determina-
tions and structural analyses of biopolymers, par-
ticularly polypeptides and proteins up to and be-
yond M, 100 000 [6-9]. Direct mass spectrometric
methods have been successfully integrated in pri-
mary structure studies of proteins by combination
with selective chemical and enzymatic modification,
sequential degradation reactions and with proteo-
lytic digestion procedures (peptide mapping) [10-
12]. For example, the combination of PD-MS with
Edman degradation has been successfully applied
to primary structure studies of polypeptides and
peptide mixtures [13]. A particular advantage of the
PD-MS method has been the possibility of directly
carrying out and analysing “in situ”” chemical reac-

1993 Elsevier Science Publishers B.V. All rights reserved
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tions on the nitrocellulose (NC) sample target,
which has been developed as an efficient approach
in structural studies, e.g., by peptide mapping
[14,15].

In this paper an isolation and transfer method for
CE-separated polypeptides is described, which is
feasible for direct subsequent analysis by PD-MS or
other desorption—ionization mass spectrometric
methods. Suitable “on-line” interfaces for the direct
coupling of CE with ES-MS [16] and FAB-MS [17]
have recently been reported, using either a coaxial
sheath flow or a liquid-junction interface [18]. How-
ever, an efficient and practical “off-line” isolation
and microtransfer procedure appeared to be advan-
tageous in structural studies of polypeptides by pro-
viding the possibility for microsequencing and al-
ternative analytical methods such as in situ reac-
tions, thus complementing the mass spectral analy-
sis [19]. An isolation procedure using a porous giass
joint at the end of the CE capillary has been‘report-
ed previously by Takigiku and co-workers [20,21],
but this is technically demanding and requires inde-
pendent determinations of electroosmotic flow-
rates. In this study an isolation procedure similar to
the fraction collector described by Rose and Jor-
genson [5] was developed by using suitable micro-
sample tubes for direct injection on to the PD-MS
sample target. PD-MS studies of a variety of model
peptides and small proteins revealed high transfer
efficiencies. The straightforward feasibility of this
approach is demonstrated by first application ex-
amples of structural analysis, in combination with
sequential and proteolytic degradation. Further,
PD-MS analyses of several peptides are described,
showing the occurrence of structural (oxidative)
modification, and degradation of phenylthiocarba-
moyl-peptide adducts which have not been ob-
served previously [20].

EXPERIMENTAL

Polypeptides

The following commercially available peptides
and proteins were used: bradykinin (acetate salt),
luteinizing hormone-releasing hormone (LHRH)
(acetate), human angiotensin I (acetate), melittin
and hen egg white lysozyme (HEL) from Sigma (St.
Louis, MO, USA) and neurotensin (research grade)
and bovine insulin from Serva (Heidelberg, Germa-
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ny). The homogeneity and purity of all polypeptides
were assessed by HPLC and mass spectral analysis,
and was found to be =95% except for melittin (cf.,
Fig. 2).

Capillary electrophoresis

A CE-100 instrument (Grom, Herrenberg, Ger-
many) equipped with an uncoated 50 uym ILD.
fused-silica capillary was used. All separations were
performed with 20 mM citric acid-15mA/ ammoni-
um chloride (pH 2.2) buffer solutions in deionized
water obtained from a Milli-Q system (Waters—Mil-
lipore), filtered through a 0.45-um membrane filter
and degassed by ultrasonication prior to use. The
total length L of the capillary varied from 62 to 73.5
cm, while the length / from the beginning of the
capillary to the UV detector cell was kept constant
at 48.5 cm (Fig. 1). All CE separations were carried
out at approximately 20°C at a potential difference
of 20-25 kV and a current of 25-31 uA,; electrophe-
rograms were obtained with a Linear UVIS-100
multiple-wavelength detector and recorded with a
Shimadzu Céa integrator.

CE isolation and transfer for PD-MS analysis

For the isolation of peptides, the end of the capil-
lary from the UV detector was plugged into a 5-ul
stainless-steel sample tube or, alternatively, con-
nected to a microbore stainless-steel block contain-
ing 2 pl of solvent; in both instances sample tubes
were at ground potential (Fig. 1). CE migration
times were determined with the integrator and sub-
sequent sample isolation or transfer performed un-
der identical voltage (20-25 kV) conditions but with
a slightly reduced current. The isolation start time
(#.5) and isolation time (#;) were calculated from the
beginning (¢,) and end (¢,) of the UV-detected peak
(1% baseline) according to

ti,s = tlL/l (1)
4= (2 — u)(L/DC 2

where L/l = ratio of total capillary length to capil-
lary length to UV detector and C (1.05) = correc-
tion factor for the decreased current.

For subsequent PD-MS analysis the isolated
sample solutions were transferred on to nitrocellu-
lose-coated surfaces by means of a microlitre sy-
ringe.
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Fig. 1. Scheme of the CE isolation and transfer procedure for PD-MS analysis. Following the CE separation the capillary end is
removed from the buffer reservoir (4) and connected to a stainless-steel tube or metal block (5) as described under Experimental. The
isolation times for separated components are calculated from the migration times of the UV-detected peak. The collected sample
solution is transferred on to the NC target with a microsyringe. 1 = Sample loading reservoir; 2 = UV detector cell; 3 = CE
capillary; 4 = buffer reservoir; 5 = transfer capillary; 6 = insulated CE instrument housing; 7 = PD-MS sample target.

Mass spectrometry

Nitrocellulose (NC) targets for sample adsorp-
tion were prepared by electrospraying from an ace-
tone solution as previously described [22]. Peptides
isolated from CE into 2-5 pl of 0.1% trifluoroacetic
acid (TFA) were allowed to adsorb for 3 min on the
NC target, followed by twofold washing with 50 ul
of 0.1% TFA and spin drying [23] for removal of
salt contamination. PD-MS analyses were perform-

ed with a Bio-Ion/Applied Biosystems 20 K (Up-

psala, Sweden) time-of-flight spectrometer as de-
scribed [24], using an accelerating voltage of 16 kV.

In situ tryptic peptide mapping analysis
Experimental details of the in situ PD-MS pep-
tide mapping analysis of proteins on the NC target
surface have been described [12,25]. Disulphide
linkages of lysozyme adsorbed on NC after CE iso-
lation were cleaved by addition of 2 ul of a 80 mM
dithiothreitol (DTT) solution in 50 mM NH, HCO;
(pH 8.3), and reduction was carried out for 30 min
at 20°C under a microscope cover-slip. After re-
moval of excess of DTT by washing with 50 mAM

NH,HCOs, proteolytic digestion was carried out
for 30 min at 37°C under a microscope cover-slip by
addition of 2 ul of TPCK-treated trypsin (Sigma)
(0.1 mg/ml) in 50 mM NH,HCO3;, and sample tar-
gets were prepared by spin drying for PD-MS anal-
ysis.

Edman—PD-MS analysis

Combined Edman-PD-MS analysis cycles of
CE-separated polypeptides were performed by
manual Edman degradation as described [13]. Ed-
man coupling of angiotensin I was carried out by
adding a solution (20 ugin 20 ul of water) to 20 ul of
a 5% (v/v) solution of phenyl isothiocyanate
(PITC) (sequencing grade; Pierce, Rockford, IL,
USA) in pyridine, and the reaction was allowed to
proceed for 45 min at 25°C with gentle shaking. Af-
ter lyophilization to dryness the cleavage step was
carried out with 20 ul of anhydrous TFA for 15 min
at 20°C. The lyophilized cleavage product was dis-
solved in 40 ul of 50 mM NH,HCO3;, an approxi-
mately 10% aliquot was withdrawn for CE and PD-
MS analysis and the remaining solution was sub-
jected to subsequent Edman degradation cycles.
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RESULTS AND DISCUSSION

Capillary electrophoresis isolation and transfer
method for 232 Cf plasma desorption mass spectrom-
etry

The instrumental scheme used for isolation and
transfer of CE-separated polypeptides to subse-
quent PD mass spectrometric analysis is shown in
Fig. 1. An essential precondition for PD-MS analy-
sis with high sensitivity is the application and ad-
sorption of homogeneous peptide solutions of typ-
ically 1-10 ul on to the nitrocellulose-coated target
surface [18,22], where final sample preparation can
be carried out by spin drying [23] or additional
washing steps for removal of buffer or residual salt
contaminants [22]. Owing to the minimal liquid
flow in CE separation [26], sample isolation was
performed by connecting a stainless-steel microtube
or metal block to the CE instrument housing, pre-
filled with a suitable solvent (typically 2-5 ul of
0.1% TFA), into which the end of the fused-silica
CE capillary is fed (¢f., Fig. 1). Isolation times for
CE-separated components were calculated from the
ratio of total capillary length to the capillary length
to the UV detector (see Experimental), and the mi-
gration times of the UV-detected peak. This proce-
dure enables the reproducible isolation of peptides
without independent determination of electroos-
motic flow-rates and with a free choice of CE buf-
fers and pH, in contrast to isolation by means of a
porous glass joint [20].

An example for the isolation conditions thus ob-
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tained is shown in Fig. 2 by comparison of PD mass
spectra of the polypeptide melittin before and after
CE separation. The PD spectrum of melittin (Fig.
2A) yielded the most abundant protonated molec-
ular ion [M+H]" at m/z 2849 together with the
doubly charged [M +2H]?* ion, which is associated
by a by-product ion at m/z 2878. The electrophe-
rogram (Fig. 2B) revealed the most intense peak at
an average migration time of 8.6 min, accompanied
by two minor UV-detectable impurities. Isolation
of the major peak was carried out at a migration
time of approximately 13.7 min, which yielded
[M+H]* and [M +2H]?>* as the only major ions in
the PD mass spectrum (Fig. 2C). Assuming a nearly
quantitative efficiency of the hydrostatic sample
loading procedure used (see below), a sample
amount of approximately 0.02 ug was estimated for
the spectrum in Fig. 2C, which is close to the detec-
tion limit of PDMS for this polypeptide.

The straightforward applicability of the present
CE isolation method, using eqns. 1 and 2 (see Ex-
perimental) for determination of transfer times, was
demonstrated by PD-MS analyses yielding un-
equivocal molecular mass identification of several
oligo- and polypeptides up to small proteins (see
Table I). Relatively large sample amounts (ca. 0.1
ug), required to obtain sufficient molecular ion
abundances for higher molecular mass polypep-
tides, can be partly accounted for by using in-
creased hydrostatic loading times. However, even
CE separations carried out under capillary over-
loading conditions did not impede the determina-
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Fig. 2. PD-MS analysis of melittin after CE isolation. (A) PD spectrum (approximately 0.5 ug); (B and C) CE separation and PD
spectrum of isolated polypeptide. The estimated sample amount loaded and transferred on to the NC target was 0.2 ug.
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tion of suitable isolation conditions for PD-MS
analysis.

Transfer efficiency, sensitivity and stability of poly-
peptides by combined CE-PD-MS analysis

Estimations of the overall sample transfer effi-
ciency and sensitivity of the combined CE-PD-MS
analysis were carried out by comparison of molec-
ular ion abundances of model polypeptides under
identical PD-MS conditions before and after CE
separation, using standard conditions and previ-
ously reported yields for hydrostatic sample loading
in CE [27]. As structural modification was observed
for some polypeptides (see below), the mass spec-
trometric comparison was considered necessary to
obtain reliable quantitative results. PD-MS analy-
ses of 5- and 20-pmol samples of the polypeptides
bradykinin and bovine insulin and the correspond-
ing mass spectra after CE i1solation and transfer are
shown in Fig. 3. Using identical conditions of spec-
tra acquisition (107 fission events) for PD-MS [23],
comparable intensities of the [M+H]* ion (m/z
1061) of bradykinin were obtained after hydrostatic
loading (60 s) of a 1 nmol/ul sample on to the CE
capillary. The PD-MS analysis of insulin gave simi-
lar results with molecular ion intensities of good
reproducibility in repeated experiments (see legend
to Fig. 3). As the loading yields (approximately 5
nl) under these conditions are in good agreement
with previously reported values for hydrostatic
sample loading in CE [27], this indicates a high effi-
ciency (= 80%) of the sample isolation and transfer
procedure employed. Notable in the PD mass spec-
tra of both polypeptides after CE separation is the
observation of an increased mass of molecular ions
by 16 u, corresponding to the incorporation of an
oxygen atom (see below). In the spectrum of brady-
kinin an additional molecular ion (m/z 1077) of mi-
nor abundance was found; the broad (unresolved)
molecular ion peak of insulin with a centroid mass
of m/z 5748 also suggests some oxidative modifica-
tion.

PD-MS data and migration times for a series of
isolated polypeptides and proteins are summarized
in Table I. Unequivocal molecular mass determina-
tions by protonated molecular ions were consistent-
ly obtained with sample amounts of approximately
1-10 pmol for smaller peptides, and could be in-
creased to approximately 100 pmol of isolated sam-
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ple if required for the characterization of proteins.
Although these figures are significantly beyond typ-
ical CE sample amounts for the CE of polypeptides,
the high transfer efficiency of the present isolation
procedure offers the possibility of applying several
microanalytical techniques for structural analysis in
combination with mass spectrometry, as shown be-
low.

Further, the advantage of using alternative ana-
lytical methods, compared with structural analysis
by mass spectrometry only, was clearly suggested
from PD-MS analyses showing oxidative structural
modification of some of the polypeptides investigat-
ed (Table I). Molecular ions due to single and/or
multiple oxidation were observed for smaller pep-
tides such as LHRH and angiotensin. A larger mo-
lecular mass increase was found with increasing
molecular mass of proteins such as lysozyme (M,
14 306). The formation of molecular ions in addi-
tion to [M +H]* by possible cationization with al-
kali metal ions from buffer constituents or salt con-
tamination was excluded, as the present sample iso-
lation procedure with a large excess of TFA solu-
tion strongly favours protonation and appeared to
be tolerant towards salt impurities. Oxidation was
observed particularly in peptides containing tryp-
tophan residues and thiourea substituents; how-
ever, no detailed structural identification was un-
dertaken in this study. Although electrochemical
oxidation of peptides appears possible from the CE
separation and/or isolation conditions, no structur- °
al identification of such products has yet been re-
ported. Systematic studies to identify oxidation
sites in peptides, using different buffers for CE sep-
aration and conditions of sample isolation, are in
progress.

Applications of combined CE-PD-MS in structural
studies of polypeptides

The efficiency of the combined CE isolation—PD-
MS method was clearly demonstrated by its inte-
gration within primary structure studies of polypep-
tides and proteins, using chemical and enzymatic
modification and degradation reactions. An appli-
cation example to sequence determination is shown
in Fig. 4 by the Edman degradation of angiotensin
I, in conjunction with PD-MS analysis. A combined
Edman-PD-MS sequencing method has recently
been developed [13], in which the stepwise phenyl-
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Fig. 3. Determination of sample loading and transfer efficiencies in PD-MS analyses of CE-isolated bradykinin and bovine insulin. (A)
PD mass spectrum (molecular ion region) of 5 pmol of bradykinin before CE analysis (upper panel); lower panel, spectrum of
CE-isolated peptide obtained from a 1 nmol/ul sample solution by hydrostatic loading for 60 s on to the capillary. (B) PD mass spectra
of bovine insulin (0.2 pmol; upper panel) and CE-isolated insulin (lower panel) after loading a solution of 40 pmol/ul.

thiocarbamoyl (PTC) coupling and cleavage prod-
ucts of polypeptides from manual Edman degrada-
tion are subjected to PD-MS analysis. The “re-
verse” sequencing approach by identification of the
molecular mass differences of the truncated poly-
peptide rather than the phenylthiohydantoin

(PTH)-amino acid released, has been successfully
employed in structural studies, particularly in the
simultaneous sequence determination of polypep-
tide mixtures and modified primary structures
[13,28,29].

The PD spectrum of the third phenyl isothiocya-
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TABLE I

CHARACTERIZATION OF MODEL PEPTIDES AND PROTEINS BY PD-MS AND CE ISOLATION-PD-MS
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Polypeptide PD-MS CE isolation-PD-MS
Sequence M, Sample M+H]* Sample® t b M+H]*
amount (m/z) loaded (min)
(1g) mjz Int.c (%)
Bradykinin
H-RPPGFSPFR-OH 1060 0.005 1061 0.005 6.6 1061 100
LHRH
pEHWSYGLEPG—NHZ" 1181 1 1191 —¢ 12.4 1182 60
1196 40
1212 100
1227 20
Neurotensin/pE-LY
ENKPRRPYIL-OH* 1673 1 1674 —° 9.4 1673 100
Mellitin/H-GIGAV
VKVLTTGLPA-
LISWKRKRQQ-OH 2848 0.5 2849/2878 - 8.6 2849 100
Bovine insulin 5733 0.1 5734 0.1 6.4 5748 100
Hen egg white lysozyme 14 305 1 14 306 —° 73 14 391/ <10
Angiotensin [
H-DRVYIHPFHL-OH 1297 0.5 1298 0.01 6.0 1298 100
PTC-DRVYIHPFHL-OH? 1431 0.5 1432 0.01 6.8 1417 100
1432 70
1449 70
PTC-VYIHPFHL-OH* 1161 0.5 1162 0.01 10.2 1130 100
1146 65
1161 20
H-VYIHPFHL-OH' 926 1 927 0.01 6.2 927 100

? Sample amount estimated by comparison of [M + H]" ion abundances in PD-MS and PD-MS after CE separation and isolation.

b Migrations time determined by UV detection (cf., Fig. 1).
¢ Relative intensity.

4 pE, pyroglutamyl.

¢ Not determined.

I Molecular mass determined from doubly charged [M +2H]?* ion (¢f., Fig. 5).
¢ PTC, phenylthiocarbamoyl; Edman coupling product of angiotensin I.

