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Comparison of high-performance liquid chromatographic
methods for the analysis of basic drugs

R. J. M. Vervoort, F. A. Maris and H. Hindriks

Department of Analytical Chemistry, Organon International BV, AKZO Pharma Group, P.O. Box 20, 5340 BH Oss ( Netherlands)

(First received September 19th, 1991; revised manuscript received June 25th, 1992)

ABSTRACT

Problems that are often encountered in the high-performance liquid chromatographic analysis of basic compounds are severe peak
asymmetry and low separation efficiency. In attempting to solve these problems, one can become confused by the variety of suggestions
given by the specialists and by the numerous stationary phases available. In this work, the analysis of basic drugs was studied from two
directions. In both approaches a set of 32 basic drugs was used, differing in basicity, polarity and number and type of nitrogen atoms. In
the first approach the effect of mobile phase additives and buffers on the performance of a single column was determined. It was found
that tertiary and quaternary amines can be applied successfully as silanol blockers. The latter proved to be aggressive towards
silica-based stationary phases. Addition of triethylamine showed a remarkable improvement in peak shape in different columns. Other
aspects, such as pK,, retention and amount injected, were systematically studied. In the second approach, eight different columns,
specially recommended for the chromatography of basic d?ugs, were evaluated. The chromatographic results showed great variability.
As far as peak shape as a function of pH is concerned, an electrostatically shielded stationary phase was most promising for the analysis
of basic compounds. This column can even be used without buffers, which can be an advantage in liquid chromatography-mass
spectrometry coupling. Because some results were inconsistent with published results, a third approach was to study three columns in
more detail.

INTRODUCTION

Peak asymmetry, which is often observed in the
chromatography of basic drugs, is an important
performance characteristic for a given stationary
phase. In routine analysis, system suitability criteria
are set for the maximum allowable asymmetry, ex-
pressed as asymmetry factor. For quantitative anal-
ysis an asymmetry factor of less than 1.5 is pre-
ferred. It is generally accepted that the severe peak
asymmetry of basic drugs in reversed-phase chro-
matography is caused by ionic interaction of the
charged solutes with free silanol groups of the pack-
ing. Despite these negative effects, reversed-phase
high-performance liquid chromatography (RP-

Correspondence to: Dr. H. Hindriks, Department of Analytical
Chemistry, Organon International BV, AKZO Pharma Group,
P.O. Box 20, 5340 BH (ss, Netherlands.
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HPLC) is still the most widely used method because
of the fast equilibration time, the selectivity charac-
teristics and the retention reproducibility. As can be
seen in Fig. 1, we are in fact in a bad situation. The

0 pH - range eluent 14

tailing due to
silanol activity

tailing due to
pKa of compound

[ ""Jacceptable
B not acceptable
acceptability depends

on silica material
or compound

working area:

Fig. 1. Qualitative illustration of the working area for the analy-
sis of basic compounds on silica-based reversed-phase materials.
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requirements for a good chromatographic perform-
ance with strongly basic compounds conflict with
the demands for high stability of the column. Good
performance requires a high pH to avoid ionization
of the basic solute or a low pH to suppress the for-
mation of free silanol groups.

Over the years, numerous suggestions have been
put forward to improve this situation. Special atten-
tion has been given (i) to reducing the number of
free silanols (end-capping), (ii) to diminishing the
effect of free silanols by choosing the correct mobile
phase pH and reducing the acidity of the silica and
(iii) to eliminating silanol effects by adding inorgan-
ic and organic salts. The use of blocking agents such
as tertiary and quaternary amines proved to be a
useful approach [1,2].

Alternative solutions have been proposed by
workers who used bare silica, dynamically modified
silica or alumina [3,4]. These methods, however, did
not gain widespread application. In RP-HPLC, the
most obvious solution is the choice of a suitable
column. Stadalius er al. [1] pointed to the existence
of “acidic” and “basic” columns. The latter clearly
are the best for this particular task. Over more than
a decade our approach has been to improve the mo-
bile phase composition and to test new stationary
phases. As a result of this, uBondapak C,g and No-
va-Pak C;g columns have been used more or less as
a standard for the analysis of basic drugs. However,
research on LC packings is continuing and recently
resulted in the introduction of new columns special-
ly designed for the chromatography of basic drugs
[5].

In this paper, we present data on the influence of
the mobile phase composition (pH, buffers, addi-
tives) on peak performance and on the stability of
uBondapak C;g. We also compared the chromato-
graphic performance of special column materials.
For both, a set of 32 basic drugs was used. These
drugs differ widely in pK,, polarity and number and
structural type of the nitrogen atoms.

EXPERIMENTAL

Chemicals

All basic drugs were obtained from Organon In-
ternational (Oss, Netherlands). Methanol was
freshly distilled and water was obtained from a Mil-
li-Q quality purification system (Millipore). Te-

R. J. M. Vervoort et al. | J. Chromatogr. 623 (1992) 207-220

tramethylammonium hydroxide (TMAH) was ob-
tained from Southwestern Analytical Chemicals
(Austin, TX, USA). Disodium hydrogenphosphate
(Na;HPO,), sodium dihydrogenphosphate
(NaH,PO,) and 25% ammonia solution were sup-
plied by J. T. Baker (Deventer, Netherlands), aceto-
nitrile (CH3CN) and concentrated phosphoric acid
(H3PO,) by Merck (Darmstadt, Germany), sodium
1-hexanesulphonate by Eastman Kodak (Roches-
ter, NY, USA) and triethylamine (TEA, Sequanal
grade) by Pierce (Rockford, IL, USA).

The pK, values of the basic drugs were deter-
mined in 60% methanol at 37°C because of the low
solubility in water. As a rule these pK, values are ca.
0.5-1 unit lower than in water.

Apparatus

The experiments were carried out on an HP
1090M liquid chromatograph equipped with an HP
1040M diode-array detector. Data were collected
on an HP 79994A HPLC workstation (Hewlett-
Packard, Amstelveen, Netherlands).

Experimental set-up

The experiments can be divided into three parts.
In the first part of the study we used a uBondapak
C,g column and chromatographed a set of 32 basic
drugs with different mobile phases, as explained in
Fig. 2A. The influence of the mobile phase param-
eters on the asymmetry factor was studied quantita-
tively, and more qualitatively on plate number. We
also checked their influence on the stability of the
stationary phase. .

In the second part, recent developments in col-
umn technology were explored. For this we used
different stationary phases, specially recommended
by the manufacturers for the chromatography of
basic drugs. With a constant mobile phase composi-
tion we studied the chromatographic performance
of these columns with our set of basic drugs. In Fig.
2B an overview is shown of these experiments. The
results will be described in a qualitative way.

In order to show column effects and differences
between columns as well as possible, we performed
comparative experiments under critical conditions.
Therefore, we chose pH values of 3.5 and 7.4 and
plain buffer without additives, as the addition of
silanol blockers can mask differences.

For this study a set of 32 basic drugs was selected
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buffer/additive:tetramethylammonium phosphate
triethylamine
sodium 1-hexanesulphonate

uBondapak C18

methanol -
10mM phosphate buffer,

pH 7.4, 2.0 ug

pH: 3.5

10.0

amount injected: 0.2 ug

Exsil 100 5um ODS-B

B Nova-Pak C18 Kromasil KR100-6-C18

uBondapak C18

methanol -
10 mM phosphate buffer

Zorbax Rx-C8

ACT-1 C18 Suplex pKb-100

Lichrosorb RP-Select B

Zorbax Rx-C18
uBondapak G18
Suplex pKb-100

pH: 2.5

3.5

methanol -
10 mM phosphate 6.0
7.4

additive: triethylamine

Fig. 2. Overview of the experiments in this study.

and a representative group of them is shown in Ta-
ble 1. The selection of 32 compounds was based on
the following characteristics: basicity, with pK, val-
ues ranging from 3 to 9, polarity, with retention
indices [6] between 400 and 1600, number of nitro-
gen atoms, from 1 to 5, and different structural type
of nitrogen atom.

In the third part the effects of pH and the addi-
tion of triethylamine were studied for seven “diffi-
cult” compounds on three selected columns (see
Fig. 20).

Chromatographic conditions

All bonded-phase materials were obtained from
the manufacturers as prepacked columns. An over-
view of the stationary phases is given in Table II.
The mobile phases used in this study are shown in
Table I11.

The pH of the buffers was measured before mix-
ing with the organic modifier. They were prepared
by dissolving 3.58 ¢ (10 mM) of disodium hydro-
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genphosphate or 9.05 g (50 mM) of tetramethylam-
monium hydroxide in 1 1 of water. Occasionally 2
ml (15 mM) of triethylamine was added to the phos-
phate solution. Concentrated phosphoric acid or
0.5 M sodium hydroxide was finally added until the
desired pH was reached.

The amount of basic drug injected was 2.0 ul of a
1 mg/ml solution in methanol, i.e., 2 ug injected,
unless indicated otherwise. After 10-20 injections of
the basic drugs, a test solution was injected to check
the column performance for changes in silanol ac-
tivity, hydrophobicity and metal activity. The test
solution consisted of a mixture of acetylacetone,
aniline, phenol, benzene and anthracene. Metha-
nol-water (60:40, v/v) was used as mobile phase for
the test solution. The column temperature was 40°C
and UV detection was carried out at 210 nm.
Triethylamine should be of a high-purity grade to
prevent a high UV offset. For basic drugs the flow-
rate was set at 1.0 ml/min and for the test solution
at 1.5 ml/min.

Calculations

The asymmetry factors were calculated at 10% of
the peak height using the ratio of the width of the
rear and front sides of the peak [7]. Because most
peaks do not have an ideal Gaussian shape, we used
the second moment of the peak for the calculation
of the plate numbers [8].

RESULTS AND DISCUSSION

Varying the mobile phase composition using a
uBondapak C,g column

The aim of this study was to find the best mobile
phase conditions for the analysis of basic com-
pounds. In the first set of experiments we chromato-
graphed all basic drugs on a yuBondapak column,
using the starting conditions given in Fig. 2A [meth-
anol-10 mM phosphate (pH 7.4), 2 ug injected].
Clearly, as can be seen in Fig. 3, there is a strong
correlation between the pK, value of the compound
and the asymmetry factor. Generally, peak tailing
increases with increasing pK, values. These results
have been confirmed by others [1]. Peak tailing is
also a function of the capacity factor, as illustrated
in Fig. 4 for a number of basic drugs. Therefore, the
data given in Fig. 3 were normalized for a k&’ value
of 5.



R. J. M. Vervoort et al. | J. Chromatogr: 623 (1992) 207-220

H
Rk
1'6 0SSt L8 o 9
(395 1831 oY} U1 . N
papnjoul jou) o H
Lt e . :
)
H -~
_Hz\,ulm..znxu 9¢ 0911 €8 W2 o S
95 069 L8 ¢ | ol
R H
H 1
N
Ho 19
B TS 08¢l T8 o 1

z ~
Y
LS olgl Lt O O 6 .
o 97 071l 9 O O €
H N

Ne—¢, 2
(“HD)
“u’ . 1 z
N HK
5
0% OIEI 08 § 8 L1 09y 0 Ho-N” \6 z
C
tHd”
Nz ©
z (¢ 12
8 09€I 6L ( O L o1 o06L £ e 1
mv.‘ 7 *yd a1npnug ON % ;] “yd ampnyg ON

210

*¢ 81,1 U1 PAQIOSIP SUOTIIPUOS 33 15pun paure}qo a1em (Fp) s10398] ANPWWASY
S.mmU_QZ— NOILLNALTY ANV SZNTVA ¥4 YIFHL HLIM 3SN SANNOJWOD
13719VL



R. J. M. Vervoort et al. | J. Chromatogr. 623 (1992} 207-220

TABLE1I
STATIONARY PHASES USED
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No. Column Manufacturer Dimensions [length x 1.D. (mm)] Particle size (um)
1 uBondapak C, ¢ Waters-Millipore 300 x 3.9 10
2 Novapak C, 4 Waters—Millipore 300 x 3.9 4
3 Zorbax Rx-C, Rockland Technologies 250 x 4.6 5
4 Zorbax Rx-C,g Rockland Technologies 250 x 4.6 5
5 LiChrosorb RP-Select B Merck 250 x 4.0 5
6 Exsil 100 5 um ODS-B Exmere 250 x 4.6 5
7 Kromasil KR100-5-C, Eka Nobel 250 x 4.6 5
8 Suplex pKb-100 Supelco 250 x 4.6 5
9 ACT-1C, Interaction 150 x 4.6 10

For compounds having pK, < 6 we did not ob-
serve any problems. Peaks were symmetric with
asymmetry factors <1.5 and plate numbers were
about 4000-6000. Asymmetric peaks were obtained
for compounds with pK, > 6. These compounds
are partly protonated and hence more strongly
bound to the acidic silanol groups:

XH* + SiO"Na® = SiO"XH* + Na* (1)

There are indications that the pK, value is not the
only parameter that influences peak tailing. It is
thought that structural factors also play a role. For

TABLE 111

MOBILE PHASES USED WITH THE VARIOUS COLUMNS

example, substances having comparable pK, values
show widely differing asymmetry factors. Generally
it is observed that the flexibility of the protonated N
atom and hence the possibility of interacting with
silanol sites plays a predominant role. For instance,
when we compare substances 6, 4 and 5 (sec Table I)
the decrease in the flexibility in this order of the
(protonated) N atom is significant. The asymmetry
factor decreased likewise. Data on the flexibility of
protonated and unprotonated N atoms were taken
from NMR measurements.

Mobile phase

Columns used

CH,OH-50 mM TMAH, pH 7.4 1
CH,0H-10 mM NaH,PO,, pH 2.5 14,8
CH,OH-10 mM NaH,PO,, pH 3.5 1,48
CH,OH-10 mM Na,HPO,, pH 6.0 1,48
CH,OH-10 mM Na,HPO,, pH 7.4 1,2,3,4,5,6,7,8
CH,OH-10 mM Na,HPO,, pH 10.0 1

CH,OH-10 mM NaH,PO, + 15 mM TEA, pH 2.5 1,4,8
CH,OH-10 mM NaH,PO, + 15 mM TEA, pH 3.5 1,48
CH,OH-10 mM Na,HPO, + 15 mM TEA, pH 6.0 1,48
CH,OH-10 mM Na,HPO, + 4 mM TEA, pH 7.4 1

CH,OH-10 mM Na,HPO, + 15 mM TEA, pH 7.4 1,48
CH,OH-10 mM Na,HPO, + 10 mM IPR, pH 3.5 1
CH,OH-H,0 6.8

CH,CN-1% NH,, pH 11.2 9
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Fig. 3. Scatter plot of pK, versus peak asymmetry, normalized
for k” = 5. The numbers in the plot correspond to compounds in
Table I. For HPLC conditions, see starting conditions in Fig.
2A.

Influence of the pH of the buffer

The influence of the pH of the buffer was tested
with 10 mM sodium phosphate at different pH val-
ues in the range 3.5-10. Lowering the pH to 3.5 will
result in less. dissociation of the silanol groups,
whereas at pH 10.0 none of the compounds is prot-
onated. In the literature a pH of less than 3.5 is
often recommended to suppress silanol activity as
effectively as possible. On purpose we chose a pH of
3.5, which in our view was sufficiently critical to
show differences between columns. The effects of
lower pH will be discussed later.

As is shown in Fig. 5, the overall results on a
uBondapak column were in favour of the higher pH

127
104
5
g o
2
g & 0
£
>
Z 4
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G-—6——6 o
0 + |
1 3 5 7 g

Fig. 4. Relationship between asymmetry factor and k&’ for sub-
stances covering the pK_ range <3-8.7.
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Fig. 5. Influence of the buffer pH on peak asymmetry. Methanol
was used as modifier and 2.0 pg were injected. For HPLC condi-
tions, see Fig. 2A. The bars represent the mean and standard
deviation (as shown).

values, especially for substances with pK, = 6-8.
The effects on peak asymmetry are probably not
statistically different for compounds with pK, 3-6
and 8-9. At pH 7.4 most of the test compounds are
not protonated and the effect of dissociated silanols
is therefore small. Strongly basic compounds (pX,
> 8) will be retained by the mechanism shown in
eqn. 1. An effect that is often overlooked is that the
pH of a methanol-buffer mixture differs significant-
ly from that of the starting buffer. For instance, 10
mM phosphate buffer (pH 7.4) shows a virtual pH
of 8.6 in a 1:1 mixture with methanol. These results
conflict with the general opinion that a low pH is
the best condition for the chromatography of basic
compounds. In order to support our conclusions,
we present additional data on this pH effect for
three different columns in the last section of this
paper.

The use of a buffer of pH 10.0 led to a small
improvement only for very basic substances. This
high pH is in fact unrealistic and was only incorpo-
rated to see whether unexpected effects would arise.
Summarizing, we recommend a pH of ca. 7.

Influence of the type of buffer

To determine the influence of the type of buffer,
we compared 50 mM tetramethylammonium phos-
phate and 10 mM sodium phosphate buffers. A low
concentration of sodium phosphate was necessary
because of the low solubility in eluents with a high
methanol concentration. In our laboratory tetra-
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[J : 0.01M Na2HPO4 pH 7.4; 0.2 ug
T X3 :0.01M Na2HPO4 pH 7.4; 2.0 ug
B8 : 0.05 M TMAH pH 7.4 : 2.0 ug

| o é |

3-6 6-7
pKa
Fig. 6. Influence of the type of buffer and the amount injected on
peak asymmetry. Methanol was used as modifier. For HPLC

conditions, see Fig. 2A, using tetramethylammonium phosphate
(TMAH) buffer.

[}

Asymmetry factor

methylammonium phosphate buffer is being used as
a standard for the HPLC of basic drugs. The results
obtained with the two buffers are summarized in
Fig. 6. For compounds with pK, < 8 almost no
difference in peak shape was noticed. As far as plate
numbers are concerned the use of sodium phos-
phate resulted in a slight increase. For compounds
with pK, > 8 tetramethylammonium phosphate
showed better results (although not statistically sig-
nificant), but the asymmetry factors were still > 2.
Overall it can be concluded that tetramethylammo-
nium phosphate can be used successfully to im-
prove peak shapes by effectively blocking silanol ac-
tivity. It should be added, however, that the tetra-
methylammonium ion is aggressive.

Influence of the type of additive

To determine the influence of a silanol blocking
agent, tricthylamine was used with 10 mM sodium
phosphate buffer (pH 7.4). The results were com-
pared with those without triethylamine and are
shown in Fig. 7 and Table V. Triethylamine (TEA)
is a very basic compound (pK, =~ 11) which will also
interact with silanol groups and so compete with
the basic drugs. Dimethyloctylamine (DMOA) has
been successfully used by others [1] for the same
purpose. A comparison between TEA and DMOA
is now under study. As can be seen in Fig. 7, the
addition of triethylamine resulted in a clear im-
provement in peak shape. Particularly for com-
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Fig. 7. Influence of triethylamine (TEA) and sodium 1-hexane-
sulphonate (IPR) on peak asymmetry. Methanol was used as
modifier and 2.0 ug were injected. For HPLC conditions, see Fig.
2A.

pounds with pK, > 6 the tailing clearly decreased,
resulting in plate numbers of 3000-6000 with ac-
ceptable symmetry. However, several basic drugs
still have unacceptable peak shapes. Comparing
Figs. 6 and 7 it can be concluded that the effect of
TEA is better than that of tetramethylammonium.
Whether the addition of TEA is to be preferred at
high (ca. 7) or low (ca. 3) pH will be discussed later.

Sodium 1-hexanesulphonate was also tested as an
ion-pair reagent (IPR). For this the basic drugs
have to be protonated and 10 mM sodium phos-
phate (pH 3.5) was used as a buffer. Comparing
these results with those obtained with 10 mA/ sodi-
um phosphate buffer (pH 3.5), the addition of IPR
did not result in a clear improvement of peak
symmetry. Compared with sodium phosphate (pH
7.4), the peak symmetry is even worse, except for
compounds with pK, = 8-9, where addition of IPR
seems to result in less tailing.