* Coupling product of third Edman degradation cycle of angiotensin I.

i Cleavage product of third Edman degradation cycle of angiotensin 1.

nate (PITC) coupling step in the Edman degrada-
tion of angiotensin I (Fig. 4A) yielded a most abun-
dant [M +H]" ion at m/z 1161 of the PTC-peptide
adduct, PTC-VYTHPFHL, together with a molec-
ular ion resulting from the incomplete preceding
cleavage step (m/z 1317, PTC-RVYIHPFHL). The
separation of the coupling product mixture by CE
afforded a homogeneous major component at a mi-
gration time of 10.4 min (Fig. 4B), which was isolat-
ed and subjected to PD-MS (Fig. 4C). However, the
PD-MS analysis of this peak revealed only a minor
[M+H]* ion due to the intact PTC—peptide. Pre-

dominant ions were observed due to molecular
mass decreases by 16 and 32 u, respectively, corre-
sponding to oxidative formation of the phenylcar-
bamoyl-peptide adduct (m/z 1146) and probably
further oxidative degradation. Evidence for the ox-
idative desulphurization of the phenylthiocarba-
moyl residue, a well recognized side-reaction of the
Edman degradation, was obtained by (i) the finding
that the CE-isolated peptide was not amenable to
subsequent Edman cleavage; while (ii) direct Ed-
man cleavage of the PTC—peptide afforded molec-
ular ions of the expected product, YIHPFHL, at
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Fig. 4. Identification of PTC coupling and cleavage products from the third Edman degradation cycle of human angiotensin I by
PD-MS and CE isolation-PD-MS. (A) [M+H]" ion of m/z 1161 in PD-MS analysis of PTC-Val-Tyr—Ile-His—Pro—Phe-His-Leu
coupling product, showing an additional molecular ion (m/z 1317) from the incomplete preceding degradation step; (B) electrophe-
rogram of reaction product mixture from PITC coupling step (A); (C) PD mass spectrum of CE-isolated coupling product with ¢, =
10.4 min; (D) PD mass spectrum of TFA cleavage product from the PTC coupling product (A); (E) CE separation of Edman cleavage in
(D); (F) PD mass spectrum of CE-isolated peptide from (E) (¢, = 7.16 min).

mfz 927 (M +H]") and m/z 949 due to partial for-
mation of the [M + NA]* ion (Fig. 4G). CE analysis
of the TFA cleavage product yielded a major peak
at 7.16 min, which showed a homogeneous
[M +H]* ion in the PD mass spectrum (Fig. 4E and
F).
Oxidation of PTC—peptides after CE separation
and isolation was consistently found in Edman-
PD-MS sequence analyses by corresponding molec-
ular ions decreased in mass by 16 u (see Table I). As
the formation of the phenylcarbamoyl derivative

blocks further Edman degradation, this would pre-
clude purification of PTC coupling products by CE
in microsequencing protocols. A procedure obviat-
ing this problem is the direct cleavage of PTC ad-
ducts and CE isolation of the corresponding cleav-
age product.

An example of the structural characterization of
a protein after CE isolation by direct proteolytic
degradation and PD-MS peptide mapping is shown
in Fig. 5. Hen egg white lysozyme (HEL) (ca. 100
ng), isolated from CE and transferred to PD-MS,
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Fig. 5. PD-MS and peptide mapping analysis by in situ trypsin
digestion of hen egg white lysozyme. (A) PD mass spectrum of
HEL (1 ug); (B) PD mass spectrum of HEL after CE isolation
and transfer on to the NC target; (C) PD-MS peptide mapping
analysis of the HEL sample from (B), after in situ DTT reduction
and trypsin digestion (see Experimental).

yielded a pattern of singly, doubly and triply
charged molecular ions similar to that of the direct
PD mass spectrum. However, a significant molec-
ular mass increase by approximately 80 u indicated
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partial oxidation. The remaining sample from the
PD-MS analysis shown in Fig. 5B was subjected to
in situ DTT reduction and subsequent trypsin diges-
tion on the NC target. In the resulting peptide map-
ping analysis (Fig. 5C), a series of tryptic peptides
were directly identified by their molecular masses
expected from the sequence, yielding structural
characterization of a substantial part of the protein.
The tryptic fragments and partial sequences identi-
fied for the CE-isolated protein are compared in
Table II with peptide fragments found by direct
PD-MS peptide mapping of HEL [12,15]. Notably,
no peptides were found for partial sequences (22—
33) and (74-96), in which several tryptophan and
cysteine residues as possible sites of oxidative mod-
ification are located. The present results, however,
dit not provide a definite identification of modified
structures upon CE separation and isolation, which
will be the subject of further studies with the combi-
nation of CE and PD-MS.

CONCLUSIONS

An efficient approach for peptide and protein iso-
lation by CE has been combined with PD-MS anal-
ysis. Model studies and first applications to poly-
peptides have shown high efficiency and reproduc-
ibility of the CE isolation and transfer procedure
and sensitivity of the PD-MS analysis; further, the
present approach can be used, in principle, in com-
bination with any CE separation conditions. The
combination with PD-MS provides the possibility
of applying further analytical methods for the struc-
tural characterization of polypeptides, before or
subsequent to the mass spectrometric molecular
mass determination, e.g., employing in situ enzy-
matic degradation or chemical derivatization reac-
tions [15,29]. Moreover, its application in combina-
tion with Edman microsequencing [13] has been
demonstrated. In contrast to “on-line” CE-ES-MS
methods [30], the off-line CE-PD-MS combination
is highly tolerant to buffer salts and different pH
conditions, and allows the efficient removal of con-
taminants from the NC sample target. Therefore,
the present approach should prove to be a useful
complementary method to “on-line” CE-MS com-
binations. Also, its evaluation in combination with
other desorption—ionization methods such as elec-
trospray and laser desorption [21] should be worth-
while.
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TABLE 11
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COMPARISON OF PD-MS PEPTIDE MAPPING ANALYSIS OF HEL BY DIRECT IN SITU TRYPSIN DIGESTION AND
HEL AFTER CE ISOLATION

Tryptic peptide Partial Calculated [M+H]}* ions found, m/z

fragment sequence M,
Direct PD-MS after
PD-MS® CE isolation®

TV (1-5) 606 607 607

T1 (2-5) 478 478 478

T2 (6-13) 837 = -

T3 (15-21) 875 875 875

T4 (22-33) 1269 1269 -

T5 (3445) 1429 1430 1430

T6 (46-61) 1754 1755 1756

T7 (62-68) 937 937 938

T8 (69-73) 517 517 517

T9 (74-96) 2338 2339 —-¢

T10 (98-112) 1676 1677 1677

Ti1 (113-114) 289 - -7

TI12 (115-116) 250 e -7

T13 (117-125) 1046 1046 1047

T14 (126-128) 335 - -

T14 (126-129) 448 448 448

* Direct in situ peptide mapping analysis of HEL [12,15].
b In situ peptide mapping analysis of CE-isolated HEL.
¢ Not detected owing to molecular ion suppression [12,15].

4 Peptide containing Trp2® and Cys3° residues.

¢ Peptide containing Cys’®, Cys®® and Cys®% residues.

/' Not detected because of background interferences in the low-mass range.
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ABSTRACT

A high-performance liquid chromatographic (HPLC) method was developed for the determination of kinetin levels in Panax ginseng
dried callus, fresh callus and culture media. Ground dried callus was suspended in borate buffer and extracted with ethyl acetate. The
extract was eluted through a cation-exchange column (Amberlite CG-50), then re-extracted with ethyl acetate. This extract was
subjected to HPLC. Kinetin levels were determined by gradient elution on an Inertsil ODS-2 column and UV detection at 280 nm. The
ion-exchange column chromatographic purification step could be eliminated with kinetin extracts from fresh callus and culture media.
The recovery of kinetin from dried callus spiked at 5 ug g~ was 72.0% and those from fresh callus and media spiked at 1.0 and 0.5 ug
g~ ! were 72.8 and 84.2%, respectively. Kinetin was not detected in dried callus of P. ginseng.

INTRODUCTION

Large numbers of useful substances such as food
additives and medicinal drugs can be produced by
plant tissue culture. It has been reported that Panax
ginseng callus, coded Pg-1, produces almost the
same pharmacologically active saponins and ginse-
nosides as cultivated ginseng root [1-4].

Recently interest has been increasing in the con-

. Correspondence to: K. Takagi, National Institute of Hygienic
Sciences 1-18-1 Kamiyoga, Setagaya-ku, Tokyo, 158, Japan.

0021-9673/93/806.00 ©

centrations of residual plant growth regulators
from callus, including that in growth medium.
Analyses of plant hormones from cultures have
generally been carried out by gas chromatography
(GC) [5-7], GC—mass spectrometry (MS) [8,9] and
high-performance liquid chromatography (HPLC)
[10,11].

Kinetin has been determined after permethyla-
tion, using GC with nitrogen-phosphorus [6] or MS
detection (single-ion monitoring) [9], or after triflu-
oroacetylation [7] or trimethylsilylation [5] using
GC with electron-capture detection. These methods

1993 Elsevier Science Publishers B.V. All rights reserved
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suffer several problems related to clean baseline sep-
aration of chromatograms, conciseness and repro-
ducibility, owing to the similarity of the structures
of kinetin and of nucleic acids orginally contained
in the callus, and the low kinetin concentration.
Various HPLC procedures have been applied to the
determination of kinetin in recent years [10,11], but
only model systems and not real samples were as-
sayed.

The purpose of this investigation was to develop
a sensitive method for the determination of kinetin
in Panax ginseng callus to establish whether kinetin
is taken up by fresh and dried callus from the medi-
um.

EXPERIMENTAL

Materials

Panax ginseng C. A. Mayer callus was cultivated
by Furuya et al.’s method [12]. Selected Pg-1 callus
was transplanted on to modified Murashige and
Skoog’s medium containing 2 ug g~ ! of indole-3-
butyric acid and 0.1 ug g~ of kinetin. The callus
was maintained at 25°C in the dark, then subcultur-
ed and harvested at 4-week intervals. The harvested
callus was dried under a stream of warm air at 40—
50°C until the water content was reduced to 3%.

Reagents

Kinetin of biochemical grade was obtained from
Wako (Osaka, Japan) and Amberlite CG-50 Type
I from Orugano (Tokyo, Japan). Other reagents
were of special grade, except acetonitrile, which was
of analytical-reagent grade, from Wako.

Apparatus

A Model 880-PU pump, Model 7125 injector,
Model 870 UV detector (Japan Spectroscopic, To-
kyo, Japan) and Chromatopac C-R5A integrator
(Shimadzu, Kyoto, Japan) were used, and identifi-
cations were made using HP1090A HPLC systems
with UV photodiode-array detection (DAD) (Yo-
kogawa Electric, Tokyo, Japan).

The analytical HPLC gradient flowed at 1.0 ml
min~?! on an Inertsil ODS-2 HPLC column (250 x
4.6 mm L.D.; 5-um diameter particles) (GL Science,
Tokyo, Japan) at 30°C. A mixture of water and
95% acetonitrile containing 0.1% of trifluoroacetic
acid was programmed from 97:3 to 65:35 (v/v) over
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20 min, monitoring the wavelength at 280 nm. The
injection volume was 20 ul. DAD was used for kine-
tin identification. The wavelength ranged from 210
to 350 nm.

Extraction and purification of kinetin from P. gin-
seng dried callus

A 1-g amount of dried callus was homogenized in
20 ml of 1 M borate buffer (pH 8.5), to which 5 g of
sodium chloride were added. The homogenate was
mixed well, then extracted with 50 ml of ethyl ace-
tate three times.

The extracts were combined and.concentrated to
dryness, then the residue was dissolved in 20 ml of
0.01 M hydrochloric acid (sonicated for 15 min). A
20-ml volume of acetate buffer (pH 5.6) was added
and the solution was purified on an ion-exchange
column. The Amberlite CG-50 cation-exchange res-
in was washed with five column volumes of 1 M
ammonia solution until the water layer became
clear, then with water until the resin became neu-
tral. The column was washed with five volumes of 1
M hydrochloric acid. Finally, it was washed with
water until the pH stabilized between 5 and 6. The
treated resin was suspended in 0.1 M acetate buffer
(pH 5.6), then packed into a glass column of 1.6 cm
1.D. to a height of 4 cm. The packed column was
prewashed with 20 ml of 0.1 M acetate buffer (pH
5.6). The sample was applied to the column and
drained at a flow-rate of about 2-3 ml min~! until
the surface of the resin was just covered, then the
column was washed with 25 ml of 0.025 M acetate
buffer (pH 5.6) followed by 1 M ammonia solution.
The first 20 ml of ammonia eluate was drained and
kinetin was eluted in the second 20 ml. This eluate
was neutralized with 6 M hydrochloric acid, mixed
with 1 M borate buffer (pH 8.5), then kinetin was
re-extracted with 50 ml of ethyl acetate three times.
The extract was concentrated to dryness and the
residue was dissolved in 2 ml of 0.1% trifluoroacetic
acid and analysed by HPLC.

Extraction of kinetin from P. ginseng fresh callus
Fresh callus (2.5 g) was chopped into small pieces
and added to 5 ml of 0.1 M hydrochloric acid and
homogenized. The homogenized sample was clar-
ified by vacuum filtration and the residue was re-
extracted as above. The filtrates were pooled and 5
ml of 1 M borate buffer (pH 8.5) and 5 g of NaCl
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were added. Kinetin was extracted with 50 ml of
ethyl acetate three times, the extracts were pooled
and evaporated to dryness, then the residue was dis-
solved in 2 ml of 0.1% trifluoroacetic acid.

The ion-exchange column chromatographic puri-
fication step could be eliminated when analysing
fresh callus.

Extraction of kinetin from the culture medium

A 5-ml volume of 1 M borate buffer (pH 8.5) and
5 g of sodium chloride were added to 10 g of medi-
um and kinetin was extracted with ethyl accetate
using the same method as described for fresh callus.

RESULTS AND DISCUSSION

Extraction of kinetin from aqueous solution

When 2 g of standard kinetin were added to 20 m]
of 1 M borate buffer with 5 g of sodium chloride,
then extracted with 50 ml of ethyl acetate three
times, the recovery was 98%.

Purification by cation-exchange chromatography

The ethyl acetate extract of Panax ginseng callus
contained numerous interfering compounds when
determined by HPLC, and purification was neces-
sary. A C;g cartridge and liquid-liquid extraction
columns (Extrelut) were unsuitable for this process
(data not shown). This was ascribed to the high
concentration of pyrimidines and purines, which
have similar structure and polarity to the kinetin in
Panax ginseng cells.

Kinetin was isolated from autoclaved DNA by
cation-exchange chromatography according to the
method of Miller ef al. [13]. First, we investigated
the elution profile of kinetin from the Amberlite
CG-50 column (2 x 1 ¢cm I.D.) with hydrochloric
acid. The column was prewashed with 1 M hydro-
chloric acid and water, then the applied kinetin was
washed with 5 ml of 0.025 M acetate buffer (pH 5.6)
and eluted with 25 ml of 1 and 2 M hydrochloric
acid. However, when the resin was prewashed with
1 M ammonia solution, 1 M hydrochloric acid and
water, in that order, the elution volume decreased.
The capacity of the resin also decreased on pretreat-
ment with ammonia solution. Therefore, the treated
resin was packed into a column of 1.6 cm I.D. to a
height of 4 cm to avoid a decreased elution rate. The
elution profile of kinetin with 1 M ammonia solu-
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Fig. 1. Stepwise elution of kinetin from ion-exchange colunm.
Resin treated with 1 A/ ammonia solution and 1 M hydrochloric
acid was packed into a glass column of 1.6 cm L.D. to a height of
4 cm. The packed column was prewashed with 15 ml of buffer,
then kinetin (20 ug) was applied. The column was washed with
25 ml of buffer and kinetin was eluted with 1 A ammonia solu-
tion (M). Each fraction (FI1-F5) was 10 ml.

tion became a sharp peak (Fig. 1), yielding a 99%
recovery.

HPLC conditions

Determination of kinetin was attempted using an
ODS column. Ernstsen and Jensen [10] have investi-
gated all binary systems of methanol or acetonitrile
and water, and controlled the pH using an aqueous
phase of either 20 mAM ammonium acetate (pH 7.0)
or 20 mAM acetic acid (pH 3.5). On the other hand,
Hardin and Stutte [11] used a 15-min linear gradient
from 25% (in 0.67% acetic acid) to 32% methanol.
Some of the major plant hormones were isolated by
these methods. However, the separation of kinetin
from P. ginseng callus extract was unsatisfactory.
Adding trifluoroacetic acid to the solvent system of
acetonitrile-water allowed a high resolution of ki-
netin and a linear calibration graph within the
range 0.1-5 ug g~ ! was obtained.

Recovery of kinetin

Table I shows recoveries of kinetin from dried
callus, fresh callus and medium, spiked at 5, 1 and
0.5 ug g~ 1, respectively. The recoveries were 72.0,
72.8 and 84.2%, respectively. The detection limit
was 0.02 pug g~ !. Fig. 2 shows chromatograms of
dried callus and spiked extracts.

Kinetin content in dried callus

The chromatogram of dried callus extracts is
shown in Fig. 2(1). A peak corresponding to kinetin
was not detected. The same extract was then ana-
lysed by HPLC with the DAD system (Fig. 3). A
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TABLE 1

RECOVERY OF KINETIN FROM DRIED CALLUS,
FRESH CALLUS AND CULTURE MEDIA

Sample Added Recovery Mean + S.D.
(ug g™ (%) (")

Dried callus
No. 1 5.0 73.7
No. 2 5.0 74.5 72.0 £ 3.7
No. 3 5.0 67.8

Fresh callus 1.0 72.8

Medium 0.5 84.2

small peak (a) was observed that corresponded to
kinetin on magnification of the chromatogram [Fig.
3(1)]. Although peak a had a different spectrum to
kinetin, peak b was identical [Fig. 3(2)]. The level of
kinetin residues in dried callus was lower than the
detection limit.

Uptake of kinetin from medium to callus

Pg-1 callus of P. ginseng was transplanted to
fresh medium containing-0.1 ug g~ ' of kinetin and
cultured as above. The callus and the medium were
withdrawn after 0, 1, 2, 4 and 28 days and analysed
for kinetin. As shown in Fig. 4, within 1 day the
kinetin content in the callus reached a maximum,
then decreased and after 28 days no kinetin was
detected. The kinetin concentration in the medium

] } ]

L M —_— L N o

0 5 10 15 min 0 5 10 15 min

Fig. 2. Chromatograms of the extracts from (1) dried and (2)
spiked callus of P. ginseng. Arrows indicate the spot correspond-
ing to the kinetin peak.
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Fig. 3. (1) Magnified chromatograms of the extract from dried
and spiked callus detected by DAD and (2) UV spectra. (1) The
dashed line indicates chromatogram of the extract and the solid
line indicates that of the spiked extract. The retention times of
peaks a and b correspond to that of kinetin. (2) Lines A and B
indicate the UV spectra of peaks a and b, respectively, and line C
is that of a standard solution of kinetin detected by DAD.

decreased by 50% after 4 days, and it could not be
detected after the 28th day. We found that ginseng
callus absorbs kinetin from the medium rapidly and
that the kinetin is metabolized it. Hence, kinetin
was not detected in both callus and medium after
the 28th day.

When P. ginseng was cultured by Furuya et al’s
method [12], it appeared that concentration of kine-
tin residue was below the detection limit. However,
some products from tissue cultured plants may con-
tain kinetin, depending on the concentration of ki-
netin in the growth medium.

Until recently, the toxicity of kinetin has been the
subject of only a limited number of studies. Kajimo-
to et al. [14] showed that long-term administration
of a small amount of kinetin resulted in weight in-

0.05

Conc.of Kinetin (ppm)

4 L n 1 I " 1 L L 1 N

0 10 20 day

Fig. 4. Time course of uptake of kinetin from the medium by P.

ginseng callus. Callus was transplanted to fresh medium supple-

mented with 0.1 pug g~' of kinetin and cultured for 28 days.

Callus samples were withdrawn after 1, 2, 4 and 28 days and

medium samples after 0, 1, 2, 4 and 28 days. O = Kinetin con-
centration in the callus and @ = that in the medium.
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creases in dogs and mice, and that its LDs, value
following intraperitoneal administration in the
mous was 450 mg kg~ !. Farrow et al. [15] examined
the effect of kinetin on the incorporation of uridine
and thymidine into the nucleic acids of human leu-
kocytes. Apparently the effects of kinetin on the
treated animals were not serious, but the intake lev-
els for humans need to be confirmed, since kinetin
inhibits or stimulates nucleic acid synthesis in plant
systems as well as in human leukocytes [15]. The
method presented here will be applicable to the
analysis of kinetin from other products of plant bio-
technology.
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ABSTRACT

A computer-assisted method is presented for optimization of separation of technical aldicarb pesticide by semi-preparative reversed-
phase HPLC. The optimization of the expected separation is based on a polynomial estimation from five preliminary experiments. A
statistical scanning technique was used for optimization and the designated resolution was established for chromatographic perform-
ance measurement in this method. Excellent agreement was obtained between the predicted and experimental results.

INTRODUCTION

In recent years, various procedures have been de-
scribed for the selection of the optimum mobile
phase composition in HPLC and there are several
reviews on this subject [1-5]. The sequential simplex
method [6,7], window diagrams [8,9], overlapping
resolution maps [10,11], the Prisma model method
[12,13] and iterative mixture design [14,15] have
been suggested as optimization methods for mobile
phase composition in HPLC. Recently we described
a computer-assisted optimization of binary mobile
phase composition, pH and ion concentration selec-
tivity using a scanning technique [16] and a simplex
optimization of the experimental parameters in pre-

Correspondence to: Q.-S. Wang, National Laboratory of Ele-
mento-Organic Chemistry, Nankai University, Tianjin 300071,
China.
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parative liquid chromatography has been also de-
scribed [17].

In this paper, a computer-assisted method is pre-
sented for the optimization of the selection of the
composition of the mobile phase in semi-prepara-
tive reversed-phase HPLC. The successful separa-
tion of technical aldicarb (a synthetic pesticide) is
presented as an example. Excellent agreement was
obtained between the predicted and experimental
results. For the optimization the computer program
OS-PLC (Optimization System for Preparative
Liquid Chromatography) was developed.

EXPERIMENTAL

Materials

Technical aldicarb and its impurities were pre-
pared in our Organic Synthesis Laboratory. Solu-
tions with a concentration of 2.3 mg/ml in the mo-
bile phase solvent were used for injection. Before

1993 Elsevier Science Publishers B.V. All rights reserved
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TABLE1
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k' VALUES OF ALDICARB AND IMPURITIES MEASURED BY SEMI-PREPARATIVE HPLC WITH DIFFERENT MOBILE

PHASE COMPOSITIONS

Mobile phase: methanol-water with volume fractions (X,) of methanol from 0.3 to 0.7.

No.  Compound X,
0.30 0.40 0.50 0.60 0.70

1 Aldicarb sulphoxide 1.279 1.161 1.148 1.085 1.050
2 Aldicarb sulphone  1.534 1.237 1.211 1.089 1.050
3 Unknown A 2.508 1.832 1.754 1.475 1.240
4 Unknown B 3.168 1.989 1.869 1.475 1.240
) Propionaldoxime 4.473 2.756 2.540 1.869 1.416
6 Aldicarb 5.752 3.004 2.734 1.893 1.429

use, all solvents were redistilled, filtered through a
0.45-um filter and vacuum degassed.

Apparatus

All computer studies were carried out on a Model
HP-220 computer (Hewlett-Packard) with an
HP-9133A disk drive, HP-2225A printer and
HP-7470A graphics plotter. The OS-PLC program
was written in HP basic 4 language. Alternatively,
an IBM-XT personal computer with True BASIC
language was used.

The reversed-phase HPLC system was composed
of Series 4 liquid chromatograph (Perkin-Elmer)
with a Perkin-Elmer LC-75 UV detector and C-
R1B data system (Shimadzu). A Spherisorb Cig
column (300 mm X 8 mm 1.D.) (Dalian Institute of
Chemical Physics, Dalian, China) was used.

Chromatography

Methanol-water in different proportions (Table
I) was used as the mobile phase. The injection vol-
ume was 200 ul. Experiments were run at 20°C with
a flow-rate of 2.5 ml/min. The UV detector was
used at 240 nm.

RESULTS AND DISCUSSION

The principle of the method is based on the rela-
tionship between the capacity factor, k', of each sol-
ute and the mobile phase composition. In a binary
solvent system, the capacity factor of a solute is re-
lated to the volume fraction, X, in the following
manner:

k'=A0+A1 XS+A11 Xs (1)

where Ay, A; and A, are constants of the given
solute. It is necessary to determine experimentally
the constants for each solute in the binary solvent
system. Five preliminary experiments were used for
solving eqn. 1 to yield Ay, 4; and 4,;.

Minimum resolution (Rs min) Was used as the cri-
terion for separation. The predicted k' values of the
solutes were used to calculate the R, values for ad-
jacent pairs. If n is the peak number, only n-1 pairs
were calculated at each solvent composition and the
minimum resolution, i.e., the least separated pair of
peaks, was selected. Then a diagram of R; ;. versus
solvent composition (X,) was obtained. The maxi-
mum R nin was selected and this shows that the
solvent composition will give a better separation for
the least separated pair, so all other peak pairs will
have higher R, values. The result of chromato-
graphic selectivity optimization is the separation of
the solutes of interest from all the other (unimpor-
tant) components of the sample mixture.

Obviously, sometimes the separation of the least

TABLE 11

COEFFICIENTS A,, 4, AND 4,, FOR ALDICARB AND
IMPURITIES

No.* A, A, A, r

1 1.6022 —1.3626 0.8286 0.9775
2 2.4722 —4.1160 3.0000 0.9727
3 4.3271 —-17.7573 4.8643 0.9744
4 6.7848 —15.8986 11.5286 0.9713
5 9.5170 —21.8082 14.8071 0.9756
6 14.4074 —38.3070 28.5500 0.9700
% See Table 1.
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Fig. 1. Capacity factor, k', versus mobile phase composition for
aldicarb and impurities. For compounds (1-6), see Table 1.

Volume fraction

the general resolution criterion that only the least
separated pair of peaks is considered is a disadvan-
tage. A direct approach is to calculate the resolution
only between the peaks of interest and their nearest
neighbours, and set the minimum resolution crite-
rion (R min) €qual to the lowest value. This is the
designated resolution that was used in this study.
The results concern only the required separation.
The maximum R; min is then selected, and this shows
that the solvent compositions will give a better sep-
aration for the peaks of interest. The entire proce-
dure described above is performed by the software
(OS-PLC). The mobile phase optimization proce-
dure was evaluated with the separation of technical
aldicarb.

The &’ values of five preliminary experiments are
given in Table I and the values of 4y, 45, A;; in
Table II. Fig. 1 shows the plots of ¥’ for each com-
position as a function of the volume fraction of
methanol. The computer scanning technique was
used for optimizing the binary solvent composition
(X, from 0.3 to 0.7). Fig. 2 gives the corresponding
diagrams. The maximum Ry ;, is 0.79, and the opti-
mum X, is 0.30. Obviously an X; of less than 0.30
will give a resolution of more than 0.79, but the
analysis time is then too long. Note that in Fig. 1
the least separated pair is compounds 1 and 2, if we
consider the peak of interest (compound 6, aldi-
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Fig. 2. Relative resolution map for aldicarb and impurities.

carb) and their nearest neighbours for separation.
The results are shown in Fig. 3. The resolution for
aldicarb separation is 1.57. The experimental result
under optimum conditions is shown in Fig. 4. There
is good agreement between the predicted and exper-
imental results.

Obviously, in practical application the method

[
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Fig. 3. Relative designated resolution map for aldicarb and im-
purities.
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Fig. 4. Experimental chromatogram at optimum condition X, = 0.30 (200 gl, 2.3 mg/ml).

can be used.to increase the injection volume for al-
dicarb for preparations under overload conditions,
for which Snyder et al. [18] combined certain fea-
tures of the Knox-Pyper model with their own
model of preparative HPLC so as to allow conve-
nient and reliable computer simulations to be car-
ried out under conditions of mass overload. The use
of the program PREPSIMX in conjunction with the
Knox-Pyper model made it possible to draw a

number of general conclusions relating to optimum
conditions for preparative HPLC. Here 200-ul solu-
tions with a concentration of 43.8 mg/ml in the mo-
bile phase solvent were used for injection. The re-
sults are shown in Fig. 5. The maximum amount of
sample that can be injected on to the column is
much smaller than when there is higher resolution.
A yield of aldicarb of 87.1% was achieved in 30
min. The amount of sample required is not obtained
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Fig. 5. Experimental preparative chromatogram at optimum condition X, = 0.30 (200 ul, 43.8 mg/ml).

in one injection, hence repetitive injections must be
made and the eluate fractions collected and com-
bined.

CONCLUSIONS

We have shown that it is possible to apply opti-
mum conditions for the separation of technical aldi-
carb in semi-preparative reversed-phase HPLC us-
ing the computer scanning technique. The designat-

ed resolution was used as the criterion. Excellent
agreement was obtained between the predicted data
and the experimental results.
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ABSTRACT

A reversed-phase liquid chromatographic method is described for the determination of inorganic mercury and organomercury in
aqueous solution. Using an eluent of methanol-10 mM sodium acetate buffer (80:20, pH 6.2) containing 0.1 mM 2-mercaptoben-
zothiazole (MBT), methylmercury, ethylmercury, phenylmercury and inorganic mercury can be separated on a C, ; column in less than
9 min. UV detection was carried out at 285 nm. Calibration graphs were linear (r = 0.997) over three orders of magnitude of
concentration for the three organomercury species. The linear range of inorganic mercury was smaller. Detection limits (3¢) ranged
from 0.3 ng of Hg for methylmercury to 0.5 ng of Hg for inorganic mercury. Interference due to metal ions can be eliminated by

inclusion of a low concentration (ca. 50 uM) of EDTA in the eluent.

INTRODUCTION

Conventionally, speciation and determination of
mercury in biological and environmental samples
have been performed by gas chromatographic (GC)
methods (usually based on that developed by West-
66 [1,2])) and cold-vapour atomic absorption spec-
trometry (CVAAS, originally developed by Poluek-
tov and co-workers [3,4]). In GC analysis, it is es-
sential to form strong, thermally stable derivatives,
whereas in CVAAS, complete reduction and quan-
titative collection of mercury are necessary.

In the past decade, several high-performance
liquid chromatography (HPLC) procedures for the
determination of inorganic and organomercury

Correspondence to: C.-W. Whang, Department of Chemistry,
Tunghai University, Taichung 40704, Taiwan.
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have also been developed. In comparison with GC
and CVAAS methods, the use of HPLC for mercu-
ry speciation generally has the advantage of simpli-
fied sample preparation: However, the detection of
mercury(II) compounds is problematic because of
their lack of chromophores, which precludes the di-
rect use of simple ultraviolet (UV)-visible detection.
Several methods have been employed to overcome
this problem, such as on-column derivatization
with 2-mercaptoethanol followed by electrochem-
ical [5-7], AAS [8,9], inductively coupled plasma
atomic emission spectrometric (ICP-AES) [10] and
ICP mass spectrometric (ICP-MS) detection [11].
Most of these methods require the use of expensive
and specialized detectors. An alternative approach
to the use of simple UV-visible detection in HPLC
of mercury(IT) compounds is to incorporate an on-
or off-column derivatization procedure with organ-

1993 Elsevier Science Publishers B.V. All rights reserved
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ic complexing agents. The commonly used com-
plexing agents include dithizone [12,13], 6-mercap-
topurine [14] and various dithiocarbamates [15-18].

In this paper, we describe an HPLC procedure
for the separation and determination of inorganic
mercury and organomercury as their 2-mercapto-
benzothiazole (MBT) complexes. MBT can form
stable complexes with both inorganic mercury and
organomercury ions. The structures of the mercu-
ry-MBT complexes have been determined by in-
frared spectrometry [19] and X-ray diffraction anal-
ysis [20], and can be represented as

N N
C[ Se-s—to=5-c7 j@
S S

and

N
vg-s-< 1)
S

where R = alkyl or phenyl. A preconcentration
method for inorganic mercury and organomercury
in sea water with MBT supported on silica gel also
has been described [21], but to our knowledge there
has been no previous report on the use of MBT in
the HPLC of mercury(IT) compounds. In this study,
the mercury-MBT complexes were forméd on-col-
umn by direct injection of the analyte into a mobile
phase containing the complexing agent and detec-
tion was performed with a UV detector operated at
285 nm.

EXPERIMENTAL

Apparatus

The HPLC system consisted of an Eldex 9600 sol-
vent-delivery system, a Rheodyne Model 7125 in-
jector with a 100-ul sample loop, a Brownlee Labs.
RP-18 column (220 x 4.6 mm I.D., 5 um), a Soma
S-3702 variable-wavelength UV detector operated
at 285 nm and a Pantos U-228 strip-chart recorder.
A 15 x 3.2 mm 1D. guard column packed with
7-um RP-18 particles was placed in front of the ana-
lytical column.

Reagents

All chemicals were of analytical-reagent grade.
Distilled deionized water was obtained using a Na-
nopure I system.
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Inorganic mercury and organomercury chlorides
were obtained from Merck. Stock standard solu-
tions (1000 ug ml~! of mercury) were prepared in
HPLC-grade methanol and stored in glass bottles
below 4°C. Working standard solutions of lower
concentration were freshly prepared by appropriate
dilution with methanol before use.

The chromatographic eluent consisted of metha-
nol-10 mM sodium acetate buffer (80:20) (pH 6.2)
containing 0.1 mM MBT. This solution was filtered
through a 0.45-um membrane filter and degassed
ultrasonically before use.

RESULTS AND DISCUSSION

HPLC of mercury—-M BT complexes

MBT can form stable complexes with inorganic
mercury and organomercury. The neutral com-
pounds formed can be separated by reversed-phase
liquid chromatography using a Brownlee Labs. C, g
column. Fig. 1 shows a typical chromatogram for

.085AL

e

0 3 6 8 12
TIME (min)

Fig. 1. Chromatogram of (a) methylmercury(I), (b) ethylmercury
1), (c) phenylmercury(I) and (d) inorganic mercury(Il) complex-
es of MBT. Conditions: Brownlee Labs. RP-18 column; eluent,
methanol-10 mM sodium acetate buffer (80:20) (pH 6.2) con-
taining 0.1 mM MBT; flow-rate, 1.0 ml min~!; UV detection,
285 nm; sample amount, 45 ng of Hg for each species.
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TABLE 1

CALIBRATION DATA FOR DETERMINATION OF INORGANIC MERCURY AND ORGANOMERCURY BY HPLC

Injection volume, 100 ul; other conditions as in Fig. 1.

Compound Linear range” r D.L¢ R.S.D.
(ug Hg) (ng Hg) (%)
Methylmercury 0.001-3.0 0.9989 0.3 2.1
Ethylmercury 0.002-2.5 0.9986 0.4 2.6
Phenylmercury 0.002-2.5 0.9995 0.4 34
Inorganic mercury  0.002-0.5 0.9969 0.5 31

¢ Range between the limit of quantification (LOQ) and the limit of linearity (LOL) [22].

b Correlation coefficient.
¢ Detection limit.

methylmercury, ethylmercury, phenylmercury and
inorganic mercury. Complete separation of all four
mercury-MBT complexes was obtained in less than
9 min. The elution order was the same as observed
for dithizonate complexes [13] and diethyldithiocar-
bamate chelates [15].