Influence of the amount injected

For the determination of the influence of the
amount of basic drug injected on to the column,
several experiments were compared. Amounts of
0.2 and 2.0 ug were injected and 50 mM tetra-
methylammonium phosphate (pH 7.4) and 10 mM
sodium phosphate (pH 3.5 and 7.4) were used.

Decreasing the amount injected can dramatically
improve the peak symmetry (Fig. 6). Although Fig.
6 shows only data at pH 7.4, the effect is also seen at
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pH 3.5, for both sodium phosphate and tetrameth-
ylammonium phosphate. Most asymmetry factors
were < 2 when 0.2 ug was injected. For very tailing
compounds the asymmetry factor was even reduced
by a factor of 2 for small amounts injected. Espe-
cially for substances with low UV absorbance (see
compound 11, Table I) the large amounts injected
are the main reason for peak tailing. When the
amount of sample is reduced, the saturation of the
acidic sites of the residual silanol groups will be
avoided.

Influence of mobile phase composition on column sta-
bility

The analysis of basic compounds with RP-HPLC
is often used in quality control and stability studies.
This means that many samples have to be analysed
and that mobile phase volumes of the order of 1000
ml and more are pumped over the column. There-
fore, it is important to use a mobile phase—station-
ary phase combination that is not destructive.

During the experiments, as shown in Fig. 2A, the
uBondapak column was tested for changes in sila-
nol activity, hydrophobicity and metal activity. To
check the silanol activity a mixture of aniline and
phenol was injected. For well deactivated stationary
phases aniline elutes before phenol [9,10]. To check
the hydrophobicity a mixture of anthracene and
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benzene was injected. A change in the ratio of the
retention times indicates a change in hydrophobic-
ity [9). Acetylacetone was used to determine the
metal activity [9]. Tt can form a complex with metal
ions, resulting in a broad and tailing peak that is
retained. In Fig. 8 a chromatogram of the test solu-
tion is shown.

When tetramethylammonium phosphate and so-
dium phosphate (pH 7.4) were compared it was
seen that the former is more aggressive and strips
off the stationary phase. As shown in Figs. 9 and 10,
the change in silanol activity and hydrophobicity is
less pronounced with sodium phosphate. These
conclusions were confirmed by Wherli et al. [11],
who also found that quaternary ammonium com-
pounds are aggressive towards silica-based station-
ary phases. Adding triethylamine or sodium 1-hex-
anesulphonate to the mobile phase did not clearly
influence the stability of the column. "

As far as the metal activity is concerned, when
tetramethylammonium phosphate was used the
peak shape of acetylacetone was sharp and eluted
after k' = 1 at the beginning of the experiment. The
tailing steadily increased and the retention de-
creased to k' = 0.1 after 1000 ml mobile phase had -
been pumped over the column. Subsequently the
peak symmetry and retention time remained stable.
An increase in tailing indicates an increase in metal
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Fig. 8. Chromatogram of the test compounds on a uBondapuk C, g column (300 x 3.9 mm I.D.). Methanol-water (60:40, v/v) was used

as eluent.
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Fig. 9. Influence of the type of buffer and the volume pumped
over the column on silanol activity (expressed as the difference

between the actual and the starting values). For HPLC condi-
tions, see Figs. 2A and S.

activity. The decrease in retention indicated a de-
crease in metal activity or could be a result of re-
duced reversed phase activity due to a loss of bond-
ed phase. When phosphate was used the peak shape
was asymmetric but stable. The retention time de-
_creased from k' = 0.4 to 0.1 after 3400 ml of mobile
phase had been pumped over the column.
Another parameter that can influence the stabil-
ity of the column is the pH of the mobile phase. In
Fig. 11 the influence of the pH on silanol activity is
shown. It was found that the use of high pH result-
ed in a rapid increase in silanol activity and a de-
crease in hydrophobicity. This high pH will strip off
the stationary phase. The use of pH 3.5 showed no

101

O'OTW“U‘D-D-D—D~D\G~D

0
o O - -+
- 10 O—0: 0.05M TMAH
2 O—m: 0.01M Na2HPO4
&g -20}
T o .
28 0—0—0—p
-3.0 A

©-0-0-0-0-0-0.¢

.0 + + + + + + + {
o] 500 1000 1500 2000 2500 3000 3500 4000
mobile phase (ml)
Fig. 10. Influence of the type of buffer and the volume pumped
over the column on hydrophobicity (expressed as the difference

between the actual and the starting values). For HPLC condi-
tions, see Figs. 2A and 5.
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change in silanol activity and hydrophobicity,
whereas for pH 7.4 a slight change after about 1500
ml was noticed.

Varying the stationary phase

Stationary phases specially developed for the
analysis of basic compounds were investigated and
the results were compared with those with the
uBondapak column, using methanol-10 mM sodi-
um phosphate buffer (pH of 7.4) as the mobile
phase. In order to ensure a fair appraisal, the col-
umns were compared in the same k' range. The re-
sults are described in a qualitative way.

Nova-Pak C;3. The Nova-Pak C,g column
showed more tailing for most compounds with a
pK, > 7. For compounds with pK, < 7 there is less
difference. Most compounds have asymmetry fac-
tors of < 2. Owing to the smaller particle size of the
Nova-Pak phase, for symmetrical peaks it gives
about twice as many plates as pBondpak C,g under
comparable conditions.

Zorbax Rx-Cg, Kromasil KR-5-Cyg and LiChro-
sorb RP-Select B. These three columns are offered
as stationary phases specially deactivated for basic
compounds. They did not show a clear improve-
ment in peak symmetry compared with a yBond-
apak C, g column. For nine compounds with pX, >
7 the Kromasil column even showed asymmetry
factors of ‘> 3. However, for symmetrical peaks the
plate number was over 10 000.

Exsil 100 5 um ODS-B. The Exsil phase is also
specially deactivated for basic compounds and, ac-

0.4
O—O:pH =35
031 O—DO:pH =74
>.© A—A:pH =10.0
s 2 02+
o L
o A
g 3 o1f ,—048
E s D-—-—D“'D_D
0.08-0-000-88-0-857—0-00-0-0~0-0-0

1 } + + + + + + !
0 500 1000 1500 2000 2500 3000 3500 4000
mobile phase (ml)
Fig. 11. Influence of the pH of sodium phosphate buffer and
volume pumped over the column on silanol activity (expressed as

the difference between the actual and the starting values). For
HPLC conditions, see Figs. 2A and 6.
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cording to the manufacturer, basic compounds can
be eluted even without buffer. For the compounds
in our test series this was correct. All compounds,
however, had extremely asymmetric peaks with
asymmetry factors of > 6. The use of 10 mM sodi-
um phosphate (pH 7.4) instead of water did not
reduce the peak asymmetry significantly.

Suplex pKb-100. The Suplex column is a silica-
based C,;g stationary phase in which residual sila-
nols are electrostatically shielded. First this column
was tested with methanol-10 mAM sodium phos-
phate (pH 7.4) as eluent. As can be seen in Fig. 12,
good peak shapes were obtained. Only six com-
pounds had an asymmetry factor larger than 2 and
plate numbers were in the range 3000-11 000. Com-
pared with uBondapak, this stationary phase is
more suitable for the analysis of basic compounds.

The column was also tested without buffer using
a methanol-water mobile phase, which can be ad-
vantageous when the system is coupled to a mass
spectrometer. In that event the column should be
“conditioned” by washing with 10 mAM buffer. Un-
der these conditions good peak shapes were also
obtained. Only one compound showed an asymm-
etry factor > 2. Plate numbers were also in the
range 3000-11 000. However, five compounds with
pK, > 8 showed fronting peaks. This phenomenon
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Fig. 12. Comparison between pBondapak C,, and Suplex
pKb-100. Methanol-10 mM sodium phosphate (pH 7.4) was
used as eluent and 2.0 ug were injected.

was not observed using a phosphate buffer. Of
course, for a rugged method involving ionic and
ionizable compounds, the mobile phase should al-
ways be carefully buffered. In Fig. 13 chromato-
grams of a compound with pK, = 8.7 with and
without buffer are shown.

In our experience, it was found that for this col-
umn the equilibration time is longer than usual. Re-
producibility proved to be good in comparison with

8 T
a

6 8
Time

AALI\_,A._L
2 4

(min

T

16 1‘2 14 16
)

Fig. 13. Chromatograms of a basic compound (pK, = 8.7) (A) without and (B) with 10 mM sodium phosphate (pH 7.4) on the Suplex

pKb-100 column.
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TABLE 1V
COMPARISON OF THE STATIONARY PHASES

207

Column Peak shape®

Plate number”®

Stability® Remarks

uBondapak C
Nova-Pak C,,
Kromasil KR100-5-C,,
Zorbax Rx-C,
Lichrosorb RP-Select B
Exsil 100 5 um ODS-B
Suplex pKb-100
ACT-1C,,

L+ 1 ++++°

O+‘OOO|O

Can be used without buffer
Can be used without buffer
Very pH stable

ERRE R R )

a

— —,very bad; —, bad; 0, acceptable; +, good.

conventional columns. For better stability acetoni-
trile should be used instead of methanol.

ACT-1 Cyg. This column is based on a C,g-poly-
mer stationary phase. The advantage over silica-
based columns is that there are no ionic or ionizable
species present. Further, these columns are very sta-
ble and a pH range of 0-14 can be used. Our results
with this column show acceptable tailing, of the or-
der of 1.5-3. However, a great disadvantage is the
low plate numbers obtained. They are of the order
of 50-250, which is less than 10% of the plate num-
bers obtained with a uBondapak C;5 column.

The results obtained with the different stationary
phases are summarized in Table IV, with the ad-
vantages and/or disadvantages of each column.