Calibration

A series of spiked, distilled water samples con-
taining known amounts of the four mercury species
were used for construction of calibration graphs.
The results are summarized in Table I. A linear cor-
relation between the peak height and the amount
injected was obtained for each species. The correla-
tion coefficients of the calibration graphs were
=0.997 in all instances. For inorganic mercury, lin-
earity was observed only up to about 0.5 ug, above
which the calibration graph gradually approached a
plateau. This phenomenon may be explained by the
fact that each Hg(II) needs two MBT molecules to
form a neutral complex whereas other organomer-
cury ions just only one [Hg(MBT), versus RHg
(MBT)]. At a certain concentration of MBT in the
eluent, e.g., 0.1 mM in the present instance, the lin-
ear range of the calibration graph for inorganic
mercury will be smaller than that for organomercu-
ry, assuming all inorganic mercury— and organo-
mercury-MBT complexes have similar stability
constants. Increasing the MBT concentration in the
eluent may extend the linear range of the calibra-
tion graph for inorganic mercury. However, a high-
er MBT concentration and accompanying higher

background noise levels were found to deteriorate
both the resolution and detection of the four mercu-
ry species.

The detection limits listed in Table I were calcu-
lated from peak heights corresponding to three
times the average standard deviation of the baseline
noise [23]. The baseline noise was calculated from
the height of the largest noise fluctuation measured
in a preselected chart interval. The detection limits
range from 0.3 ng of Hg for methylmercury to 0.5
ng of Hg for inorganic mercury.

The reproducibility of the method was tested with
seven replicate injections of 5 ng of each mercury
species. The relative standard deviations ranged
from 2.1% for methylmercury to 3.4% for phenyl-
mercury.

Interferences

Possible interferences of Ca(II), Mg(II), Cu(II),
Cd(1I), Pb(1l), Zn(II), Co(Il), Ni(II), Mn(II), Fe
(I11), AI(IIT) and Cr(I11) in the HPLC of mercury
were studied. The results indicated that, except for
Ca(ID), Mg(I1), Co(II), Ni(II), Fe(IIT) and Al{III),
the metals tested-at a level of five times the amount
of mercury species also showed detectable signals.
Under the optimum HPLC conditions for mercury,
most of these interfering ions were eluted at ca. 4
min, which is close to the elution time of methyl-
mercury (4.9 min). This interference can be effec-
tively eliminated by inclusion of a low concentra-
tion (e.g., 50 uM) of EDTA in the eluent. The ED-
TA apparently forms stronger complexes with the
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metals than does the MBT, but organomercury
does not. In addition, the peak size of inorganic
mercury was not affected by the presence of EDTA
in the eluent. The complex formed between Hg(II)
and MBT is obviously much stronger than the
Hg(II)-EDTA complex.

Applications

In order to validate the method, mercury was de-
termined in the standard reference material NIST
SRM 1641b (mercury in water). The sathple was
diluted 5:1 with distilled, deionized water before in-
jection. The value obtained for inorganic mercury
was 1.43 + 0.07 ug ml™1, based on six replicate
injections, which compares favourably with the cer-
tified mercury content of 1.52 ug ml™'. No orga-
nomercury species could be found in this sample.

A commercial contact lens cleaning solution con-
taining thimerosal [ethy! (sodium o-mercaptoben-
zoato)mercury(I)] was analysed. Thimerosal was
known to degrade rapidly in ageuous solution,
forming an ethylmercury salt and thiosalicylic acid
[24]. The sample analysed had been stored at ambi-
ent temperature for about 1 month after purchase.
The solution was diluted 2:1 with water before in-

LEI5AU

—

0 3 6 ] 12
TIME (min)

Fig. 2. Chromatogram of a contact lens cleaning solution. Con-
ditions as in Fig. 1, except that the eluent also contained 0.1 mM
EDTA.
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jection. Fig. 2 shows a typical chromatogram ob-
tained for this sample. The presence of free ethyl-
mercury is evident. Results of quantitative measure-
ment indicated that the ethylmercury content in this
particular sample corresponds to 15% of the origi-
nal concentration of thimerosal (10 mg 1~ ') marked
on the sample container. However, it had been re-
ported that by forming a more stable complex, a
thiol-containing complexing agent (e.g., dithiocar-
bamate) can easily displace the bound ethylmercury
group from the undecomposed thimerosal [25].
Therefore, in the present instance, the measured
ethylmercury content may not represent the true de-
gree of degradation of thimerosal in the original
sample. Further study in this respect is needed.

CONCLUSIONS

A simple HPLC procedure for the determination
of inorganic mercury and organomercury in aque-
ous solution has been developed. On-column com-
plexation between mercury species and MBT per-
mits the use of a UV detector for rapid and sensitive
detection. Interferences from metal ions can be
avoided by the inclusion of a low concentration of
EDTA in the eluent. This method is applicable to
the determination of mercury species in aqueous
samples of a relatively simple matrix, such as phar-
maceutical formulations. On the other hand, the de-
tection limits of the method are probably insuffi-
cient for the direct determination of trace mercury
in natural waters. In combination with a suitable
means of sample pretreatment, e.g., solvent extrac-
tion or preconcentration, this method should be
useful for environmental and/or biological applica-
tions. An on-line preconcentration procedure for
trace mercury using a short enrichment column and
a switching valve directly connected to the HPLC
column [26] is under study.
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ABSTRACT

This author’s previous work suggested that a ratio of corrected retention times for cuminal (cu) against caryophyllene (cy) prag-
matically indicated the polarity of a gas chromatographic stationary phase. A ¢ ratio of 3cu/4cy below 0.8 corresponded to low-polarity
phases, and above 1.2 to high-polarity ones. Changes in the c ratio for liquid crystal, toroid molecular and conventional phases were
observed with increases in temperature, particularly for Carbowax 20M, which appeared to decline considerably in polarity. Some
high-polarity liquid crystals were reduced to intermediate polarity ¢ ratios (0.8-1.2). Previous anomalous observations by this author

can now be explained.

INTRODUCTION

Since 1981 [1,2] this author has been interested in
finding a simple method for determining the polar-
ity of stationary phases used for gas chromatogra-
phy. It became more urgent during recent studies of
novel phases [3,4]. Kollie and Poole [5]'recently re-
marked that “‘the general concept of polarity is a
measure of the capacity of a stationary phase to
enter into all intermolecular interactions. No exact
method has emerged for calculating or determining
this term”. The general concept has been reviewed
since 1989 [6,7].

McReynolds values [8] are often used as indica-
tors of phase polarity —usually by placing them in

Correspondence to: T. J. Betts, School of Pharmacy, Curtin Uni-
versity of Technology, GPO Box U 1987, Perth, W. Australia,
Australia.
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sequence of the sum of the values for say five (of the
full ten) solute probes. However, all McReynolds
values have a non-polar bias, as they are the reten-
tion index of each probe rated against non-polar
normal alkanes on the phase, minus the index of the.
same probe on non-polar squalane phase. Logical-
ly, a “polar” phase should retain the polar solute
n-butanol much more than low-polarity benzene.
However, various phases all have McReynolds val-
ues for benzene which form a consistent about 40%
of the sum of their butanol and benzene values. The
respective values, for example are 158 and 119
(43%) on the phenyl,methylpolysiloxane OV-17;
536 and 322 (38%) on polyethyleneglycol 20M; and
751 and 499 (40%) on diethyleneglycol succinate
(DEGS). These diverse phases, and others, appear
to show hardly any difference in their relative affin-
ity for -these two distinct solutes. A further limita-
tion of the McReynolds system is that determina-

1993 Elsevier Science Publishers B.V. All rights reserved
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tions should be made at the low temperature of
120°C. Other deficiencies have been observed [5].

We proposed in 1981 a system [1], subsequently
[3] named “LEC”, using the retention indices on the
test phase of three typical volatile oil constituents;
linalol, estragole and carvone (two terpenoids and
an aromatic) at the more generally used temper-
ature of 160°C. These indices were determined
against polar normal alcohols as well as alkanes,
and compared to values from a “standard” phenyl,-
methylpolysiloxane phase. The test phase was then
numerically more or less polar than the standard
[1]. Castello et al. [9,10] later devised a system in
1988 which also used both normal alcohols and al-
kanes; taking the difference in apparent carbon
number between an alkane and an alcohol with the
same retention time on a capillary phase.

Our “LEC” method was later modified [3] by the
replacement of the carvone by cineole (both terpen-
oids), and by omission of the alcohol-based indices.
It then indicated three liquid crystal phases in
packed columns as being of low polarity, although
by another lower-temperature method used in these
laboratories, they confusingly rated much higher.
This [2] utilises three McReynolds probe solutes,
including the uncommon low-polarity 2-octyne (O).
n-Butanol (B) always emerged before pyridine (P),
but the sequence O-B-P was given by high-polarity
phases, B-P—O by low-polarity ones, and B-O-P by
intermediate polarities. These same solute sequenc-
es were later hidden in Kollie and Poole’s Table 11
[11] amongst the values of partial molal Gibbs free
energy of solution for 18 solutes on 23 phases. Here,
the sequences of values show 20M and DEGS to be
highly polar, whilst the “problem” phases OV-225
(cyanopropyl,phenyl.dimethylpolysiloxane)  and
QF-1 (trifluoropropyl,methylpolysiloxane) are ap-
propriately indicated by B-O-P to be of intermedi-
ate polarity. Principal component analysis extract-
ing eigenvectors confirmed these solutes to be in
three different groups, but gave five classes of phas-
es, with some behaving “independently”. Cluster
analysis reduced these to four classes, but grouped
squalane with OV-225 and 20M! Their later paper
{5], using the same procedures on a new free energy
of solution parameter, did put 20M with DEGS,
with a separate group of various polysiloxanes, and
could thus “provide a logical and intuitive(!) classi-
fication of phases”. A complex mathematical way
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of achieving something quite evident to chromato-
graphers who use these phases!

The need was apparent for a simple procedure
which could be applied over a range of temper-
atures, unlike McReynolds’, and other methods.
Consideration of my recent work on volatile oil
constituents [4] suggested that this could be provid-
ed by the pair of solutes polar aromatic cuminal
[CHO-C¢H,—CH(CH;),], and non-polar bicyclic
non-aromatic diene sesquiterpene caryophyllene
[CH,=C,;,H,3(CH3)s] with a nine-carbon ring sys-
tem. Having made previous records of their relative
retention times on novel phases [4,12,13], it only
needed some new observations on traditional phas-
es. The use of just two solute probes to evaluate
stationary phases goes back to 1959, when
Rohrschneider [14] used butane and butadiene.
Abraham et al. [15] currently claim that a “single
parameter ....... cannot possibly reflect the various
solute—(phase) interactions”. They feel the need for
a complex equation of five terms with six constants,
although they previously acknowledged [16] that
three of their constants were “‘not very useful”, “mi-
nor” or “‘not significant”. Their tables listing calcu-
lations for various phases of the surviving three
terms (ref. 15, Table IV; ref. 16, Table XII) reveal
they cannot discriminate five different probe sol-
utes. All phases show lowest value of one term
along with highest values for the other two terms,
and the same pattern of values for each solute.
Their equation, deduced from a hypothetical model
involving the creation of cavities in the phase to
receive solute molecules [16], seems unable to reflect
phase polarity differences. A later paper {17] uses,
for two low polarity phases, a “truncated” equation
involving just two terms for molar refraction and a
partition coefficient in hexadecane at the impracti-
cal temperature of 25°C; seemingly distant from ac-
tual gas chromatography! It seems sense to use two
appropriate probe solutes, as is done in the present
pragmatic work.

EXPERIMENTAL

Apparatus

A Hewlett-Packard 5790A gas chromatograph
was used, fitted with a capillary control unit, and a
splitter injection port and flame ionisation detector
both set at 235°C. A Hewlett-Packard 3380A re-
corder/integrator was attached.
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Materials and methods

Details of the capillaries used have been recorded
previously [18]. Helium was used as mobile phase at
about 1 ml min~! except for the *“Chiraldex-A-
DA” toroid phase, where double this flow-rate was
needed. Injections were made of trace residues from
an “emptied” microsyringe. Holdup times were ob-
tained by extrapolating to methane the retention
times of n-heptane and n-hexane plotted on semi-
logarithmic graph paper.

Details of the packed columns have been given
previously. The liquid crystal phases, (all 3%, w/w)
[13] were bis(methoxybenzylidineanilchloroaniline)
[MBCA);], bis(methoxybenzylidineanilbitoluidine)
[(MBT),] and azoxydiphenetol (ADP), all from
T.C.I. (Tokyo, Japan). The toroid molecular phases
(both 3%, w/w) [4] dicyclohexano- and dibenzo-24-
crown-8 ethers were from Aldrich. Cholesteryl ace-
tate (10%, w/w), was from Sigma, and although a
liquid crystal at about 115°C, had been found to
function best as a normal isotropic liquid above this
temperature [19]. The linalol used was from Sigma,
the cuminal (p-isopropylbenzaldehyde) from East-
man, and the (impure) caryophyllene from Koch-
Light.

RESULTS AND DISCUSSION

Average results, newly obtained for this work,
and from my previous studies [4,12,13] are given in
Table I as relative retention times to linalol, after
deducting holdup times. The ratio of these values
for cuminal {cu) against caryophyllene (cy) present-
ed best if reduced by three-quarters, and this is in-
cluded in Table I as an indicator of phase polarity.
Ifits “c ratio” of 3cu/4cy was about unity (say 0.80-
1.20) a phase had intermediate polarity like the cya-
nopropyl,phenyl,dimethylpolysiloxane OV-225 [2].
A bigger ¢ ratio (up to almost 1.60 was observed)
indicated a strongly polar phase; whilst a lower ra-
tio (down to near 0.25 was observed), with caryo-
phyllene emerging after cuminal, indicated a low-
polarity phase. Of course, simple corrected reten-
tion times gave the same ¢ ratios, but relative times
are quoted in Table I as these are what have been
published before.

Fully methylpolysiloxane is a classic very low-po-
larity phase, and gave very low ¢ ratios around 0.30,
which went from 0.27 to 0.33 as the oven temper-
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ature increased from 140 to 200°C. This phase thus
behaved in a slightly less non-polar fashion with
temperature rise. Isotropic (normal liquid) choles-
teryl acetate (not functioning as a liquid crystal)
showed less low-polar ¢ ratios, around 0.40, which
also rose slightly with temperature increase. Two
toroid (ring) molecular phases showed very consis-
tent values around 0.65, and so were not as low-
polar as those above, but still could not be consid-
ered to be up to intermediate polarity. These phases
all gave the B-P-O (see Introduction) low polarity
sequence [2,4,19] except the dicyclohexane crown
ether, which probably did not behave “normally”
at the low 120°C used for this method. Its ¢ ratios
indicated that it was very similar to the Chiraldex
phase, and at 140°C this latter yielded the same se-
quence of eight chemically different solutes as the
crown ether at 170°C [4].

OV-225 gave ¢ ratios around 1.00, which de-
creased from 1.03 to 0.94 with oven temperature
increase from 140°C to 200°C. The liquid crystal
(MBCA), showed similar ratios, also decreasing
from 1.07 to 1.00 as the temperature went from 145
to 175°C —the reverse of the small rises in polarity
shown by the low-polarity phases. Another liquid
crystal, mesogenic polymeric methyl siloxane
“MPMS” showed constant ratios, when melted, of
1.19 (more polar than OV-225 or (MBCA), and al-
most falling into the high-polarity category), with a
similar ratio when unmelted. OV-225 and
“MPMS” showed the intermediate solute sequence
of B-O-P [2,18] but not (MBCA); [3]. However, the
120°C used with these three solutes was well below
the melting point of (MBCA),, so it was probably
not behaving typically then.

Carbowax 20M is a typical high-polarity phase
and gave higher ¢ ratios which decreased from al-
most 1.6 at 120°C to 1.4 at 160°C, indicating a rapid
decrease in polarity with oven temperature increas-
es. This had been used for some years, and was pos-
sibly partly oxidized. ADP also suffered a big fall in
¢ ratios from 140 to 165°C, due particularly to in-
crease in caryophyllene relative retention times,
taking it down to an intermediate polarity phase at
the higher temperature. At 140°C it rates as more
polar than Carbowax 20M and, like the other liquid
crystal “MPMS”, this polarity is mostly maintained
in the unmelted condition —in contrast to (MBT),.

The melted liquid crystal (MBT), also showed
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TABLE 1
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AVERAGE RELATIVE RETENTION TIMES (LINALOL = 1.00) FOR THREE GROUPS OF STATIONARY PHASES IN
PACKED COLUMNS OR CAPILLARIES AT TEMPERATURES (°C) INDICATED

Phase Temperature ~ Cuminal Caryophyllene ¢ ratio
O (cw) (cy) (3cu/dcy)
Low polarity
Methylpolysiloxane capillary 200 1.89 4.10° 0.33
160 2.01 497 0.30
140 2.10 5.75 0.27
Cholesteryl acetate packed column [15]
isotropic 155 2.69 5.08¢ 0.40
isotropic 140 2.69 5.26 0.38
“Chiraldex-A-DA” ring capillary [4] 140 3.22 3.61° 0.67
125 3.28 3.75 0.66
110 3.25 3.77 0.65
Dicyclohexano-24-crown-8 ether ring packed column [4] 170 2.68 3.04° 0.66
155 2.69 3.12 0.65
Intermediate polarity
Cyanopropyl (25%)-phenyl (25%)}-methyl (50%) 200 3.44 2.75 0.94
polysiloxane OV-225 packed column 160 3.60 2.72 0.99
140 3.78 2.75 1.03
(MBCA), liquid crystal packed column [11] 175 3.25 243 1.00
160 3.48 2.51 1.04
supercool 145 3.61 2.53 1.07
“MPMS” polysiloxane liquid crystal capillary [11] 160 4.97 3.12 1.19
140 5.50 3.47 1.19
unmelted 120 5.91 3.82 1.16
High polarity
Carbowax 20 M polyethylene glycol capillary 160 2.97 1.60 1.39
140 290 1.45 1.50
120 3.03 1.44 1.58
(MBT), liquid crystal packed column [10,11] 200 4.38 2.22 1.48
175 4.62 2.41 1.44
unmelted 160 3.35 2.80 0.90°
unmelted 150 3.30 2.87 0.86"
Dibenzo-24-crown-8 ether ring packed column [4] 170 4.21 2.52 1.25
155 4.30 2.43 1.33
ADP liquid crystal packed column [11] 165 4.20 3.00 1.05°
140 4.64 2.22 1.57
unmelted 130 2.81 1.47 1.43

9 Caryophyllene emerges after cuminal on this phase.
b The phase has only intermediate polarity at this temperature.

high values until cooled to near or below its melting
point, whereupon its ¢ ratios became only those of
an intermediate polarity phase (about 0.9). This was
confirmed by its 120°C B-O-P sequence [3] that was
unlike Carbowax 20M, liquid crystal ADP and the
toroid dibenzo crown ether which all gave the typ-

ical high polarity sequence of O-B-P [2—4]. This
crown ether again showed a decline in ¢ ratios with
temperature increase, like Carbowax 20M. It was
clearly different to the other two toroid phases, Chi-
raldex and dicyclohexane crown, and gave a differ-
ent solute retention sequence to them [4].
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The observations above explain some of the
anomalies in polarity determination that I have
noted previously [3] for liquid crystal phases. It is
not surprising that such substances change in polar-
ity with temperature changes, but it is alarming that
a conventional phase like Carbowax 20M appears
to suffer a considerable fall in polarity with temper-
ature increase. The ¢ ratios for this capillary were
confirmed with a packed column. Chromatogra-
phers should be warned that this polarity change is
a hazard for temperature-programmed work, even
with methylpolysiloxane. The latter exhibits a slight
rise in polarity as the temperature rises (although it
remains “low’), so these two conventional phases
both approach intermediate polarity from opposite
directions at higher temperatures. Abraham et al.
[16] claim that -““the effect of temperature is very
important (but) it has generally been overlooked as
regards characterisation of stationary phases. In
general (our) main characteristic constants ..... all
decrease, often quite markedly, with temperature”.
The classic concept of gas-liquid chromatography
is that separations are achieved by partition phe-
nomena in the phase. However, adsorption by the
polar phases is likely to contribute significantly to
the retention of caryophyllene. Adsorption effects
should decrease with increasing temperature, and
may explain, in part, the observations here.