TABLE V

Comparison of uBondapak C;g, Zorbax Rx-C;g and
Suplex pKb-100

The experiments in the first section under Results
and Discussion strongly suggest that at pH 3.5,
where the compounds are protonated, the dissociat-
ed silanols are still fully active. Even at pH 2.5, a pH
recommended by most manufacturers, the peak
shape improved only marginally (see Table V).
Plain buffers are therefore unable to mask effective-
ly silanol effects.

A further illustration, also using a Zorbax Rx-
Cis column, is given in Fig. 14. At a buffer pH of
7.4 the substances are not protonated and a high
portion of methanol is needed to elute them from
the column. With a buffer of pH 6.0 the compounds

COMPARISON OF THREE COLUMNS TESTED UNDER LOW pH CONDITIONS

Column Eluent® Compound pK, pH 3.5 pH 25 pH2.5 + 15mM TEA
k' A, k' A, k' A,
Zorbax Rx-C;; A 7 79 32 5.1 3.1 43 31 2.1
6 8.7 2.1 4.1 1.7 4.3 1.8 2.5
9 7.7 2.6 4.5 2.1 4.0 2.2 2.0
8 8.0 44 5.1 4.1 4.5 43 2.2
uBondapak C,; A 7 7.9 3.3 8.6 33 7.3 3.2 1.7
6 8.7 22 7.4 23 5.6 2.2 2.1
9 7.7 2.4 7.7 2.5 5.8 2.4 1.6
8 8.0 4.6 9.7 4.6 7.6 4.5 1.7
Suplex pKb-100 B 7 7.9 4.5 1.9 4.8 1.9 4.1 1.7
6 8.7 1.9 1.6 2.0 1.5 1.8 1.7
9 7.7 29 1.7 2.9 1.6 2.7 1.5
8 8.0 6.2 2.0 6.4 1.9 5.4 1.7

“ A = methanol-10 mM sodium dibydrogenphosphate (50:50); B = methanol-10 mM sodium dihydrogenphosphate (25:75).
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are partly protonated (more polar, less methanol
needed), which, especially for codeine, leads to in-
creased tailing. At a pH of 3.5 the peaks are sharp-
ened and silanol effects are suppressed. A remarka-
ble effect is the inversion of morphine and oxymor-
phone as a result of the pH change.

For a set of four “difficult” compounds we also
studied the effect of the addition of TEA at pH 2.5.
As shown in Table V for uBondapak C;g and Zor-
bax Rx C;g dramatic improvements were obtained.
We conclude from this critical evaluation that de-
spite a low eluent pH and column deactivation,
many active sites still exist that can only be masked
by adding TEA.

A major conclusion for the chromatographer is
that a low pH in the presence of TEA represents the
best condition for the chromatography of basic
compounds on conventional reversed-phase col-
umns. This recommendation is again illustrated in
Fig. 15. The morphines already shown in Fig. 14
were now eluted under the same conditions except
for the addition of 15 mM TEA. Here also the re-
sults are significant.

For the Suplex column a different result was ob-
tained. The special character of this stationary
phase can also be deduced from the data in Table V.
Clearly, the shielding is so effective that addition of
TEA is no longer necessary. As a further illustra-
tion we refer to Fig. 14 for the separation of mor-
phine, oxymorphone and codeine. The best condi-
tion proved to be pH 3.5, but without TEA.

R. J. M. Vervoort et al. | J. Chromatogr. 623 (1992) 207-220
CONCLUSIONS

The optimization of the peak shapes of basic
compounds is difficult and many parameters can be
varied. It was found that the peak tailing depends
on the pK, value and structural parameters of a
compound. When tailing occurs the addition of si-
lanol blocking reagents, such as triethylamine, was
most effective in suppressing this effect. The addi-
tion of ion-pair reagents, however, did not improve
the symmetry.

As far as the stationary phases are concerned, the
use of an electrostatically shielded phase improved
the peak shapes. This type of column showed ac-
ceptable tailing, even without the addition of addi-
tives that suppress silanol activity. With a polymer-
based stationary phase reasonable peak shapes were
obtained. However, owing to the low plate number,
this column has a poor separation efficiency.
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ABSTRACT

A new chiral stationary phase using flavoprotein, a glycoprotein present in chicken egg-white, was developed for high-performance
liquid chromatography. This column could achieve baseline separations of acidic (ketoprofen), weakly acidic (warfarin) and neutral
(benzoin) compounds. In the flavoprotein-conjugated silica gel column, the capacity factor and enantioselectivity for several model
drugs were greatly influenced by the pH and the concentration of organic solvents and salts in the mobile phase, and the optimum
conditions for chiral separation varied from compound to compound. However, this column shows good stability to pH variation and
to organic solvents, and it should be applicable for the chiral separation of many compounds in the reversed-phase mode. This column
can directly separate optical isomers with an aqueous mobile phase, so it should be very useful in the fields of pharmacokinetics and

clinical chemistry.

INTRODUCTION

Many pharmaceutical drugs have asymmetric
centres, but most of them are used clinically in
racemic form. However, drug enantiomers can have
qualitatively or even quantitatively different physi-
ological actions, so chiral resolution has become an
important subject in the development and use of
pharmaceutical drugs. Some direct chiral separa-
tions have been achieved by high-performance lig-
uid chromatography (HPLC) in the normal-phase
mode, but laborious pretreatments were required in
the application of these methods to biological
samples for pharmacokinetic and pharmacological
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Analytical Chemistry, Eisai Co., Ltd., 5-1-3 Tokoda, Tsukuba,
Ibaraki 300-26, Japan.
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research. Further, many of the direct chiral separa-
tion columns have very high selectivity and cannot
be used with a wide range of compounds. Therefore,
there is an urgent requirement for direct chiral
separation columns with a wide selectivity in the
reversed-phase mode, for rapid and simple deter-
mination of enantiomers of clinically relevant drugs.
Such columns would be very useful for research in
the fields of pharmacokinetics and pharmacology.

Recently, various chiral stationary phases that
can be used under reversed-phase conditions have
been developed, such as protein-conjugated col-
umns, cyclodextrin-conjugated columns [1,2], and a
triacetylcellulose column [3]. Protein-conjugated
columns have been proved useful by Allenmark ez
al., who developed a bovine serum albumin (BSA)-
conjugated column [4], and by Hermansson, who
developed an a;-acid glycoprotein (o,-AGP)-con-

1992 Elsevier Science Publishers B.V. All rights reserved
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jugated column [5]. A BSA-conjugated column has
been used to resolve enantiomers of acidic com-
pounds [4], and an «;-AGP-conjugated column to
resolve racemic amines [5,6]. On the other hand,
Miwa et al. have developed a highly effective column
for chiral recognition by using ovomucoid, an acidic
glycoprotein found in chicken egg-white [7]. An
ovomucoid column, which is now commercially
available, can resolve acidic and basic enantioniers
[8,9], and is relatively stable to variation of pH, to
heat, and to organic solvents [7,10]. Kirkland et al.
have reported that an ovomucoid column has a
higher stability and better chiral resolution than an
o-AGP-conjugated column [11]. Oda et al. have
recently performed on-line simultaneous determina-
tion and resolution of enantiomers of verapamil and
its metabolites in plasma with an ovomucoid column
and a column-switching technique [12].

As mentioned above, protein-conjugated col-
umns, such as the ovomucoid column, can be useful
for pharmacokinetic studies because of their appli-
cability to a reasonably wide range of drug enan-
tiomers in the reversed-phase mode. However, there
are still many enantiomers that cannot be resolved
by commercially available protein-conjugated col-
umns. Therefore, we still require new materials with
a high chiral recognition ability and a wider range of
selectivity when used in the reversed-phase mode.

In this study, we used flavoprotein, which is
present in chicken egg-white, as a ligand for chiral
separation by means of reversed-phase HPLC.
Flavoprotein is a glycoprotein which has 14%
carbohydrate, consisting of mannose, galactose, and
glucosamide. Its p/ value is ca. 3.9-4.1 [13], which is
similar to that of ovomucoid (3.9-4.3), and its
molecular mass is 32 000-36 000. Interestingly, it
also has the ability to bind to riboflavin [14]. This
paper describes a new stationary phase for chiral
resolution, flavoprotein-conjugated silica gel, which
allows the separation of many drug enantiomers by
means of reversed-phase HPLC.

EXPERIMENTAL

Apparatus

A Tosoh CCPM pump (Tosoh, Tokyo, Japan)
equipped with a UVIDEC100-VI variable-wave-
length UV spectrophotometer (Japan Spectroscopic,
Tokyo, Japan) was used. A stainless-steel column
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(150 mm x 4.6 mm 1.D.) was packed with flavo-
protein-conjugated silica gel. The samples were
injected with a WISP 712 Autosampler (Waters
Assoc., Milford, MA, USA). The pH was measured
with a TDA HM-60S pH meter (Toa Electronics,
Tokyo).

Preparation of flavoprotein column
Flavoprotein-conjugated silica gel was prepared
as follows: Nucleosil 5NH, (2 g) and N,N-disuccin-
imidyl carbonate (3 g) reacted for 12 h in acetonitrile
(50 ml) at room temperature in a rotary evaporator.
The activated silica gel was collected by filtration
and washed with acetonitrile and then with the
coupling buffer (50 mM potassium phosphate buf-
fer, pH 7.5). Flavoprotein (2 g) was dissolved in 50
ml of coupling buffer and then the activated silica gel
was added. The mixture was allowed to react for 2 h
atroom temperature in a rotary evaporator, then the
flavoprotein-conjugated silica gel was collected by
filtration and washed with water and 2-propanol-
water (1:2). This gel was packed into a stainless-steel
column (150 mm x 4.6 mm I.D.) by a conventional
high-pressure slurry-packing procedure.

Reagents and materials

Flavoprotein was purified from chicken egg-white
[14]. Ketoprofen (KE), ibuprofen (IB), flurbiprofen
(FL), and warfarin (WA) were purchased from
Sigma (St. Louis, MO, USA). a,s-Dibenzoyllysine
(DB) and benzoin (BE) were from Tokyo Kasei
Company (Tokyo). N,N-Disuccinimidyl carbonate
was purchased from Wako (Osaka, Japan). Nucle-
osil SNH, was purchased from Macherey-Nagel
(Diiren, Germany). Organic solvents and water were
of HPLC-grade, and other chemicals were of high
purity.