The O-B-P result [3] correctly indicated the high
polarity of ADP, but was wrong for (MBCA),,
which is only of intermediate polarity here. In con-
trast, B-O-P under-rated the polarity of (MBT); as
“intermediate” [3] because it was done at 120°C,
well below its melting-point. The modified LEC
method at 160°C greatly underestimated the polar-
ity of all three liquid crystals, and cannot be relied
on for such phases. However B-P-O correctly des-
ignated isotropic cholesteryl acetate as low polarity
[19], confirmed by the LEC method. The liquid
crystal “MPMS” was also properly rated as inter-
mediate by B-O-P [18].

T. J. Betts [ J. Chromatogr. 628 (1993) 138-142

The toroid phases had “Chiraldex-A-DA” cor-
rectly placed as low polarity by B-P-O [4], and the
dibenzo crown ether as high—intermediate by O/B
(together)-P. The dicyclohexane crown was over-
rated by B-O-P, however, although octyne was on-
ly “just ahead of pyridine” [4]. If octyne had been
last, it would have agreed with the ¢ ratio here.

The simple two-solute determination used here (it
can be done without linalol) immediately shows low
polarity phases by caryophyllene emerging before
cuminal; and their retention time ratio then resolves
the more polar phases into high- and intermediate-
polarity groups. This polarity determination can be
made at various temperatures, to observe any
changes in polarity with heating.
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ABSTRACT

A simple, rapid and an efficient gas chromatographic method for the determination of chlorobenzophenone isomers is described. This
was necessary in order to determine the amounts of o- and m-chlorobenzophenone isomers in p-chlorobenzophenone, which is a
starting material in the manufacture of Systral, an anti-Parkinsonism agent. Complete separation of chlorobenzophenone isomers was
achieved using Apiezon L as stationary phase. The determination of o-chlorobenzophenone in p-chlorobenzophenone was carried out
by using benzophenone as an internal standard. The minimum detectable amount of m-chlorobenzophenone in p-chlorobenzophenone

was established.

INTRODUCTION

Recently, the existence of a remarkably stable
phenyldichlorocarbenium tetrachloroaluminate
complex derived from benzotrichloride under Frie-
del—Crafts acylation conditions has been reported
[1]. We have also reported that (trichloromethyl)
benzene is a more reactive benzoylating agent for
the preparation of substituted benzophenones un-
der milder reaction conditions [2]. As chlorphenox-
amine (Systral), which is used as an anti-Parkinson-
ism agent, can be manufactured from p-chloroben-
zophenone, we wished to establish a synthetic meth-
od in which p-chlorobenzophenone is produced in
quantitative yields. Therefore, it was necessary to
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Technology, National Chemical Laboratory, Pune 411008, In-
dia.
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develop a method to determine the amounts of or-
tho and meta isomers in p-chlorobenzophenone.

The separation of dichlorobenzophenone isomers
and of substituted benzils and benzophenones has
been reported [3.4]. Bishara and Smith [5] reported
the separation of dichloro- and chlorobenzophe-
none isomers by high-performance liquid chroma-
tography (HPLC). Recently, a collection of analyt-
ical data for benzodiazepines and benzophenones
has been published which includes GC, HPL.C and
TLC methods [6,7]. Analyses for chlorophenylphe-
nols, chlorinated products of ketones and alcohols
and methyl ethers of chlorinated o-phenoxyphenols
have been reported [8-10]. However, no reference
to the separation of ortho, meta and para isomers of
chlorobenzophenone could be found. In this paper,
we describe a rapid and an efficient GC method for
the determination of p-chlorobenzophenone.

1993 Elsevier Science Publishers B.V. All rights reserved
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EXPERIMENTAL

Analyses were performed on a Hewlett-Packard
Model 5880A gas chromatograph equipped with a
level 4 integrator, computing system, and flame ion-
ization detector. A cross-linked methylsilicone gum
25m x 0.2mm I.D., 0.33 um film thickness) fused-
silica column from Hewlett-Packard and 10% Car-
bowax 20M, 3% OV-210 and 5% OV-17 columns
were procured from Chromato-Pak Enterprises. In
addition, columns from Alltech were used, as fol-
lows: 10% OV-351, 3% Dexil 300 and KG-02 on
Uniport HP [10 ft. x 2mm I.D. (1 ft. = 30.48 cm),
glass-lined stainless steel (GLT)], 10% Alitech
CS-10[6 ft. x 2mm L.D., (GLT)], 0.3% Carbowax
20M + 0.1% H3PO, on Graphpac GC and 10%
Apiezon L + 2% KOH on Chromosorb W AW
(80-100 mesh (GLT) (1.8 m x 1.7 mm I.D.) (col-
umn A).

Apiezon L was coated on Chromosorb W AW
(80-100 mesh at a concentration of 2% and packed
ina3m X 2 mm LD. stainless-steel SS column
(column B). SE-30 (5% and 10%) columns and
tri[4-(2'-phenylisopropyl)phenyl] phosphate
(TPIPP) [11] columns were packed in the laborato-
ry.

TABLE
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Complete separation of all the isomers of chloro-
benzophenone was achieved on column B at 160°C.
The determination and establishment of the mini-
mum detectable amount of the mera isomer in p-
chlorobenzophenone were achieved on column B at
200°C. The determination of the ortho isomer in p-
chlorobenzophenone was achieved at 200°C on col-
umn A by an internal standard method with ben-
zophenone as the internal standard.

The chemicals used were obtained from Aldrich
and Merck and their purity was checked by GC.
Nitrogen was used as the carrier gas at a flow-rate

of 30 ml min~?.

Preparation of the standard and unknown mixtures

Solutions of OCBP (0.1-5.0 mg/ml) were pre-
pared in acetone containing benzophenone [internal
standard (ISTD)] (2 mg/ml).

After stabilization of the instrument, 2.0 ul of
each standard solution were injected three times.
Areas of the individual peaks were obtained from
the integrator. The ratios of peak areas of OCBP to
ISTD were plotted against concentration (mg
ml~1). Separate graphs were plotted for two differ-
ent concentration ranges, 1-5 and 0.1-0.3 mgml !,

Samples (P-1, P-2, P-1 crude, P-4 and P-5) were

RETENTION TIMES (MIN) OF CHLOROBENZOPHENONE ISOMERS ON VARIOUS STATIONARY PHASES

Stationary phase Temperature Retention times (min)
O

OCBP MCBP PCBP
10% Carbowax 20M 210 13.65 13.14 14.29
3% OV 210 150 5.84 6.37 6.74
5% OV 17 160 19.72 19.50 21.00
10% OV 351° 170 25.79 - 23.28
3% Dexil 300 150 8.95 11.6 11.95
KG-02 175 23.06 22.62 20.66
10% Alltech CS-10 190 8.0 7.46 8.10
0.3% Carbowax 20M + 0.1% H,PO,* 220 514 4232 59.33
10% Apiezon L, stainless-steel column 180 14.58 18.83 20.35
2% Apiezon L, 1.8-m column 170 6.39 9.49 9.24
5% SE 30 150 2.17 2.32 2.51
10% SE 30 200 6.87 7.19 7.53
5% TPIPP* 180 16.60 17.60 18.90

“ These columns do not give reproducible retention times.
® The peaks are very broad and tailing is observed.
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weighed accurately and 2 ml of ISTD stock solution
was added to each product before dilution to 10 ml
with acetone.

Solutions of MCBP (0.01-0.1%) in PCBP were
prepared using acetone as solvent.

After stabilization of the instrument, 1 ul of each
standard solution was injected three times on to col-
umn B at 200°C. Solutions of the products were also
injected at the same temperature.

RESULTS AND DISCUSSION

Separation of chlorobenzophenone isomers was
tried on the various liquid stationary phases coated
on Chromosorb W AW or HP DMCS (80-100
mesh) at various loadings packed in stainless-steel
or glass-lined stainless-steel columns (1.8 m x 1.7
mm 1.D.). Table I gives the corresponding retention
data. Most of the stationary phases separate either
ortho and para or meta and para isomers. Dexil 300
shows a good separation between the ortho and pa-
ra, but the meta and para isomers do not separate,
whereas KG-02 separates the para isomer but the

RESPONSE

UL

2 4 6 8 10
TIME
Fig. 1. Separation of benzophenone (ISTD), o-chlorobenzophe-
none and p-chlorobenzophenone on column A. Oven temper-
ature, 200°C; carrier gas, nitrogen; flow-rate, 30 ml min~?; in-
jector temperature, 240°C; detector temperature, 300°C. Peaks:
1 = benzophenone; 2 = o-chlorobenzophenone; 3 = p-chloro-
benzophenone.
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meta and ortho isomers show overlapping peaks or
a single peak. Graphitized carbon modified with
Carbowax 20M or SP1000 retains all the isomers
for a long time and the peaks are very broad. On
TPIPP, all three isomers are partially resolved.
Analysis was also tried on cross-linked methylsil-
icone gum (25m x 0.2 mm L.D., 0.33 pm film thick-
ness) at 200°C. The carrier gas was nitrogen at a
flow-rate of 1.5 ml min ~? and the splitting ratio was
1:135. A good separation between the ortho and pa-
ra isomers was obtained but the meta and para iso-
mers were only partially resolved. The separation
did not improve further even at lower temperatures.
We were able to obtain a very good separation of all
three isomers on one of the packed columns which
are comparatively cheaper (10% Apiezon L). Addi-
tionally, as most users employ packed columns, it
was felt unnecessary to try the separations on differ-
ent capillary columns.

Apiezon L (10%) coated on 2% KOH-treated
Chromosorb W AW in a glass-lined stainless-steel
column gave a good separation of all the three ben-
zophenone isomers at 160°C and benzophenone
(ISTD), OCBP and PCBP at 200°C (Fig. 1). Hence
this column was used for the ISTD method. The
calibration graphs for two concentrations ranges,
1-5 and 0.1-0.3 mg mi~ !, are linear and the slopes,
determined from the equation y = mx + c¢ (here
¢ = 0) are 0.48 and 0.7, respectively. Statistical
evaluation of the method shows that the reproduc-
ibility of quantitative measurements is fairly good,
as indicated by the standard deviations, ranging
from 4.13 - 1073 to 1.27 - 10~ 2. Table II gives the

TABLE 1I

RESULTS OBTAINED FROM CALIBRATION GRAPH
FOR TECHNICAL SAMPLES

Sample Concentration ~ Composition Standard
OCBP (mg ml™") (%) deviation®
P-1¢ 0.08 0.76 1.27-1072
P-1 (crude) 0.1 0.95 2.14-1073
pP-2 0.85 7.94 8.15-1073
P-4 1.125 10.96 1.23-1072
P-5 0.475 4.75 4.134-1073

4 Recrystallized from hexane.
b For area ratio.
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Fig. 2. Separation of chlorobenzophenone isomers on column B.
Oven temperature 160°C; carrier gas, nitrogen; flow-rate, 30 ml
min~*'; injector temperature, 200°C; detector temperature,
250°C. Peaks: | = OCBP; 2 = MCBP; 3 = PCBP.

results obtained for our products. In order to find
the minimum detectable amount of MCBP in
PCBP, a standard solution of 0.1% MCBP in PCBP
was injected on to column A. As MCBP was not
detected on this column, a longer column with a
lower loading was prepared (column B). This gave a
complete separation of all the three isomers (Fig. 2)
and can detect MCBP at levels up to 0.04% in
PCBP even at 200°C. When 1 ul of 0.1 and 0.05%
solutions of MCBP in BCPB was injected, the
MCBP peak could be detected whereas detection of
the MCBP peak was not possible for 1 ul of 0.02%

TABLE 11
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solution. Therefore, 0.03 and 0.04% solutions were
prepared and it was confirmed that the minimum
detectable amount of MCBP in PCBP is 0.04%.
The minimum detectable amount (MDA) of the
meta isomer was found because the peaks of the
meta and para isomers are very close and injecting a
larger volume decreases the resolution. Qur prod-
ucts contain the mera isomer in trace amounts
whereas the ortho isomer is present in a significant
amount. Preparing more concentrated solutions is
difficult because of solubility problems. Determina-
tion of the MDA of the ortho isomer was not car-
ried out as the ortho isomer is separated very well
from the meta and para isomers. Therefore, the sep-
aration is not affected by the injection of larger vol-
umes or more concentrated solutions.

Table III gives the retention times of the chloro-
benzophenone isomers and ISTD on columns A
and B. When our products were injected onto col-
umn B, the presence of MCBP in the range 0.04—
0.16% was determined. An important point to be
noted is that PCBP synthesized by our method con-
tains 0.04% of the meta isomer at the crude stage. It
disappears completely after recrystallization of
PCBP from hexane. The recrystallized PCBP does
not show presence of the meta isomer as an impuri-
ty. This suggests that, if present, it must be at a
negligible concentration (less than the detection
limit, ie., <0.04%).

CONCLUSION

We have described an efficient and rapid GC
method for the determination of o-chlorobenzophe-
none in p-chlorobenzophenone using Apiezon L as
stationary phase and benzophenone as an internal
standard. The total analysis time is only 8 min and

RETENTION TIMES (MIN) OF CHLOROBENZOPHENONE ISOMERS AND BENZOPHENONE (ISTD)

Column Temperature Retention time (min)
O
Benzophenone  OCBP MCBP PCBP
A 200 3.46 5.29 6.34 7.34
B 160 12.43 20.61 26.75 28.95
B 200 5.39 8.00 9.94 10.92
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the standard deviation ranges from 4.13 - 1073 to
1.27 - 10~ 2. Complete separation of the ortho, meta
and para isomers of chlorobenzophenone was
achieved using 2% Apiezon L coated on Chromo-
sorb W AW DMCS (80-100 mesh) packed ina 3 m
x 2 mm L.D. stainless-steel column. The minimum
detectable amount of the meta isomer in the para
isomer is 0.04%.
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ABSTRACT

The direct synthesis of bis(alkylxanthato)nickel(II) complexes is described, consisting in the addition of nickel(II) chloride to a
previously heated solution of sodium hydroxide and carbon disulphide in the corresponding alcohol. It was established that the R,
values of complexes obtained with non-aqueous solvent systems increased with increasing number of carbon atoms in the xanthato
ligands used, but the opposite order was found using an aqueous solvent system. There is a linear dependence between the R, values of
complexes and the number of carbon atoms in the hydrophobic part of the ligands. In the former instance the proposed separation
mechanism involves the formation of hydrogen bonds between strongly electronegative atoms of the ligands (O and S) and silanol
groups of silica gel and in the latter a hydrophobic interaction mechanism was assumed. In this manner it was established that the
previously found regularities for octahedral alkylxanthatocobalt(IIT) complexes can be applied also to the investigated square-planar

alkylxanthatonickel(Il) complexes.

INTRODUCTION

In previous papers, the chromatographic beha-
viour of octahedral tris(alkylxanthato)cobalt(IIT)
complexes was investigated [1,2]. It was established
that under conditions of normal-phase chromatog-
raphy, the Ry values of these complexes obtained
on thin layers of silica gel [1] and polyacrylonitrile
(PANS) [2] increase with increasing number of car-
bon atoms in the alkyl substituents, and that there
is a negative linear dependence between the number
of carbon atoms and their R;, values. However, un-
der the conditions of reversed-phase chromatogra-
phy on thin layers of PANS [2], a reversed order of
the complexes and a positive linear dependence be-

Correspondence to: Z. L. Tesi¢, Faculty of Chemistry, Universi-
ty of Belgrade, P.O. Box 550, 11001 Belgrade, Yugoslavia.
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tween their Ry, values and the number of carbon
atoms in the alkyl substituents were obtained.

Continuing these investigations on thin layers of
silica gel, in this work we wanted to establish wheth-
er the aforementioned regularities are applicable al-
so to square-planar nickel(IT) complexes.

EXPERIMENTAL

Syntheses

In a 250-cm? erlenmeyer flask, equipped with a
stirrer, 100 cm?® of the corresponding alcohol and
2.0 g (0.05 mol) of ground sodium hydroxide was
heated to 50°C, then 2.0 cm? of carbon disulphide
were added, whereby a yellow solution was ob-
tained. To this solution, a solution of 6.1 g (0.025
mol) of nickel(IT) chloride hexahydrate in 10 cm® of
water was added in small portions with constant

1993 Elsevier Science Publishers B.V. All rights reserved
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YIELDS AND ELEMENTAL ANALYSES OF THE COMPLEXES [Ni(S,COR),], AND INDUCTIVE EFFECTS OF THE AL-

KYL GROUPS [2]

No. R Yield Analyses (%) Inductive effect
(%)
H
Calc. Found Calc. Found

1 Methyl 66 17.59 17.65 2.21 2.18 0.00

2 Ethyl 86 23.93 23.74 3.35 3.33 -0.10

3 n-Propyl 72 29.19 29.25 4.29 4.20 -0.115

4 n-Butyl 38 33.63 33.55 5.08 5.05 -0.130

5 sec.-Butyl 45 33.63 33.98 5.08 5.35 -0.210

6 Isobutyl 78 33.63 33.82 5.08 4.96 —0.125

stirring of the reaction mixture, which was pro-
longed for a further 30 min. The reaction mixture
was left overnight in a refrigerator, then the precip-
itated yellow-brown crystals of the crude complex
were separated by filtration under reduced pressure
and recrystallized from warm acetone. The yields
obtained and the corresponding results of elemental
microanalyses are given in Table I.

Chromatography

Chromatographic investigation of the complexes
obtained was carried out by ascending chromatog-
raphy on thin layers of silica gel 60G (Merck,
Darmstadt, Germany), on 5 X 5 cm plates. Freshly

TABLE 11
SOLVENT SYSTEMS USED

prepared solutions of complexes in acetone (0.2 ul),
having a concentration of 2 mg/cm?, were applied
to the plates. Before development, the plates with
starting spots were kept for 15minina4 x 6 x 10
c¢m chromatographic chamber where development
was performed. All solvents used were of analytical-
reagent grade. The experiments were carried out at
20 + 2°C. After development the coloured spots of
the complexes were readily visible.

RESULTS AND DISCUSSION

As can be seen from Table I, the earlier described
[3-5] series of six bis(alkylxanthato)nickel(II) com-

No. Composition Proportions (v/v)
1 n-Hexane
2 Cyclohexane
3 Carbon tetrachloride
4 Benzene
5 Toluene
6 n-Hexane—toluene 80:20
7 n-Hexane-benzene 80:20
8 n-Hexane—chloroform 80:20
9 n-Hexane—carbon disulphide 80:20
10 n-Hexane—dioxane 80:20
11 n-Hexane—tetrahydrofuran 80:20
12 Cyclohexane—chloroform 85:15
13 Cyclohexane—carbon tetrachloride 80:20
14 Cyclohexane-toluene 80:20
15 Tetrahydrofuran—~water-NiCl,-6H,0 50:50:1 (v/v/w)
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TABLE III
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R; VALUES OF BIS(ALKYLXANTHATO)NICKEL(I1) COMPLEXES [Ni(S,COR),] OBTAINED BY TLC

No. R R, x 100°

1 2 3 4 5 6 7 8 9 10 11 12 13 14 I5
1 Methyl 8 13 45 71 8 26 30 43 19 46 36 29 21 34 77
2 Ethyl 11 17 50 78 88 34 42 53 25 53 47 43 29 43 66
3 mPropyl 15 22 57 8 9 41 S0 60 28 ST 55 S0 36 54 57
4  nButyl 19 28 62 84 93 47 59 67 32 61 64 ST 4 6 50
S sec-Butyl 21 23 58 78 8 41 53 64 32 61 S5 53 39 57 58
6  Isobutyl 23 28 62 78 93 50 60 69 38 61 61 56 44 64 5l

¢ The compositions of the solvent systems are given in Table II.

plexes were obtained for first time by direct syn-
thesis in yields ranging from 38 to 86%, with re-
spect to the crude reaction product.

The chromatographic investigation of these com-
plexes was performed with fourteen non-aqueous
solvent systems (five one-component and nine two-
component) and with a three-component aqueous
solvent system (Table II).

From the results obtained (Table III), it is seen
that in chromatographic separations of the afore-
mentioned square-planar complexes with non-
aqueous solvent systems their Ry values increase
with increasing number of carbon atoms in the side-
chain of the m-alkylxanthato ligands. This beha-
viour is in agreement with results obtained previ-
ously in chromatographic separations of a homolo-
gous series of octahedral alkylxanthatocobalt(IIT)
complexes on thin layers of silica gel {1] and PANS
[2].

From Table III it is also seen that with the in-
vestigated square-planar isomeric butylxanthato
complexes using non-aqueous solvent systems, the
complex containing a secondary butylxanthato li-
gand, as a rule, exhibits the lowest Ry value, where-
as the values for the other two isomers are most
often very close or identical with one another,
which is in accordance with their inductive effects
(Table I). This is also in accordance with results
obtained for octahedral tris(alkylxanthato)cobalt
(IIT) complexes in their chromatographic separa-
tions on silica gel [1] and PANS [2].

As regards the explanation for the first-men-
tioned regularity, it was assumed that the dominant
mechanism of complex separation is the generally

accepted mechanism of hydrogen bond formation
between strongly electronegative atoms of the li-
gand (O, S) and silanol groups of the silica gel [6].
However, it is known that with increasing side-
chain length the positive inductive effect of an alkyl
group is also increased (Table I), which causes an
increase in the electron density on the electronega-
tive oxygen and sulphur atoms, and this would lead
to a strengthening of hydrogen bonds between these
atoms and hydrogens of the silanol groups of silica
gel. The latter would, however, give rise to a re-
versed order of complexes relative to that which is
obtained (Table III). Therefore, in considering the
dependence of the complex mobility on the type of
the substituent in the alkylxanthato ligand, atten-
tion should be also devoted to their steric effects.
These effects, with increasing side-chain length, are
manifested in a more difficult approach of strongly
electronegative atoms of complexes to silanol
groups of silica gel, with which hydrogen bonds
might be formed. This would cause a decrease in the
strength of complex adsorption with increasing
side-chain length, which in fact was experimentally
established for the investigated n-alkylxanthato
complexes (Table IIT). This phenomenon was al-
ready noticed earlier in chromatographic separa-
tions of homologous series of transition metal com-
plexes containing the same [1,2] or related [7-14]
ligands.

The order of the investigated square-planar com-
plexes described is reversed when an aqueous sol-
vent system is applied (Table 111, No. 15). This phe-
nomenon might be explained by a change in the
separation mechanism, i.e., by non-specific hydro-
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phobic interactions [15], as had been shown in pre-
vious work [16] for the octahedral transition metal
tris(f-diketonato) complexes. These interactions
are the greater the larger is the hydrocarbonaceous
surface area [17], on account of which it is expected
that the Ry values of complexes will decrease with
increasing side-chain length of the alkylxanthato li-
gand, as was experimentally obtained.

In all instances investigated a linear dependence
between the Ry values of the investigated square-
planar complexes and the number of carbon atoms
in the n-alkylxanthato ligands was established (Fig.
1), which is in accordance with the results obtained
in previous work in which we investigated the corre-
sponding octahedral cobalt(II) complexes using a
non-aqueous solvent system in thin layer chromato-
graphic separations on silica gel [1] and aqueous
and non-aqueous solvent systems in separations on
polyacrylonitrile [2].

In order to show quantitatively the difference in
the selectivity [16,18] among the solvent systems
used in this work, Fig. 2 shows the dependence be-
tween the Ry, values of the investigated nickel(II)
complexes, obtained by means of fourteen solvent
systems, and their Ry, values obtained by using n-
hexane—dioxane (80:20, v/v), which gives the small-
est difference in R, values between the outermost
members of the homologous series. From these da-
ta it might be concluded that in normal-phase chro-
matography high selectivity is achieved using sol-
vent systems 5, 7, 11, 12 and 14, the selectivities of
which do not differ much.

Finally, it might be concluded that the earlier es-
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Number of C atoms

Fig. 1. Dependence of the R,, values on the number of carbon
atoms in the r-alkyl group of the [Ni(S,COR),] complexes. The
numbers against the lines refer to the solvent system used (see
Table II).

151

RN!n) Ryt
12] ,
10] : 5
08, . 08
9
6] 13 06
5
04 7 04 2
az] 3 0z; 15
ao T T T T 0.0..
Za2/ /00 01 Rutro) Ruiro)
-2 -02)
1 4
-04] -04)
-05) 5 -06]
-08 -08
-,.0. »,
2| /

Fig. 2. Correlation between the R,, values of the investigated
Ni(I1) chelates obtained on a thin layer of silica gel with a given
solvent system and solvent system 10. R, = R, values ob-
tained with the solvent system by the number against the lines
(see Table II); Ry, ;,, = the same for solvent system 10.

tablished regularities for octahedral alkylxanthato-
cobalt(IIT) complexes are also valid for square-pla-
nar alkylxanthatonickel(II) complexes.
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Borate complexation of flavonoid-O-glycosides in
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I. Separation of flavonoid-7-O-glycosides differing in their
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ABSTRACT

Capillary electrophoresis was found to give significantly greater efficiency, selectivity and speed compared with high-performance
liquid chromatography for the separation of mixtures of flavonoid-O-glycosides. The migration behaviour of selected flavonoid-O-
glycosides and their flavonoid aglycones in free solution capillary electrophoresis and micellar electrokinetic capillary chromatography
(MECC) was investigated. A mixture of flavonoid-7-O-glycosides and their flavonoid aglycones was resolved by MECC. A 70 cm x 50
um L.D. fused-silica capillary column and a 50 mM sodium dodecyl sulphate-20 mf Tris—=HCI running buffer (pH 7.1) were used for
these electrophoretic separations. Under these neutral conditions, the retention mechanism is based on hydrophobic interactions
between flavonoids and the hydrophobic core of the micelles. Free zone capillary electrophoresis of borate complexes was more
appropriate for the separation of a mixture of flavonoid-O-glycosides. In that case, the migration behaviour of these selected flavonoid-
O-glycosides was explained by tonization of some hydroxyl groups and mainly by borate complexation of the sugar moiety. The identity
of each flavonoid-O-glycoside was determined by using a fast-scanning multiple-wavelength UV detector and by recording its on-
column UV spectrum in the range 190-360 nm.

INTRODUCTION

Flavonoids constitute one of the largest groups of
naturally occurring phenols and are widespread
components in all parts of plants. These com-
pounds have structures based on 2-phenylbenzopy-
rone and differ in the pattern of hydroxylation, de-

Correspondence to: Ph, Morin, Laboratoire de Chimie Bioorga-
nique et Analytique (LCBA), Université d’Orléans, B.P. 6759,
Orléans Cédex 2, France.
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gree of unsaturation and type and position of sugar
links [1].

In micellar electrokinetic capillary chromatogra~
phy (MECC), a surfactant is added to a buffer at a
concentration above its critical micelle concentra-
tion. Micelles provide both ionic and hydrophobic
sites of interaction, so this technique is suitable for
the separation of ionic and uncharged solutes. Since
the first description of MECC by Terabe and co-
workers [2,3], many applications have been report-
ed, such as to drug substances [4], acidic solutes [5],

1993 Elsevier Science Publishers B.V. All rights reserved
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ionic and non-ionic catechols [6-8], cationic solutes
[9] and glucosinolates and desulphoglucosinolates
[10].

The existing method used for the analysis of fla-
vonoid-O-glycosides in very complex matrices is
generally high-performance liquid chromatography
[11-13]. Nevertheless, Seitz et al. [14] used capillary
isotachophoresis for the rapid analysis of flavo-
noids and phenolcarboxylic acids in phytopharma-
ceutical industry. In addition, MECC has recently
been investigated for the determination of flavonoid
drugs, such as quercetin-, kaempferol- and iso-
rhamnetin-3-O-glycosides [1]. In this paper, the sep-
aration of a mixture of flavonoids and flavonoid-7-
O-glycosides was studied using capillary electro-
phoresis (CE) and MECC techniques; the migration
behaviour and solubilization mechanism of these
neutral and ionizable solutes were explained.

EXPERIMENTAL

Instrumental

All open-tube electrokinetic capillary chromato-
graphic separations were performed on a Spectra-
Physics (San Jose, CA, USA) Spectraphoresis 1000
instrument using a silica capillary tube (70 cm x 50
um ILD. x 375 um O.D.). Data were processed on
an IBM PS/2 Model 70 386 computer. Software op-
erating under IBM OS/2 was supplied by Spectra-
Physics. The instrument contains a programmabile,
high-speed scanning, multiple-wavelength UV de-
tector. Using the fast scanning mode, we were able
to record on-column spectra of the compounds.
The scanning mode ranged from 200 to 360 nm in
5-nm increments. Electrokinetic separations were
performed at 60°C at 25 kV (electrical field strength
350 V/cm), a run average current of 45 uA and a
capillary resistance of 0.18 G{2. Analytes were in-
jected in the hydrodynamic mode using a 0.75 p.s.i
(1 p.s.i. = 6894.76 Pa) vacuum for 1-5 s.

All free solution capillary electrophoretic separa-
tions were performed on a Europhor (Toulouse,
France) Prime Vision instrument using a 65 cm X
50 um 1.D. silica capillary tube. A small section (1-
cm length) of the polyimide coating of the capillary
column was removed prior to filling to obtain an
optical window for UV detection. Analyses were
carried out at ambient temperature with the Eu-
rophor instrument. All electropherograms were re-
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corded on a Shimadzu (Kyoto, Japan) C-R 5A in-
tegrator. The on-column detector was operated at
270 nm at an absorbance range of 2.0 a.u.f.s. and a
rise time of 0.1 s.

The capillaries were conditioned daily by wash-
ing first with 1 M sodium hydroxide solution (10
min) at 60°C (at ambient temperature for the Eu-
rophor instrument), then 0.1 M sodium hydroxide
(10 min) at 40°C, water at 60°C (10 min) and the
electrophoretic buffer (15 min) at 40°C. Between
two analyses, the capillary tubes were flushed with
water (2 min), 0.1 M sodium hydroxide solution (2
min), water (3 min) and finally with the electropho-
retic buffer (10 min) in order to improve reproduc-
ibility of the migration time.

Reagents

All chemicals were of analytical-reagent grade.
Tris(hydroxymethyl)aminomethane (Sigma, St.
Louis, MO, USA), hydrochloric acid (Sigma), boric
acid (Fluka, Buchs, Switzerland), sodium dihydro-
genphosphate (Fluka) and the surfactant sodium
dodecyl sulphate (SDS) (Fluka) were used without
further purification. Water used for dilutions or as
buffer solution was of HPLC grade (Carlo Erba,
Milan, Italy).

For free solution capillary electrophoresis under
alkaline conditions, the electrophoretic medium
composition was either 0.03 M NaH,PO, (adjusted
to pH 10.5 by addition of 0.1 M NaOH ) or 0.2 M
H3BO; buffer (adjusted to pH 10.5 by addition of
0.1 M NaOH).

For MECC separations under neutral condi-
tions, the electrophoretic medium consisted of SDS
micelles in Tris—HCI buffer. Stock solutions to pre-
pare pH buffer were 0.1 M Tris and 0.1 M HCI. The
buffer (pH 7.1) was prepared by mixing these two
stock solutions in the proportions 50:45.7 (v/v) and
diluting to 100 m! and adjusting the pH to 7.1 with
hydrochloric acid. The aqueous buffer composition
was 0.050 M Tris—0.046 M HCIl with a 0.050 M
surfactant concentration. Methanol was used to de-
termine the retention time of a neutral unretained
solute and anthracene the migration time of the mi-
ceiles.

Authentic samples of diosmin, hesperidin, iso-
rhoifolin, hesperitin, linarin and diosmetin were ob-
tained from Extrasynthese (Genay, France). A
standard solution of each flavonoid or flavonoid-7-
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O-glycoside was prepared in dimethyl sulphoxide—
methanol (80:20, v/v) at a concentration of ca. 100
ppm for each of these solutes. Finally, this solution
was filtered through a Whatman (Maidstone, UK)
polypropylene filter (0.2 um pore size, 25 mm diam-
eter) prior injection.

RESULTS AND DISCUSSION

Flavonoids commonly occur as flavonoid-O-glyco-
sides in which one flavonoid hydroxyl groups is
bound to a sugar by an acid-labile hemiacetal bond
[15]. For our solutes, an identical disaccharide, ruti-
nose (6-O-a-rhamnosyl-D-glucose), is found in asso-
ciation with flavonoids (Fig. 1).

Free solution capillary electrophoresis under no com-
plexing conditions
The separation mechanism in free solution capil-

OH
Rhamnoglucosyl - O (o] OCH;,
O l diosmin
OH O
OH
Rhamnoglucosyl - O o OCH;
O hesperidin
OH O
Rhamnoglucosyl - O (o] O OH
O | isorhoifolin
OH O
OH
HO o} O OCH;
O hesperitin
OH O

[o)

Glucosyl - O l [¢] O OCH;,4

! diosmetin-7-O-glucose

o

OH O

Rhamnogtucosyl - O [} O OCH;
O | linarin

OH O
OH
HO (o) O OCH;
O I diosmetin
OH ©

Fig. 1. Structures of flavonoids and flavonoid-7-O-glycosides.
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lary CE is based on differences in the electrophoret-
ic mobilities of species. Flavonoid compounds are
weak acids with ionization constants in the pH
range 10-12; their apparent charge depends on their
pK, values and on the pH of the running buffer. At
neutral pH, these flavonoid-O- glycosides could not
be resolved by CE. Because of their phenolic nature,
an alkaline buffer system was chosen in order to
ensure an adequate degree of dissociation of the fla-
vonoids. A 30 mM phosphate running buffer (pH
10.5) was used for this electrophoretic separation
(Fig. 2). Under these conditions, anionic species
moved toward the cathode with the velocity of elec-
trophoretic migration minus that of electrosmotic
flow.