Sample preparation

Known amounts of drug enantiomers were dis-
solved in methanol, and each solution was diluted
with water or water—methanol (1:1) to a concentra-
tion of 20 ng/ml, and 10 yl were injected into the
HPLC column.

RESULTS AND DISCUSSION

Protein-conjugated columns generally show high-
er chiral recognition ability than other HPLC col-
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umns used under reversed-phase conditions. How-
ever, there are many drug enantiomers that cannot
be resolved on the currently available protein-
conjugated columns. Flavoprotein is a chicken
egg-white glycoprotein with the capacity to bind
riboflavin in a ratio of 1:1 [15] at pH 4.0 or above
[14]. This protein plays an important role in the
transfer of riboflavin from blood to egg-white [15]. It
is very stable to heat, retaining its riboflavin-binding
capacity after heating at 100°C and pH 7.0 for 15
min [14]. So we expected that flavoprotein would be
a stable ligand for chiral recognition, and we chose
this protein to develop a new chiral stationary phase
for HPLC with an aqueous mobile phase.
Ketoprofen (KE), ibuprofen (IB), and flurbi-
profen (FL) are antiinflammatory drugs used ex-
tensively in clinical medicine (Fig. 1). Fig. 2A-C
shows the chromatographic resolution of these
acidic profen enantiomers on the new column. KE
was baseline-resolved with 50 ma KH,PO, (pH
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4.6) containing 10% ethanol for elution, as shown in
Fig. 2A. But IB (Fig. 2B) and FL (Fig. 2C) were not
appreciably resolved under the same conditions in
spite of their similar structures.

a,e-Dibenzoyllysine  (DB), another carboxyl
group-containing compound (Fig. 1), gave almost
the same chromatogram as 1B (Fig. 2D). Warfarin
(WA), an anticoagulant, is a weakly acidic com-
pound (Fig. 1). With WA, we obtained the dramatic
result that the retention time of the second-eluted
enantiomer was twice that of the first-eluted enan-
tiomer (Fig. 2E). However, benzoin (BE), which is a
neutral compound (Fig. 1), was not well resolved
under the same conditions (Fig. 2F): its retention
time was far shorter than those of the other com-
pounds.

Next we examined the character of the flavo-
protein column in more detail by using KE, DB,
WA, and BE as model compounds. First we ex-
amined the effect of the concentration of organic

Flurbiprofen ( FL )

2 ~CHCH,COCH;§

)

*
c—cC
I

o

0

Benzoin ( BE )

Fig. 1. Molecular structures of compounds resolved by HPLC on a flavoprotein-conjugated column. The chiral centres are indicated by

asterisks.
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Fig. 2. Chromatograms of each compound on a flavoprotein-conjugated column: (A) KE; (B) 1B; (C) FL; (D) DB; (E) WA; (F) BE.
Chromatographic conditions: mobile phase, 50 mM KH,PO, containing 10% ethanol; UV detection wavelength 230 nm; flow-rate, 1.0

ml/min; column temperature, room temperature.

solvent in the mobile phase on the capacity factor
(k') and enantioselectivity. The column operation
was apparently reversed-phase, as shown in Table I,
because all the drugs showed longer retention times
with a reduction in the concentration of organic
solvent in the mobile phase. DB and BE, which
could not be well resolved by elution with 50 mAM
KH,PO, (pH 4.6) containing 10% ecthanol, as
mentioned above, showed increased separation
factors (a value) and resolution (R, value) with
decreasing concentration of ethanol; this stronger
retention of DB and BE led to better chiral separa-
tion, as described later. On the other hand, KE and
WA did not show a regular variation of « values and
R, values, and the best resolution was obtained at
6% ethanol. However, these compounds were re-
tained too strongly at 6% ethanol, and the peaks
were considerably broadened. So the optimum
concentration for chiral separation of KE and WA
appears to be ca. 10% ethanol.

The performance of this column was greatly
affected by the pH of the mobile phase. We ex-
amined the effect of the pH of the eluent containing
10% ethanol on the chiral separation. Fig. 3A shows
the effect of pH on the retention of KE and DB. The

pK value of a carboxylic acid is generally ca. 4 or 5,
so KE and DB carry a negative charge above pH 4.0.
The k' values of KE and DB decreased with
increasing pH from pH 4.0. As noted in the Intro-
duction, the pl value of flavoprotein is 3.9—4.1, so its
charge is negative over pH 4.0 and positive below
pH 4.0. Therefore, these results may reflect electro-
static repulsion between the ionized carboxylic acid
(KE or DB) and the negative charge of the flavo-
protein. On the other hand, the flavoprotein column
most strongly retained KE and DB at pH 4.0. This is
reasonable because this solid phase shows its max-
imum hydrophobicity at pH ca. 4.0.

The best pH for the chiral separation of KE was
4.6, and its R, value was 3.04 (Table II), though the
retention of KE was the strongest at pH 4.0 in this
pH range. That is to say, the pH that gave the best
chiral separation was different from the pH that
gave rise to the strongest retention. This seems to
show that the separating ability of the chiral recogni-
tion site is independent of the total charge of the
protein molecule. On the other hand, DB gave the
best resolution (R, 1.53) at pH 4.0, at which value the
retention was also strongest, and DB could not be
resolved at pH values above 5.0. It was clear that the
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TABLE I

EFFECT OF CONCENTRATION OF ORGANIC SOLVENT
IN THE MOBILE PHASE ON CAPACITY FACTOR AND
ENANTIOSELECTIVITY

k', first-eluted enantiomer; k', second-eluted enantiomer. Chro-
matographic conditions: mobile phase, 50 mM KH,PO, contain-
ing ethanol at the concentration shown; other conditions were the

same as in Fig. 2.

Ethanol conc. (%) k', k., o R
Ketoprofen (KE)

4 23.94 30.95 1.29 2.09
6 10.94 15.00 1.37 5.23
8 8.60 11.08 1.29 4.09
10 6.84 8.38 1.23 2.97
12 5.82 6.81 1.17 2.08
Dibenzoyllysine (DB)

4 13.13 15.00 1.14 1.94
6 9.13 10.22 1.12 1.25
8 6.90 7.56 1.10 1.05
10 5.46 5.83 1.07 0.76
12 4.45 4.65 1.04 0.55
Warfarin (WA)

4 44.64 101.27 2.27 499
6 16.41 35.43 2.16 8.13
8 12.00 26.27 2.19 7.07
10 9.01 17.38 1.93 5.68
12 7.01 13.02 1.86 6.77
Benzoin (BE)

4 5.69 6.50 1.14 1.02
6 3.21 3.49 1.09 0.71
8 2.84 3.03 1.07 0.64
10 2.51 2.60 1.04 0.40
12 2.32 2.32 1.00 0

optimum conditions for chiral separation differ
from compound to compound.

Fig. 3B shows the effect of the pH of the mobile
phase on the k" values for WA and BE, which each
have only one hydroxyl group as an ionic functional
group. The &’ value of the first-eluted enantiomer of
WA did not change much between pH 4.0 and 4.6,
but that of the second was considerably affected.
WA (pK 5.03-5.06 [16]) was best resolved (R, 6.99)
at pH 4.6, a similar value to that for KE. Asshownin
Table 11, KE and WA gave the best results in terms
of the R; and « values at pH 4.6. That is to say, the
chiral recognition ability of this column for KE and
WA is clearly highest at pH 4.6.
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TABLE I1

EFFECT OF pH OF THE MOBILE PHASE ON ENANTI-
OSELECTIVITY

Chromatographic conditions: mobile phase, 50 mM potassium
phosphate buffer (pH as shown) containing 10% ethanol; other
conditions were the same as in Fig. 2.

pH o R, pH o R,
Ketoprofen (KE) Warfarin (WA)

3.8 1.17 1.46 3.8 1.55 2.94
4.0 1.23 2.09 4.0 1.73 4.48
42 1.26 2.33 42 1.84 4.97
4.6 1.27 3.04 4.6 1.98 6.99
4.8 1.23 2.08 4.8 1.97 5.43
5.0 1.19 1.72 5.0 1.91 5.03
5.6 1.09 0.84 5.6 1.66 4.10
Dibenzoyllysine (DB) Benzoin (BE)

3.8 1.11 1.16 3.8 1.00 0
4.0 1.13 1.53 4.0 1.00 0
42 1.13 1.31 4.2 1.00 0
4.6 1.09 1.01 4.6 1.00 0
4.8 1.06 0.64 4.8 1.05 0.48
5.0 1.00 0 5.0 1.07 0.57
5.6 1.00 0 5.6 1.10 0.68

Another compound which has a hydroxyl group,
BE, could be resolved at pH values above 4.8, but its
retention did not change much in the pH range
3.8-5.6. Interestingly, its R, and k' values were
increasingly enhanced with a rise of the pH of the
mobile phase. So in the case of BE, the chiral
recognition ability became higher with increasing
pH, independent of retention.