Linarin with one free hydroxyl group has a small-
er mobility than the the other three flavone-O-gly-
cosides with two free hydroxyl groups; this almost
undissociated analyte migrates only with electros-
motic flow. Linarin and diosmin give sharp and
symmetrical peaks well resolved from each other.
Diosmin and hesperidin differ only in a carbon—car-
bon double bond; their effective mobilities are too
close for them to be resolved.

Hence, the resolution of this separation cannot

23

-

75 min

U

0 25 5

Fig. 2. Separation of a mixture of two flavonoids and four flavo-
noid-7-O-glycosides by free zone CE. Applied voltage, + 25kV;
capillary, 65 cm X 50 gym 1.D., running electrolyte, 30 mM
NaH,PO, (pH 10.5); current, 43 uA; detection wavelength, 270
nm. Solutes: 1 = linarin; 2 = diosmin; 3 = hesperidin; 4 =
impurity; 5 = isorhoifolin.
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Fig. 3. Separation of a mixture of flavonoids and their flavonoid-7-O-glycosides by MECC. Applied voltage, 25 kV; capiliary, 70 cm x
50 um L.D.; buffer, Tris-HCI-50 mM SDS (pH 7.1); detection wavelength, 280 nm; current, 45 gA. Solutes: 1 = diosmin; 2 =
hesperidin; 3 = isorhoifolin; 4 = hesperitin; 5 = diosmetin-7-O-glycoside; 6 = linarin; 7 = diosmetin.

be improved in CE simply by controlling the pH of
the alkaline buffer.

Micellar electrokinetic capillary electrophoresis

A 50 mM SDS solution with a neutral running
buffer (pH 7.1) was used for the electrophoretic ex-
periments. Under such neutral conditions, only
hydrophobic interactions between these flavonoid
compounds, which have weak acids properties, and
SDS micelles explain the migration order in MECC.
For instance, the less hydrophobic flavonol-3-O-
glycoside (rutin) migrates faster than its flavonoid
aglycone (quercetin).

A mixture consisting of one flavone (hesperitin),
one flavonone (diosmetin) and five flavonoid-7-O-

glycosides (diosmin, hesperidin, isorhoifolin, lina-
rin, diosmetin-7-O-glycoside) migrated to the cath-
ode within 12 min (Fig. 3). The selectivity obtained
by MECC is great enough to resolve these solutes,
except for diosmin and hesperidin. This method of-
fers the opportunity of the separation of both flavo-
noids and flavonoid-7-O-glycosides in a single run,
without a gradient approach such as in reversed-
phase HPLC.

The more hydrophilic flavonoid-7-O glycosides
(diosmin and hesperidin) migrate faster than their
hydrophobic flavonoid aglycones (diosmetin and
hesperitin, respectively). Indeed, the effect of glyco-
sylation is to render these flavonoids more hydro-
philic and water soluble (see the migration order of
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diosmin, diosmetin-7-O-glycoside and diosmetin).
Two flavonoid 7-O-glycosides with a slight struc-
ture difference (methoxy or hydroxyl group in the 4’
position) have different migration times: a methoxy
group (see the 4'-OCH3; group in linarin) clearly en-
hances the hydrophobicity compared with a hy-
droxyl group (see the 4-OH group in isorhoifolin).
Nevertheless, when a hydroxyl group is close to a
methoxy group, the total hydrophobicity of the
molecule decreases (compare the migration times of
diosmin with those of linarin and isorhoifolin) [16].

However, a difficult problem concerns the resolu-
tion of two compounds that differ in the occurrence
of a carbon—carbon double bond. For example,
diosmin and hesperidin, which differ only in a car-
bon—carbon double bond, are not resolved with this
MECC system, whereas their flavonoid aglycones,
diosmetin and hesperitin, respectively, have very
different migration times. This specific behaviour,
strongly dependent on surfactant type, is the unsat-
uration contribution, which distinguishes flavones
from flavanones. In fact, there were differences in
molecular structure, the flavones being planar and
the flavanones partially planar.

The retention mechanism in MECC with a neu-
tral running buffer is mainly based on hydrophobic
interactions between flavonoids and the hydropho-
bic core of micelles. In contrast, working under al-
kaline conditions in MECC should induce hydro-
phobic interactions with the micelles and also elec-
trophoretic mobility of ionized flavonoid aglycone.
In that event, some interactions should occur be-
tween anionic solutes and SDS micelles.

Complexation of flavonoid-7-O-glycosides with boric
acid

By adding boric acid to the background electro-
lyte, the retention time of each flavonoid-O-glyco-
side is increased as they react with boric acid to
form borate complexes with negative charge. It is
well known that certain neutral polyhydroxy com-
pounds or sugars react with borate ions to form
borate complexes which are negatively charged ions
[14,17,18].

The influence of different borate buffers as back-
ground electrolytes on the electrophoretic mobili-
ties of underivatized mono- and oligosaccharides
has recently been studied [19]. The very low UV
absorbance of carbohydrates makes photometric
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detection very difficult without a derivatization
step. However, by adding borate to the running
buffer, absorbance in the low UV range (195 nm)
becomes slightly increased (for hexose, pentose and
the main common disaccharides, the increase factor
is ca. 5-15). Hence, the enhanced UV absorption of
sugars in the presence of borate allows a more sensi-
tive UV detection than that in pure water and con-
sequently their electrophoretic separation in a capil-
lary electrophoretic system using a borate complex-
ing buffer.

The complex formation can be described by the
following equations [19]:

B~ + L=BL™ + H,0 (1)

BL- + L==BL,” + H,0 V)

where L is the polyol ligand and B~ represents tet-
rahydroxyborate, B(OH), . Further, alkaline bo-
rate anion solutions (pH 8-12) contain not only
B(OH)4_ or (B3O3(OH)5)2 B but also
(B4Os(OH),)? . Hoffstetter-Kuhn et al. [19] men-
tioned some very interesting structural character-
istics of polyol-borate and sugar—borate complexes:
polyols can form 1:1 and 1:2 complexes with borate;
hydroxyl groups on adjacent carbon atoms but also
those on alternate carbon atoms occurred in a com-
plexation mechanism; the complex is stabilized by a

—

( é 1b 1'5 min
Fig. 4. Separation of a mixture of four flavonoid-7-O-glycosides
by free zone CE with borate complexing buffer. Applied voltage,
+ 25kV;capillary, 65cm x 50 um 1.D.; current, 62 pA; running
buffer, 200 mM boric acid (pH 10.5); detection wavelength: 270
nm. Solutes: 1 = linarin; 2 = diosmin; 3 = isorhoifolin; 4 =

hesperidin.
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Fig. 5. Separation of a mixture of flavonoids and their flavonoid-7-O-glycosides by free zone CE. Applied voltage, + 25 kV; capillary,
65cm x 50 ym 1.D ; detection wavelength: 270 nm; current, 62 yA. Solutes: 1 = linarin; 2 = diosmin; 3 = isorhoifolin; 4 = hesperidin;
5 = diosmetin; 6 = hesperetin. (a) With no complexing buffer (30 mM NaH,PO,, pH 10.5). (b) With complexing buffer (200 mM boric

acid, pH 10.5).

large number of hydroxyl groups; and cis-1,2-diols
are preferred in complexation over trans-1,2-diols.

Hence the possibilities for borate complexation
of a sugar are numerous, including o- and f-pyra-
nose forms, a- and f-furanose forms, hydrated
open-chair form and carbonyl open-chain form. By
adding borate to running buffer, saccharides are
complexed in different ways according to their dif-
ferent forms.

The separation of flavonoid-O-glycosides can be
performed in CE with a borate running buffer at pH
10.5 (Fig. 4). The ionization constants of the main
mono- or disaccharides are in the range 11.9-12.5,
according to Lee and Bunker [17]. Hence we may
assume that the sugar moiety of the flavonoid-7-O-
glycoside is not ionized at the pH value of the run-
ning buffer. Well resolved peaks were obtained and
identified by comparison with authentic specimens.

The mixture of flavonoids and their glycoside de-
rivatives has also been resolved by CE at the same
PH value with a non-complexing buffer (Fig. 5a) or

a complexing buffer (Fig. 5b); in both instances, the
chromatogram was divided into two parts on the
basis of retention times: the first part consisted of
the heterosides (compounds 1-4) and the second
part contained the flavone diosmetin and the flava-
none hesperitin. Under these both conditions, fla-
vonoid-O-glycosides migrate faster than flavones.
Indeed, diosmetin, which contains three free hy-
droxyl groups, has a greater electrophoretic mobil-
ity than diosmin at this alkaline pH. Nevertheless,
no separation occurred between the two flavonoids
diosmetin and hesperitin, even with complexing
running buffers.

Spectral identification

The instrument contains a programmable, high-
speed, scanning, multiple-wavelength UV detector.
Using the fast scanning mode we were able to re-
cord on-column spectra of the compounds; the
scanning mode ranged from 200 to 360 nm in 5-nm
increments. It is well known that UV spectra of fla-
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vonoid glycosides include important structural in-
formation concerning the aglycones. The precise
position and relative intensities of these maxima
give valuable information on the nature of the fla-
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vonoid aglycone and its oxygenated pattern [15].
Table I reports the UV absorption maximum wave-
lengths for these solutes resolved by MECC and by
using a multiple-wavelength UV detector.

0.0000
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0.0560 4
0.0420
0.0280 -
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0.0000

200 240

3o

Fig. 6. Full on-line UV spectra of selected flavonoids and their glycoside derivatives in the 190-360 nm range. Resolution, 5 nmy;

bandpass, 1 nm. Solutes: 1 = diosmetin; 2 = hesperitin.
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TABLE I

UV ABSORPTION MAXIMA FOR FLAVONOID-7-O-
GLYCOSIDES AND FLAVONOID AGLYCONES

Compound Aoy (RIND)
Flavanones
Hesperitin 290, 228 (shoulder), 200

Hesperidin 285, 225 (shoulder), 200
Flavones

Diosmetin 351, 269, 255, 209

Diosmetin-7-O-glucose 350, 269, 208

Diosmin 348, 270, 207

Linarin 333, 273, 209

Isorhoifolin 336, 269, 200

Fig. 6 shows that the UV spectrum of a flavone
(diosmetin) typically consists of two absorption
maxima near 250-280 nm (band I) and 310-350 nm
(band II); for a flavanone (hesperetin), two absorp-
tion maxima appear in the range 275-295 nm (band
I) and a shoulder near 300-330 nm (band II). These
two flavonoids, which differ only in the presence of
a carbon—carbon double bond, have very different
features in their UV spectra. Glycosylation of the
7-hydroxyl group appears generally to cause small
band shifts to shorter wavelength (Table I). The na-
ture of the sugar in the glycoside has no effect on the
position of bands but induces different relative in-
tensities of these maxima.

CONCLUSIONS

Capillary electrophoresis is a useful technique for
investigating the composition of flavonoids and fla-
vonoid-O-glycoside mixtures. Micellar electrokinet-
ic:capillary chromatography has been used for the
separation of both flavonoid-O-glycosides and their
flavonoid aglycones. Under neutral pH conditions,
the retention mechanism involves mainly hydro-
phobic interactions with the micelles. This determi-
nation of flavonoid-O-glycosides is rapid and repro-
ducible, and may serve as a valuable means for as-
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sessing quality in the pharmaceutical industry. The
identity of each flavonoid O-glycoside was deter-
mined by recording its on-column UV spectrum us-
ing a high-speed, scanning, multiple-wavelength de-
tector.

Further investigations are in progress for a better
understanding of the mechanism of insertion of a
flavonoid-O-glycoside into the interior of micelles
in MECC, and of borate complexation of flavo-
noids and flavonoid-O-glycosides in CE.
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ABSTRACT

Capillary electrophoresis was found to give significantly higher efficiency, selectivity and speed than high-performance liquid chroma-
tography for the separation of a mixture of flavonoid-3-O-glycosides differing in their sugar moiety. Boric acid running buffer (0.2 M,
pH 10.5) was used for this electrophoretic separation. The migration order in free solution capillary electrophoresis (CE) and the
selectivity of these flavonoid-3-O-glycosides can be mainly explained by in situ borate complexation of both the sugar moiety and the
cis-1,2-hydroxyl groups on the flavonoid skeleton and, to a lesser extent, by the ionization of hydroxyl groups on the flavonoid skeleton
due to alkaline pH conditions. The correlation of the electrophoretic mobilities with the configuration and conformation of the

compounds is discussed.

INTRODUCTION

Flavonoids constitute one of the largest groups of
naturally occurring phenols and are widespread
components in all parts of plants. These com-
pounds have structures based on 2-phenylbenzopy-

Correspondence to: Ph. Morin, Laboratoire de Chimie Bioorga-
nique et Analytique, Université d’Orléans, B.P. 6759, 45 067 Or-
leans Cédex 2, France.

0021-9673/93/506.00 ©

rone and differ in the pattern of hydroxylation, de-
gree of unsaturation and type and position of sugar
links [1]. _
Recent improvements in capillary zone electro-
phoresis (CZE) are attractive for studies of natural
products because of the high-resolution separations
achievable with on-column UV detection [1,2]. Ex-
isting methods for the analysis of flavonoid-O-gly-
cosides generally involve high-performance liquid
chromatography (HPLC) [3-5]. However, this tech-
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nique requires gradient elution which tends to be
inconvenient, time consuming and laborious. Pietta
et al. [1] have applied micellar electrokinetic capil-
lary chromatography (MECC) to the determination
of several flavonoid drugs (quercetin-, kaempferol-
and isorhamnetin-3-O-glycosides). Seitz et al. [6]
used capillary isotachophoresis for the rapid deter-
minations of flavonoids and phenolcarboxylic
acids. Optimum separations were achieved at pH
9.5 with a leading electrolyte containing 0.015 M
hydrochloric acid, 30% methanol and 0.2% hy-
droxypropylmethylcellulose. In a recent study [7],
the separation of several flavonoid-7-O-glycosides,
differing in their flavonoid aglycone, was achieved
by CE. However, a mixture of both flavonoid-7-O-
glycosides and their flavonoid aglycones was better
resolved in MECC using sodium dodecyl sulphate
as anionic surfactant.

In this work, a mixture of quercetin-3-O-glyco-
sides, differing in their sugar moiety, was resolved
by CE using a borate complexing running buffer.
The migration order in CE and the borate complex-
ation mechanism of these solutes were elucidated.

EXPERIMENTAL

Instrumental

Free solution capillary electrophoretic (FSCE)
separations were mainly performed on a Europhor
(Toulouse, France) Prime Vision instrument using a
silica capillary column. A small section (1 cm
length) of the polyimide coating of the capillary col-
umn was removed prior to filling to give an optical
window for UV detection. Analyses were carried
out at ambient temperature (Europhor). All electro-
pherograms were recorded on a Shimadzu (Kyoto,
Japan) C-R 5A integrator. A 65 cm X 50 ym I.D.
silica capillary column filled with phosphate-borate
buffer or boric acid—sodium hydroxide buffer
served as the separation column operated at high
voltages. On-column detection was effected at 270
nm at 2.0 AUFS with a rise time of 1s.

Some of the separations were performed on a
Spectra-Physics (San Jose, CA, USA) Spectrapho-
resis 1000 instrument using a 70 cm x 375 ym O.D.
x 50 um 1.D. silica capillary column. Separations
were performed at 40°C at a voltage of 24.4 kV
(electrical field strength 385 V/cm) and a run aver-
age current of 80 uA. For this instrument, analytes
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for each run were injected in the hydrodynamic
mode for 1.0-3.0 s. Data were processed on an IBM
PS/2 Model 70 386 computer. Software operating
under IBM OS/2 was supplied by Spectra-Physics.
The instrument contains a programmable, high-
speed scanning, multiple-wavelength UV detector.
Working in the fast scanning mode, we were able to
record on-column spectra of the flavanoid-3-O-gly-
cosides. The scanning mode was from 200 to 360
nm with a 5-nm wavelength increment.

The capillaries were conditioned daily by wash-
ing first with 1 M sodium hydroxide solution (10
min) at 60°C (at ambient temperature for the Eu-
rophor instrument), then with 0.1 M sodium hy-
droxide solution (10 min) at 40°C, with water at
60°C (10 min) and with finally the electrophoretic
buffer (15 min) at 40°C. Between consecutive analy-
ses, the capillaries were flushed with water (2 min),
0.1 M sodium hydroxide solution (2 min), water (3
min) and finally with the electrophoretic buffer (10
min) in order to improve the migration times and
peak-shape reproducibility.

Reagents

All chemicals were of analytical-reagent grade.
Boric acid, sodium dihydrogenphosphate and 0.1
M sodium hydroxide solution (all from Fluka,
Buchs, Switzerland) were used as received. Water
used for dilutions and in buffer solutions was of
HPLC grade (Carlo Erba, Milan, Italy).

For free solution CE under alkaline conditions,
the running buffer composition was either 0.006 M
Na,B40-,-0.010 M NaH,PO, (pH adjusted with 1
M NaOH) or 0.2 M H3BO; (pH adjusted to 6, 7.8
or 10.5 with 1 M NaOH).

Authentic samples of"quercitrin (quercetin-3-O-
rhamnoside), peltatoside (quercetin-3-O-arabino-
glucoside), isoquercitrin (quercetin-3-O-glucoside),
hyperoside (quercetin-3-O-galactoside) and avicu-
larin (quercetin-3-O-arabinoside) (Fig. 1) were ob-
tained from Extrasynthese (Genay, France). A
standard solution of ca. 100 ppm of each flavo-
noid-3-O-glycoside was prepared in dimethyl sulph-
oxide-methanol (80:20, v/v).