The retention for each compound on this column
was also greatly affected by the ionic strength of the
mobile phase. Fig. 4 shows the effect of the salt
concentration in the mobile phase for the retention
of each enantiomer. The retention of acidic com-
pounds, which carry a negative charge at the pH
values examined, decreased with increasing salt
concentration. This tendency was not observed with
BE. On the other hand, the « values of these
compounds were not greatly influenced in the salt
concentration range 10-250 mM, except for DB at
250 mM (data not shown). Thus the ionic inter-
actions between the drugs and the protein may be a
minor factor in the chiral separation. The retention
of these compounds is affected by electrostatic
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Fig. 3. Effect of pH of the mobile phase on capacity factors. (A) KE and DB: (O) first-eluted enantiomer of KE; (@) second-
eluted enantiomer of KE; ([7) first-eluted enantiomer of DB; (M) second-eluted enantiomer of DB. (B) WA and BE. (O) first-
cluted enantiomer of WA; (@) second-eluted enantiomer of WA; ((J) first-eluted enantiomer of BE; (M) second-eluted enantiomer of
BE. Chromatographic conditions: pH of the mobile phase was as shown in the figure and other conditions were the same as in Fig. 2.
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Fig. 4. Effect of salt concentration in the mobile phase on retention. (A) KE and DB: (@) first-cluted enantiomer of KE; (O)
second-cluted enantiomer of KE; (M) first-cluted enantiomer of DB; ([J) second-eluted enantiomer of DB. (B) WA and BE: (@)
first-eluted enantiomer of WA ; (O) second-eluted enantiomer of WA; (M) first-cluted enantiomer of BE; ([(J) second-eluted enantiomer
of BE. Chromatographic conditions: salt concentration in the mobile phase was as shown in the figure, and ethanol concentrations were
10% (KE), WA), 6% (DB), and 4% (BE); other conditions were the same as in Fig. 2.
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TABLE 111
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EFFECT OF ORGANIC MODIFIERS IN THE MOBILE PHASE ON CAPACITY FACTOR AND ENANTIOSELECTIVITY

k', first-eluted enantiomer; k), second-eluted enantiomer; n = plate number of first-eluted enantiomer. Chromatographic conditions:
mobile phase buffer concentration 50 mM; pH 4.0 (DB), 4.6 (KE, WA), and 5.6 (BE), concentration of organic solvents, 4% (BE), 6%
(DB), and 10% (KE, WA), other conditions were the same as in Fig. 2.

Compound  Solvent k, k&, o R n
KE Methanol 12.35 15.42 1.25 2.01 1576
Ethanol 9.25 10.69 1.16 1.39 1669
1-Propanol 5.50 5.50 1.00 0 695
1-Butanol” - — — — —
2-Propanol 7.00 7.82 1.12 0.87 1158
tert.-Butanol 8.24 9.67 1.17 1.03 903
Acetonitrile 5.82 6.35 1.09 0.79 1705
DB Methanol 18.15 20.92 1.15 1.16 1176
Ethanol 12.28 13.03 1.06 0.65 2383
1-Propanol 6.95 6.95 1.00 0 1493
1-Butanol 5.92 5.92 1.00 0 1921
2-Propanol 9.17 9.60 1.05 0.55 2486
tert.-Butanol  10.43 10.86 1.04 048 3574
Acetonitrile 9.40 9.40 1.00 0 1105
WA Methanol 16.39 32.60 1.99 5.61 851
Ethanol 11.43 18.25 1.60 4.79 1409
1-Propanol 6.23 6.49 1.04 0.40 2487
I-Butanol® - - — — -
2-Propanol 8.33 10.78 1.29 1.92 795
tert.-Butanol  10.04 13.53 1.35 2.21 661
Acetonitrile 7.33 9.57 1.31 2.13 1053
BE Methanol 4.11 6.00 1.46 3.01 1185
Ethanol 3.71 5.36 1.44 2.81 869
I-Propanol 2.53 3.06 1.21 1.76 1445
1-Butanol 2.13 2.24 1.05 0.55 2208
2-Propanol 3.06 424 1.39 2.54 1215
tert.-Butanol 3.46 5.22 1.51 3.12 1258
Acetonitrile 3.57 4.29 1.20 1.25 576

¢ 50 mM KH,PO, (pH 4.6) containing 10% 1-butanol could not used because it was not mixed.

interactions, such as ion exchange and salting-out
effects of the protein.

The effect of organic modifiers in the mobile
phase on the retention and the enantioselectivity was
examined (Table IIT). These results show that the k&’
values of all of the compounds examined decreased
with increasing carbon number of the primary
alcohol, and this agrees well with the data in Table I.
In the case of primary dlcohol solvents, the less
hydrophobic solvents, methanol and ethanol, gave
better R, values than the more hydrophobic sol-
vents, such as 1-propanol and 1-butanol. But in the
case of branched-chain alcohol solvents, such as.

2-propanol and tert.-butanol, this rule did not
necessarily hold. This result was the same as that
obtained with the ovomucoid column [10] and the
conalbumin column [17]. These facts mean that
the chiral separation of protein columns depends
strongly on the kind of organic solvent used.

As described earlier, DB and BE did not give good
resolution with 50 mAM KH,PO, (pH 4.6) contain-
ing 10% ethanol, as shown in Fig. 2D and F. Based
on the above results, we considered that DB and BE
might be effectively resolved by changing the pH
and using a lower concentration of organic solvent.
Indeed, we found that the enantiomers of DB were
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Fig. 5. Chromatograms of (A) DB and (B) BE on a tlavoprotein-
conjugated column. Chromatographic conditions: mobile phase,
(A) 50 mM potassium phosphate buffer (pH 4.0) containing 6%
ethanol, (B) 50 mM potassium phosphate buffer (pH 5.6)
containing 4% tert.-butanol; other conditions were the same asin
Fig. 2.

almost baseline-resolved by elution with 50 mM
potassium phosphate buffer (pH 4.0) containing 6%
ethanol, and its R, value was 1.78, as shown in Fig.
5A. On the other hand, the retention of BE was very
much weaker than those of the other compounds.
Further, the best resolution of BE was obtained at
pH 5.6 in the range pH 3.8-5.6. Finally, elution with
50 mM potassium phosphate buffer (pH 5.6) con-
taining 4% tert.-butanol was found to be the best for
chiral separation; the R, value was 3.12, as shown in
Fig. 5B.

CONCLUSION

In this study, we prepared a new chiral stationary
phase using a flavoprotein for reversed-phase
HPLC, and examined the performance of this
material. The results indicate that the retention and
enantioselectivity are affected by various mobile
phase conditions. The retention may be reflect the
hydrophobic and coulombic interactions between
the solutes and the solid phase. However, these
interactions may not have much effect on the chiral
separation. On the other hand, each compound
requires characteristic conditions for chiral separa-
tion, so this may occur at distinctive chiral recogni-
tion sites that are different from the retention
regions.
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During this investigation, direct chiral separation
of several acidic and neutral compounds was achiev-
ed by reversed-phase HPLC, though the resolution
and optimum conditions for separation varied from
compound to compound. Nevertheless, this materi-
al appears to have great potential for chiral separa-
tion, and further studies are planned to extend its
range of applicability to other clinically used drugs.
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ABSTRACT

Di-N-n-propylamine (DNP) is used in the final step of the synthesis of ropinirole (SK&F 101468-A). Trace impurities in DNP give
rise to significant impurities in the raw drug substances. A high-performance liquid chromatographic (HPLC) method for the trace
analysis of the impurities in DNP was developed and validated. The trace enrichment method uses a simple derivatisation reaction with
oxindole analogous to the final step of the ropinirole synthesis. DNP samples of varying purity were reacted with oxindole and were
used in the preparation of ropinirole. The products were then assayed by the HPLC method. A specific impurity in ropinirole was
shown to correlate well with the product of the reaction with oxindole. From the correlation data a calibration curve was constructed
which enabled a specification for DNP to be determined based on the reaction with oxindole. Thus, the HPLC method could be used to

assess the acceptability of DNP for use in the ropinirole synthesis.

INTRODUCTION

Ropinirole, 4-[2-(dipropylamino)ethyl]-1,3,dihy-
dro-(2H)-indol-2-one monohydrochloride, SK&F
101468-A 1, is a dopamine agonist used in the treat-
ment of Parkinson’s disease. Di-N-n-propylamine
(DNP) is used in 10-fold excess in the last step of the
synthesis of ropinirole [1] as shown in the reaction
below (1).

oTs N(Pr), HC!
NN °
N N
H H
an )
1)
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We developed a sensitive gas chromatography—
mass spectrometry (GC-MS) procedure to deter-
mine the impurity profile of DNP (Fig. 1). How-
ever, trace amounts of unknown impurities in the
DNP can lead to detectable levels of impurities in
the final product. The trace impurities in the reagent
become significant because of the 10-fold excess
used. Different reaction kinetics may also contrib-
ute to the importance of trace impurities. Referenc-
es concerning the determination of impurities in or
purity of DNP are not apparent in the literature.
Using GC and GC-MS techniques, we have not yet
been able to correlate any single impurity in DNP
with impurities that appear in I. Further, we have
shown by GC-MS that propionaldehyde, a suspect-
ed impurity, was absent from a batch of DNP used
in the manufacture of impure I. We would normally
perform a ‘“‘use-test” on a reagent to judge its ac-
ceptability. A use-test is a small scale reaction that
mimics the reaction performed in the manufactur-
ing plant. If the use-test gives product that meets
specification then the reagents may be considered
acceptable. Use-tests on DNP are impractical for

1992 Elsevier Science Publishers B.V. All rights reserved
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Fig. 1. Gas chromatograhic separation of impurities in DNP using electron impact (E1)-MS detection. Column: DB-5, 5% pheny!
methylsilicone 30 m x 0.25 mm. Program: 30°C hold 1 min then ramp to 250°C at 10°C/min. Injection: 1 ul splitless at 200°C.

Flow-rate: helium at 1.0 ml/min. Solvent: dichloromethane.

the following reasons: (1) A number of side reac-
tions with the tosylate precursor II are possible. (2)
Testing a large number of batches by this method is
time consuming. (3) The use-test involves a two-
phase reaction under reflux at 80-85°C and mainte-
nance of an oxygen-free atmosphere throughout the
reaction. DNP is sensitive to oxygen and degrades
upon exposure to air. Oxindole III reacts with the
unknown impurities in DNP to give the derivatisa-

tion products IV and V.

H

/
/
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H

@)

o

H
a1

—
N

The major product is IV, (E)-3-propylidene-1,3-di-
hydro-(2H)-indol-2-one. The amount of IV formed
from the reaction with oxindole is determined by
high-performance liquid chromatography (HPLC)
using an external standard. One of the impurities
that arises in the final step of the ropinirole syn-
thesis is 4-[2-(dipropylamino)ethyl]-3-propylidene-
1,3-dihydro-(2H)-indol-2-one monohydrochloride,
V1. A single batch of DNP may be used in reaction
1 and in reaction 2. In this report we show that the
amount of VI produced in reaction 1 correlates well
with the amount of IV produced in reaction 2. Con-
ditions for reaction 2 were optimised and the HPLC

N(Pr), HCI

Tz
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method used to quantitate IV was validated. Thus,
the model reaction of DNP with oxindole may be
used to assess the quality of DNP for use in the
synthesis of ropinirole.

EXPERIMENTAL

Apparatus

A Grant Model W6 thermostatic bath circulator
(Cambridge, UK) was used to thermostat the reac-
tions and samples. HPLC separations were per-
formed on a Beckman System Gold HPLC appara-
tus (High Wycombe, UK) with either a Model 166
variable wavelength detector or a Model 168 diode
array detector, a Model 126 pump and either a
Model 506 or 507 autosampler. A Jones Chroma-
tography Model 7961 column oven (Hengoed, UK)
was used to thermostat the column. Data collection
and reduction were performed with the Perkin-El-
mer Class 2000 system (Beaconsfield, UK). The
chromatographic separations were performed on a
Kromasil Cg 25 cm X 4.6 mm 1.D. stainless steel
column with 5-um packing (Technicol, Stockport,
UK).

(I
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Reagents

HPLC-grade solvents (Romil Chemicals, Lough-
borough, UK) were used throughout the investiga-
tions. Purified water was obtained from a Milli-Q
water purification system (Millipore, Watford,
UK). DNP was obtained from BASF (Cheadle,
UK). Oxindole was obtained from Merck (Lutter-
worth, UK). Phosphoric acid (AR) was obtained
from Aldrich Chemicals (Gillingham, Dorset, UK).
Ammonium acetate (HPLC grade) was obtained
from Fisons (Loughborough, UK). Standard com-
pound IV and V were prepared using the method of
Tacconi [2] by reacting oxindole with propionalde-
hyde. The E and Z isomers were separated and pu-
rified by flash column chromatography. The ste-
reochemical structures were established using **C
NMR spectroscopy. The coupling constant for *Jcy
was found to be 12.8 &+ 1 Hz for the Zand 5.5 £ 1
Hz for the E isomer. Standard compound VI was
prepared and purified using an in-house method
based on the reaction of oxindole with propionalde-
hyde [3]. The stereochemical structure was estab-
lished using single crystal X-ray crystallography
(SmithKline Beecham Pharmaceuticals, Upper
Merion, PA, USA).

50 1 M
40 +
'
£
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g 307
o~
&
& av)
8 201
1.0 + \ V)
-—/W/\_,\/J VAN
0.0 + + + + + + + + t d
0.0 15 3.0 45 6.0 15 9.0 10.5 12.0 135 15.0

Retention Time (rin)

Fig. 2. Chromatograhic separation of 1V in the oxindole reaction mixture with degraded DNP. Column: 5-ym Kromasil Cg (25 cm x
4.6 mm 1.D.). Mobile phase: 0.05 M ammonium acetate (pH 2.5)-{methanol-acetonitrile (30:70)], (55:45). Detection: 250 nm. Flow-

rate: 1.0 ml/min.
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Methods

Reaction of DNP with oxindole. Oxindole (0.5 g)
was dissolved in 50% aqueous methanol (30 ml) to
give an oxindole stock solution. DNP (200 ul) was
reacted with oxindole stock solution (200 ul) in
50% aqueous methanol (total volume 25 ml). Reac-
tion time and reaction temperature were varied to
obtain a rapid reaction and good stability of the
product.

Chromatographic determination of IV. Solvent A
was prepared by dissolving ammonium acetate
(3.85 g) in water (1000 ml) and adjusting the pH to
2.5 with phosphoric acid. Solvent B was prepared
by mixing acetonitrile (700 ml) with methanol (300
ml). The solvents were filtered and degassed before
use. An isocratic program (45% solvent B) was per-
formed for 15 min using a 1.0 ml/min flow-rate and
UV detection at 250 nm. Oxindole reaction solution
(10 ul) was injected on to the pre-equilibrated col-
umn at 40°C in duplicate. A typical chromatogram
is shown in Fig. 2. A standard solution of IV was
prepared by dissolving 500 ug in 100 ml of 50%
aqueous methanol and chromatographed.

The weight in ug of IV formed per g of DNP was
determined using the equation:

APV,

ug of IV per g DNP = RVD

where:

A = average area under the peak of compound
IV in the sample chromatogram

P = purity of reference standard of compound
IV expressed as a decimal fraction

= (.982 for the current standard

V, = volume of reaction solution (25 ml)

R = average response factor of compound IV
from the chromatograms of standard solu-
tion [area/concentration (ug/ml)]

D = density of DNP (0.74 g/ml)

V = volume of DNP used in the reaction (0.2

ml)

Preparation of DNP of varying purity. DNP was
rendered impure by refluxing in air for 18 h. DNP
was purified by refluxing with oxindole in the ab-
sence of air then distilling. DNP mixtures of pure
and impure samples were prepared volumetrically
to give reagent with varying purity. The samples
were mixed in volume ratios pure:impure of 100:0,
75:25, 50:50, 25:75 and 0:100.

S. D. McCrossen et al. | J. Chromatogr. 623 (1992) 229-235

Reaction of DNP with II. DNP of varying purity
(10.5 ml, prepared as described above) was mixed
with II (2.5 g) and water (18 ml). The mixture was
thoroughly degassed with nitrogen, then heated at
reflux for two hours. The mixture was then acidified
with concentrated HCI to pH 1 and cooled under
nitrogen to give ropinirole in solution. The whole
was then diluted quantitatively to 100 ml with ace-
tonitrile-water (70:30). A solution for analysis was
prepared by diluting a 5-ml aliquot to 100 ml with
16% solvent B in water.

Chromatographic determination of VI in I. The
same column and conditions as for the chromato-
graphic determination of IV were used. An isocratic
elution by 16% solvent B for 16 min was followed
by a linear gradient to 80% solvent B over 20 min.
Ten ul of the solution for analysis prepared as de-
scribed above were injected in duplicate. The chro-
matogram obtained from one solution is shown in
Fig. 3. The concentration of VI is expressed as a
peak area ratio relative to the peak area for I. This
method has been fully validated in terms of linea-
rity, precision, peak homogeneity, and ruggedness.
The limit of detection of VI in 1is 0.01 area %.

RESULTS

Kinetics of reaction between DNP and oxindole

The course of the reaction was followed by sam-
pling a reaction mixture at regular intervals and de-
termining the content of IV by HPLC.

The reaction proceeds at room temperature but is
unacceptably slow. The effect of varying the tem-
perature on the kinetic profile is shown in Fig. 4. At
30°C the reaction was not complete until about 8 h.
At 40°C significant decomposition of the product
was detected by a reduction in peak area at 6 h. At
35°C the reaction is complete after 5 h with some
decomposition detected after about 6 h. Thus reac-
tion for 5 h at 35°C was chosen as optimal.

Reaction mixtures were chromatographed within
30 min of completion of reaction. The stability of
the reference standard IV was tested in aqueous
methanol at room temperature by monitoring the
UV absorbance at 250 nm over a 16-h period. The
results showed that IV in 50% aqueous methanol
was unstable and that standard solutions need to be
used within 6 h of preparation.
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Fig. 3. Chromatograhic separation of impurities in 1 prepared by reaction with degraded DNP. Column: 5-ym Kromasil Cy(25cem x
4.6 mm 1.D.). Mobile phase A: 0.05 M ammonium acetate, pH 2.5. Mobile phase B: methanol-acetonitrile (30:70). Gradient program:
16% B (16 min) then 16% B to 80% B (20 min). Detection: 250 nm. Flow-rate: 1.0 ml/min.

Linearity of response

The linearity of response of IV was determined.
A stock solution of the reference standard of IV
(approximately 500 ug per ml) was prepared and
serially diluted to give five solutions with a concen-
tration range between 0.5 and -5.0 ug/ml. The solu-
tions were chromatographed according to the meth-
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Fig. 4. Kinetic profile of oxindole reaction at 30 (CJ), 35 (® ) and
40°C. (O).

od. A plot of area versus concentration of IV gave a
straight line. The least squares fit of the data gave
the equation

area = (3.784 + 0.009) - '10* - concentration (ug/
ml) + (31 + 260)

The correlation coefficient is 1.000. The intercept is
not significant.

Peak homogeneity

The purity of the chromatographic peak of 1V
was determined by diode array spectroscopy. A
sample of DNP was reacted and chromatographed
according to the method. The UV spectrum of the
eluent from the chromatographic run was recorded.
Analysis of the chromatographic peak of IV
showed it to be pure with respect to other compo-
nents with different ultraviolet spectra.

Limit of detection

The limit of detection for the method was deter-
mined from a chromatogram of a standard IV solu-
tion. The limit of detection defined as the concen-
tration of analyte that gives a peak height equal to
three times the baseline noise was determined as
0.02 ug/ml.
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Precision .

The reproducibility of the procedure was- tested
by performing five. determinations over two-sepa-
rate days on the same DNP sample. For each deter-
mination the reaction with oxindole was performed
and -the -amount- of IV .produced was determined.
The results for day one in units of ug IV produced/g
DNP were 144.4,.152.0, 153.7, 152:1, and 154.4; for
day. two, they were 142.2, 153.1, 149.0, 145.8, and
149.9. The mean for day one was 151.3 with a stan-
dard deviation of 4.0; the mean for day two is 148.0
with a standard deviation of 4.1. There is no signif-
icant difference between the means of the two days
(= 0.05)..