Each analyte and each solution (water, sodium
hydroxide and electrophoretic buffer) were filtered
prior to injection through a polypropylene filter (0.2
um pore size, 25 mm diameter) from Whatman
(Maidstone, UK).
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Fig. 1. Structures of quercetin-3-O-glycosides. 1 = Peltatoside [quercetin-3-O-arabinoglucoside; 3-[(6-O-o-L-arabinopyranosyl-$-p-
glucopyranosyl)oxy]-2-(3,4-dihydroxyphenyl)-5,7-dihydroxy-4 H-1-benzopyran-4-one}; 2 = isoquercetrin {quercetin-3-O-glucoside; 3-
[(B-p-glucofuranosyl)oxy]-2-(3,4-dihydroxylphenyl)-5,7-dihydroxy-4 H-1-benzopyran-4-one}; 3 = hyperin {quercetin-3-O-galactoside;
3-[(f-p-galactopyranosyl)oxy]-2-(3,4-dihydroxyphenyl)-5,7-dihydroxy-4 H-1-benzopyran-4-one}; 4 = quercitrin {quercetin-3-O-rham-
noside; 3-[(6-deoxy-a-L-mannopyranosyl)oxy-2-(3,4-dihydroxyphenyl)-5,7-dihydroxy-4 H-1-benzopyran-4-one}; 5 = avicularin {quer-
cetin-3-O-arabinoside; 3-[(a-L-arabinofuranosyljoxy]-2-(3,4-dihydroxyphenyl)-5,7-dihydroxy-4 H-1-benzopyran-4-one}; Arrows indi-
cate hydroxyl groups occurring as boration sites on the sugar molecule, but the same boration sites in the 3’,4’-positions on the

flavonoid skeleton are not shown.

RESULTS AND DISCUSSION

Flavonoids commonly occur in plants as the 3-O-
glycosides in which one flavonoid hydroxyl group is
bound to a sugar by an acid-labile hemiacetal bond
[8]. Some quercetin-like-glycosides have a carbohy-
drate component represented either by a monosac-
charide residue such as 3-O-p-galactosyl (hyperin)
or by a disaccharide residue such as 3-O-rutinosyl
(rutin). Further, several O-methylated derivatives
of quercetin and their glycosides are also found in
nature, and on hydrolysis yield molecules of saccha-

rides and a molecule of flavonoid, such as tamarixe- -

tin (the 4-methyl ether of quercetin).
For the compounds shown in Fig. 1, the same
flavonoid aglycone (quercetin) is found in associ-

ation with either a monosaccharide (f-p-glucose,
f-D-galactose, o-L-rhamnose, a-L-arabinose) or a
disaccharide (a-L-arabino-f-D-glucoside).

Influence of the nature of the running electrolyte

A standard mixture of the five quercetin-3-O-gly-
cosides was resolved by free solution CE using run-
ning buffers having the constant pH (10.5) but dif-
fering in their chemical nature, either phosphate—
borate buffer (Fig. 2a) or boric acid—NaOH buffer
(Fig. 2b). In the alkaline and none-complexing
phosphate-borate buffer, the electrophoretic mobii-
ity of each flavonoid-3-O-glycoside increases with
ionization of the hydroxyl groups located on the
flavonoid skeleton. However, the ionization of the
flavonoid skeleton is not great enough to allow dif-
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Fig. 2. Influence of the complexing nature of the running buffer in free solution CE on the separation of flavonoid-3-O-glycosides.
Voltage, +24.4 kV; capillary, 65 cm x 50 um 1.D.; detection wavelength, 270 nm. Peaks 1-5, as in Fig. 1; 6 = impurity. Running
buffer: (a) 0.006 M Na,B,0,-0.010 M NaH,PO, (pH 10.8); (b) 0.2 M H,BO, (pH 10.5).

ferentiation among the electrophoretic mobilities of
the five compounds (Fig. 2a). The ionization con-
stants of common monosaccharides or disaccha-
rides are in the pK, range 11.9-12.5, according to

® L

T T
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Lee and Bunker [9]. More alkaline conditions are

required to induce hydroxyl group ionization and

different electrophoretic mobilities of sugars.
Another analytical approach involves a complex

-
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15 20

Fig. 3. Influence of the running buffer pH in free solution CE on the separation of flavonoid-3-O-glycosides. Conditions as in Fig. 2,
except running buffer, 0.2 M H,BO,. Peaks 1-5, as in Fig. 1; 6 = impurity. (a) pH 6.0; (b) pH 7.8; (c) pH 10.5.



Ph. Morin et al. | J. Chromatogr. 628 (1993) 161-169 165

0.0200 1

0.0159 A

0.0118 +

.0077 5

o

0.0036 ~+ @

0.000-270
-0.0005 T T T T T T T 1
5.00 10.00 15.00 20.00 25.00 30.00

0.0250 - 3

0.0200

0.0150 «|

0.0099 <‘ 2

0.0089 ®)
0.0001 N (N L ~ I N

T T T
5.00 10.00

Fig. 4. (Continued on p. 166)



166

Ph. Morin et al. | J. Chromatogr. 628 (1993) 161169

0.0600 -‘ 3
0.0479 -
0.0358 -
4
5
0.0237 A
2
1
0.0116 A @
+0.0005 T T T T T T T 10'000-27!()
5.00 10.00 15.00 20.00 25.00 30.00

Fig. 4. Influence of boric acid concentration in [ree solution CE on the separation of flavonoid-3-O-glycosides. Voltage, +20 kV;
capillary, 70 cm X 50 pm 1.D.; running buffer, H,BO, (pH 10.5); detection wavelength, 270 nm; temperature, 40°C. Peaks 1-5, as in

Fig. 1. Boric acid concentration: (a) 0.05; (b) 0.10; (c) 0.20 M.

formation equilibrium by adding to the electropho-
retic buffer a complexing agent of the saccharide or
the flavonoid skeleton (Fig. 2b); the retention time
of each solute is increased as they react with boric
acid to form a borate anionic complex.

Influence of borate buffer pH

The different borate buffers tested in CE to re-
solve the flavonoid-3-O-glycosides had the same bo-
rate concentration (0.2 M) but different pH values
(6-11). The complex formation reaction is a strong-
ly pH-dependent equilibrium (Fig. 3). displacement
of equilibria 2 and 3 towards the complex forma-
tion becomes greater at higher pH values, inducing
a greater electrophoretic mobility and resulting in
retardation of migration.

Influence of borate concentration

The effect of borate concentration on the CE se-
lectivity was studied at pH 10.5 using several elec-
trolyte systems of different borate concentrations

(0.05-0.2 M). The migration time of each flavo-
noid-3-O-glycoside and the overall resolution in-
creased with increasing concentration of boric acid
(Fig. 4). Borate of higher concentration converts
cach Ravonoid-O-glycoside into a charged complex
form and provides separations due to the differenc-
es in the charge-to-mass ratio. The optimum buffer
solution for the separation of these five quercetin-3-
O-glycosides contained 0.2 M borate at an alkaline
pH (10.5), which combines sufficient resolution
with a moderate analysis time. Separation was com-
plete and all peaks gave larger numbers of theoret-
ical plates, as shown in Table I.
Flavonoid-O-glycoside complexation by borate
anions

The 1,2-dihydroxy compounds form borates un-
der alkaline conditions, as detailed in Fig. 5. Boric
acid (B®) is a Lewis acid and can bind a hydroxyl
ion to form the borate anion (B ™). Both boric acid
and borate can react with a suitable dihydroxy com-
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TABLE 1
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ELECTROPHORETIC PARAMETERS OF FLAVONOID-3-O-GLYCOSIDES
Applied voltages, 21.5 k'V; field strength, 307 V/cm; electroosmotic flow, 5.62-10™* cm? V™! s71; electrolyte, 0.2 M H,BO; (pH 10.5).

Quercetin-3-0-X Efficiency” Asymmetry Electrophoretic
X = factor mobility
(x 109 (cm2 V=ts™h

Arabinoglucoside 96 080 0.89 3.19

Glucoside 146 750 0.78 3.35

Galactoside 98 220 0.52 3.63

Rhamnoside 75 850 0.84 3.72

Arabinoside 80 630 0.95 3.80

¢ Expressed as theoretical plate number.

pound (L), resulting in the boric acid ester (B°L)
and the borate monoester (B™L), respectively. Sub-
sequently, the two esters can react with another di-
hydroxy compound to give the borate diester
(B~L,) [10,11].

The formation of complexes between borate and
hydroxy compounds was first examined by Boese-
ken [12] by monitoring the changes in conductivity
and pH that occur on adding compounds to boric
acid or borax solutions, and by measuring the elec-
trophoretic mobility of hydroxy compounds in bo-
rax solutions.

Spectroscopic methods offer physical means of
examining chemical equilibria and measuring di-
rectly the concentrations of species in solution; Ra-
man spectroscopy has been used to study borate
complex formation [13]. Henderson et al. [14]

OH k Ho _ OH
HO — B\ + OH" — B 1)
o HO” OH
(B%) (B-)
OH: o] OH
_ k2 \-/
BOW; + [ — [ Y + 2HO0 (2)
OH
(B-) (L) (B-L)
0 OH OH y o o
[ N [ — [ N j + 260 (3)
/N /N
o OH OH o} [¢)
(B-L) (L) (B-L2)

Fig. 5. Equilibria between boric acid, borate and a diol in alka
line aqueous medium [10,11].

showed by !B NMR spectroscopic studies that the
interconversion of boric acid and tetrahydroxybo-
rate (borate) anions in aqueous solution is pH de-
pendent. The interaction of 1,2-diols with borate
anions at pH 12 induces the formation of 1:1 and
1:2 anionic complexes, as deduced from the exist-
ence of discrete !B resonances for these anions in
the equilibrating systems. Increased substitution in
1,2-diols enhances their complexing ability.

The very stable borate complexes of ketoses and
aldoses have been the subject of numerous studies.
First, various aldoses have been derivatized to their
3-methyl-1-phenyl-2-pyrazolin-5-one derivatives or
N-2-pyridylglycamines and then measured by free
solution CE as their borate complexes [15,16]. In
another instances, carbohydrates can be converted
in situ into anionic borate complexes.

Chapelle and Vercheére [17] showed that cis-1,2-
diol groups complex borate more strongly than any
other diol systems in polyhydroxy compounds. This
study demonstrated also that in all 1:2 borate-sugar
complexes, the borate anion was bound to two vici-
nal hydroxyl groups in a furanose ring, based on the
fact that cis-1,2-cyclopentanediol formed more sta-
ble complexes than its cis-1,2-cyclohexanediol ho-
mologue. This effect is so large that the free sugars
are forced into the furanose form by complexation,
although they mainly adopt the pyranose structure
when uncomplexed. For free sugars, the ability of a
sugar to mutarotate creates a -favourable situation
for equilibration to a cis-1,2-glycol, which then
forms a borate complex. Those sugars which can
mutarotate and equilibrate to furanose forms will
have the greatest potential to forming stable borate



168

complexes. Sterically, the most favourable config-
uration for complex formation is a cis-oriented pair
of hydroxyl groups at C-2 and C-4. For instance,
glucose does not have vicinal cis-OH groups in the
pyranose form, so complex formation is assumed to
take place mainly in the open-chain form [18].

The present quercetin-3-O-glycosides have one
flavonoid hydroxyl group bound to a sugar by an
acid-labile hemiacetal bond [8]. Consequently, the
sugars maintained their unique natural form (fura-
nose or pyranose) during borate complexation
processes. Hence, complex formation cannot in-
volve the open-chain form of the sugar. The magni-
tude of the borate complexation depends on the
number of boration sites on sugar moiety and con-
sequently on the sugar configuration.

In this borate complexation mode, flavonoid-3-
O-glycosides migrated in the order quercetin-O-dis-
accharide (a-L-arabinoside- f-D-glucoside) and then
quercetin-O-monosaccharides (f-D-glucoside, f-D-
galactoside, fB-L-rhamnoside and «-L-arabinoside).
We tried to elucidate for this series of quercetin-3-
O-glycosides the relationship between the migration
order and the nature of the sugar moiety. The mi-
gration order depends on the structural preference
for the formation of the borate complex and also on
the relative molecular mass of the borate-solute
complex (Fig. 1). Indeed, the electrophoretic mobil-
ity of an anionic borate—solute complex depends on
its net charge and on its mass.

The a-L-arabinofuranoside unit has obviously no
cis-1,2-diol system but can probably form a borate
complex between the 2- and 5-hydroxyl groups [19].
cis-1,2-Glycols in a furanose system are known to
form stronger borate complexes, whereas those in a
pyranose system show little affinity to form borate
complexes [20]. As indicated in Fig. 4c, quercetin-3-
O-rhamnoside (4) migrates more slowly than quer-
cetin-3-O-galactoside (3); this is probably due to the
formation of a more stable complex at the 2- and
3-hydroxyl groups in quercetin-3-O-rhamnoside
rather at the 3- and 4-hydroxyl groups in querce-
tin-3-O-galactoside [19] or a weaker charge density
for compound 3. Quercetin-3-O-galactoside (3) mi-
grates more slowly than quercetin-3-O-glucoside (2)
because of the favourable structure of the galacto-
pyrannosyl unit for formation of a borate complex
(presence of the 3,4-cis-diol system). The querce-
tin-3-O-disaccharide (1) has a lower electrophoretic
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mobility than the quercetin-O-monosaccharides be-
cause of its lower charge density. However, this
disccharide has cis-3,4-hydroxyl groups which can
form diol complexes with borate.

In order to determine the electrophoretic mobil-
ity of a solute by free solution CE, we must also
consider the influence of electroosmosis on the mo-
bility measurements. The electrophoretic mobility is
defined as u., = LsLV (1/to — 1/tn), where Ly is
the length of the capillary from the inlet to the de-
tector, L, the total length of the capillary, ¢, the
migration time, ¢, the migration time for a neutral
marker (methanol) and V the applied voltage. The
electrophoretic mobility of a borate-diol complex is
affected by the complex stability constants [16], and
consequently this parameter depends on the dispo-
sition of hydroxyl groups, as indicated in Fig. 1.

The number of theoretical plates was fairly high
(from 147000 for quercetin-3-O-glucoside to
76 000 for quercetin-3-O-rhamnoside), but the sep-
aration appears to be kinetically retarded owing to
the complexation with the borate anion. As an in-
dication of peak asymmetry, the B/A ratio taken at
10% of the peak maximum was determined for
these compounds; the values were less than unity
from 0.95 for quercetin-3-O-arabinoside to 0.52 for
quercetin-3-O-galactoside).

CONCLUSIONS

The formation of sugar—-borate complexes is of
particular value in the CE of flavonoid-O-glyco-
sides having the same flavonoid aglycone but differ-
ing in their sugar moiety. In this borate complexa-
tion mode, flavonoid-3-O-glycosides migrated in
the order quercetin-O-disaccharide («-L-arabino-
side-f-D-glucoside) and then quercetin-O-monosac-
charides (f-D-glucoside, f-D-galactoside, f-1L-rham-
noside and o-L-arabinoside). The magnitude of the
borate complexation depends on the number of bo-
ration sites on sugar moiety and also of their charge
density. The formation of a borate complex from a
flavonoid-O-glycoside is facilitated by an alkaline
buffer and the resolution versus boric acid concen-
tration is increased. The migration order, which de-
pends on the nature of the sugar moiety, has been
explained for this series of quercetin-3-O-glyco-
sides.
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Book Review

Analysis of substances in the gaseous phase (Comprehensive Analytical Chemistry, Vol. XXVIII), by E. Smol-
kova-Keulemansova and L. Feltl, Elsevier, Amsterdam, Oxford, New York, 1991, XIV + 480 pp., price
DAl. 400.00, US$ 205.00, subscription price Dfl 360.00, US$ 184.50, ISBN 0-444-89122-6.

In modern analytical chemistry, many different
methods are used for the analytical study of definite
groups of samples. Therefore, the development of
optimum strategies for the complex use of known
methods is very important and various approaches
to this problem are possible. The publication of
books devoted to the analytical chemistry of a defi-
nite sample type is one of the ways of solving this
problem.

This book by E. Smolkova-Keulemansova and
L. Feltl describes many analytical methods used for
analysis of substances in the gaseous phase. Gase-
ous samples are very widely used in industry, air
pollution studies, medicine, scientific research, etc.

In the Introduction the authors write, “This book
is based on years of experience of lecturing to stu-
dents in analytical chemistry and in specialized
postgraduate courses. It will be useful for students
and workers in scientific research laboratories and
in fields dealing with the protection of the environ-
ment. It is hoped that it will provide the most useful
information in its field and that, although it is of
necessity far from exhaustive, it will give a compre-
hensive description of the state of the art and of
future possibilities in the analysis of gaseous sub-
stances”. In my opinion, the authors have success-
fully fulfilled these tasks. The book will be interest-
ing for many readers whose work involves the ana-
lytical chemistry of the gaseous phase.

At the beginning of the book early periods of
evolution of general and analytical chemistry are
described. The first part (Chapters 3-9) is devoted
to classical chemical and physico-chemical methods
of gas analysis. In Chapter 5 the authors discuss
sample storage and treatment. This is a particularly
important problem in the analytical chemistry of

gaseous samples, but usually is discussed only very
briefly in the literature. Methods of volumetric ab-
sorption analysis, combustion methods and hybrid
methods (absorption and titration, absorption and
optical methods, absorption and electrochemical
methods) are described in Chapter 8. Physical
methods of gas analysis, including thermal conduc-
tivity, interferometry, adsorption and emission
spectrometry, mass spectrometry, viscosimetry, ra-
diometry and some others, are discussed in Chapter
9. General methods for the preparation of mixtures
of gases and vapours are also described in this chap-
ter. It would have been desirable, in the reviewer’s
opinion, to have paid more attention to the role of
sensors in gas analysis.

The second part of the book is devoted to gas
chromatography. This is natural because gas chro-
matography is the most important method in gas
analysis and also its application usually requires
more creative efforts than other methods. This part
includes a discussion of the theory, instrumenta-
tion, qualitative and quantitative analyses and ap-
plications. Unfortunately, the authors hardly dis-
cuss the role of adsorption phenomena in gas-
liquid chromatography, although these phenomena
are important for understanding sources of system-
atic errors in qualitative and quantitative analysis.
Unfortunately, combinations of different indepen-
dent methods, physical methods and gas chroma-
tography are only briefly discussed.

In generally, the book reflects the state of the art
in the analysis of substances in the gaseous phase
and will undoubtedly be of value to many workers
concerned with gas analysis.

V. G. Berezkin

Moscow (Russian Federation)
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