Correlation data

The five'samples of DNP of varying quality were
reacted with oxindole. The same samples.of DNP
were reactéd with IT at the same time. The products
were analysed according to the methods described
hetre. The'amount of IV formed in the reaction with
oxindole was directly proportional to the purity of
the DNP. A plot of the data is shown in Fig. 5. The
equation of the least squares fit of the data is

ug IV formed/g DNP = (7.55 + 0.34) - purity +
(57 £ 21)

where purity is expressed as % impure DNP in re-
agent. The correlation coefficient is 0.994. The
amount of VI formed in the reaction with II also

800 y
o~ a
z ]
g 600
Gl
®
2
T
£ 400 1
E .
S
=
2
200 1
Y
0 T T T T
0 20 40 60 80 100

DNP Purity
(% Impure DNP in reagent)

Fig. 5. Plot of IV formed from the reaction of oxindole with
DNP of varying purity.
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Fig. 6. Plot of VI formed from the reaction of 11 with DNP of
varying purity. The concentration of V1 is expressed as a peak
area ratio relative to-the peak area for L

was directly proportional to the purity of the DNP.
A plot of the data is shown in Fig. 6. The equation
of the least squares fit of the‘data is.

area % VI = (9.94 £ 0.72) - 1073 - purity + (0.076
+ 0.044)

where purity is expressed as % impure DNP in re-
agent. The correlation coefficient is 0.985. Since the
two sets of data were generated from the same five
DNP samples, one set of data may be plotted
against the other. Fig. 7 shows area % of VI plotted

12
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0 200 400 600 800
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Fig. 7. Correlation of compounds 1V formed to area % VI for
reaction with DNP of varying purity.
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as a function of ug I'V*formed/g DNP. The least
squares fit of the data is

area % of VI = (1.31 + 0.12) - 1073 - ug IV
formed/g DNP + (0.006 % 0.060)

The correlation coefficient is 0.976.

A specification for DNP, in terms of IV formed
from the oxindole reaction, was established using
Fig. 7. DNP not satisfying the specification could
thus be rejected for use in the synthesis of ropini-
role. DNP should be used as soon as practicable
after testing, since DNP will degrade upon exposure
to air.

CONCLUSION

An unknown trace impurity or impurities in
DNP lead to the formation of an unwanted impuri-
ty in the drug substance ropinirole. A simple model
reaction of oxindole with impurities in DNP was
shown to produce a product analogous to the impu-
rity in ropinirole and the kinetics of the model reac-
tion were optimised. An HPLC procedure to quan-
titate the products of the model reaction was devel-

235

oped and validated. The method was shown to be
linear over the concentration range of interest, spe-
cific and sensitive. The amount of product in the
model reaction was shown to correlate with the im-
purity in ropinirole to levels below 0.1% when the
same batch of DNP was used in both reactions.
Therefore, the model reaction and the correspond-
ing HPLC procedure can be used to determine the
acceptability of DNP for use in the ropinirole syn-
thests.
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ABSTRACT

o-Phthalaldehyde in combination with D-3-mercapto-2-methylpropionic acid is described as a chiral reagent for the enantiosep-
aration of amino compounds. The reagent was applied to the optical resolution of a-amino acids, a-alkyl-a-amino acids, a-amino acid
amides, a-alkyl-a-amino acid amides, f-amino alcohols and $-alkyl-f-amino alcohols. Separation of the diastereomers was carried out
by reversed-phase chromatography and the derivatives were detected fluorimetrically. The diastereoselectivity obtained was compared
with that of other commercially available chiral thiols. The rate of the reaction of various amino compounds with o-phthalaldehyde~
D-3-mercapto-2-methylpropionic acid was studied, together with the stability of the derivatives obtained. Application of the method to
the enantioseparation of chiral monofunctional amines was demonstrated by using a-methylbenzylamine as a model compound. The
method described offers good enantioselectivity combined with high sensitivity for various chiral amino compounds derived from

chemo-enzymatic processes.

INTRODUCTION

o-Phthalaldehyde (OPA) in combination with a
thiol compound is a widely used reagent for high-
performance liquid chromatographic (HPLC) anal-
ysis of amino compounds. By using an optically ac-
tive thiol compound, e.g., N-acetyl-L-cysteine
(NAC), in the OPA reaction, it was shown that this
reaction is applicable to the enantiomeric analysis
of amino compounds [1]. Since then, several chiral
thiols have been employed in the OPA reaction,
e.g., N-acylated cysteines [2-7], thiosugars [8-10],
neomenthylthiol [11] and captopril [7]. In addition
to use with protein a-H-a-amino acids, the applica-
bility of the OPA-chiral thiol approach has been
demonstrated for a large number of amino com-
pounds, e.g., a-alkyl-g-amino acids [12-15], a-ami-
no acid amides [12,14], a-amino carboxylic esters

Correspondence to: Dr. A. L. L. Duchateau, DSM Research,
Department FA, P.O. Box 18, 6160 MD Geleen, Netherlands.

0021-9673/92/$05.00 ©

[12], B-amino alcohols [4,10,16], a-hydroxymethyl-
o-amino acids {17] and non-protein o-H-¢-amino
acids [6,12,18-20). Most of the separations have
been performed by reversed-phase chromatogra-
phy, but in some studies the diastereomeric adducts
were separated by means of ligand-exchange chro-
matography [14,16,21,22].

An important aspect when employing the OPA-
chiral thiol reaction for enantiomeric amines is how
the chemical structure of the thiol influences the
diastereoselectivity observed for the isoindole ad-
ducts. For OPA—-N-acylcysteine derivatives, intra-
molecular interactions between the carboxylic
group of the cysteine part and the isoindole nitro-
gen may give rise to the diastereoselectivity ob-
tained [23]. However, this mechanism cannot be ap-
plied for, e.g., neomenthylthiol.

Employing chiral thiols with different chemical
structures in the OPA reaction may therefore lead
to a better understanding of the structure require-
ments for the isoindole adducts to improve the dia-

1992 Elsevier Science Publishers B.V. All rights reserved
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stereoselectivity. The aim of this study was to eval-
uate the use of D-3-mercapto-2-methylpropionic
acid (MMPA) in the OPA reaction for the enantio-
separation of chiral amines and to compare the
diastercoselectivity obtained with that of other
commercially available chiral thiols.

The OPA-MMPA reaction was applied to the
enantioseparation of various amino compounds
from chemo-enzymatic processes, ie., o-amino
acids (AAs), a-alkyl-a-amino acids (a-alkyl-a-AAs),
a-amino acid amides (AAs-NH,), a-alkyl-a-amino
acid amides (¢-alkyl-a-AAs-NH,), B-amino alco-
hols and f-alkyl-f-amino alcohols.

EXPERIMENTAL

Materials

AAs,N-acetyl-pD-penicillamine (NAP)and 2,3,4,6-
tetra-O-acetyl-1-thio-f-glucopyranoside (TATG)
were obtained from Sigma (St. Louis, MO, USA).
AAs-NH,, oa-alkyl-a-AAs, oa-alkyl-a-AAs-NH,,
f-amino alcohols and p-alkyl-B-amino alcohols
were synthesized in our laboratory [24). For each
amino compound, both the racemic.form and at
least one optically pure enantiomer were available.
N-tert.-Butyloxycarbonyl-L-cysteine (Boc-Cys), N-
isobutyryl-L-cysteine (i-But-Cys) and p-S-acetyl-3-
mercapto-2-methylpropionic acid (supplier’s name:
D-S-acetyl-f-mercaptoisobutyric acid) were pur-
chased from Novabiochem (Laufelfingen, Switzer-
land). N-Acetyl-L-cysteine (NAC) and o-methyl-
benzylamine were obtained from Janssen (Beerse,
Belgium). OPA and HPLC-grade methanol and
acetonitrile were supplied by Merck (Darmstadt,
Germany). Water was purified with a Milli-Q sys-
tem (Millipore). All other chemicals were of analyt-
ical-reagent grade.

Instrumentation

The chromatographic system consisted of a
Hewlett-Packard (Palo Alto, CA, USA) Model
1090 liquid chromatograph and a Gilson Model
231-401 autosampling injector for derivatization
and injection. The injection loop had a 20-ul capac-
ity. The columns used were Nucleosil-120-C, 5 (250
x 4.0 mm 1.D., 5 um, for isocratic elution, and 250
x 4.0 mm I.D., 3 um, for gradient elution). The
flow-rate was 1 ml/min and and the column temper-
ature was kept at 40°C.
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The derivatives were monitored with a Waters
(Milford, MA, USA) Model 420 fluorescence de-
tector. For excitation a 338-nm band-pass filter was
used, and for emission a 415-nm long-pass filter was
chosen. Quantification was performed with a Hew-
lett-Packard Model 3350 laboratory automation
system.

H NMR analysis was performed with a Bruker
(Karlsruhe, Germany) AM 400 instrument. Spectra
were recorded at 400 MHz and samples were dilut-
ed with H,0. For LC-mass spectrometry (MS), a
Finnigan MAT TSQ-70 triple quadrupole mass
spectrometer equipped with a thermospray inter-
face (Finnigan MAT, San José, CA, USA) was
used. MS analysis was performed using chemical
1onization with gaseous ammonia [25].

A Waters Model 481 UV detector was used for
detection at 210 nm.

Eluent, reagent and derivatization procedure

The mobile phase consisted of 50 mM sodium
acetate buffer, titrated to pH 6.0 with acetic acid.
For isocratic runs, the concentration of methanol in
the mobile phase was as indicated in the Tables.

The OPA reagent was prepared by dissolving 60
mg of OPA in 3 ml of methanol and 15 ml of 0.4 M
sodium borate buffer (pH 9.4). The MMPA reagent
was prepared by dissolving 6.5 mg of nD-S-acetyl-3-
mercapto-2-methylpropionic acid per ml of 1 M so-
dium hydroxide solution. The solution was stirred
for 10 min at room temperature. The MMPA solu-
tion thus obtained was titrated to pH 7.0 with phos-
phoric acid solution. For the other thiols used in
this study, 25 mM solutions were prepared in wa-
ter—methanol (1:1, v/v) except TATG, which was
dissolved in methanol. The amino compounds stud-
ied were dissolved in water.

Derivatization was performed automatically with
a Gilson Model 231-401 system. The following vol-
umes were mixed: 75 ul of sample solution, 300 ul of
OPA reagent and 30 ul of thiol reagent. After at
least 2 min (30 min for a-alkyl compounds) at room
temperature, an aliquot of the reaction mixture was
injected into the chromatographic system.

For LC-thermospray MS, the eluent consisted of
a 10 mM solution of formic acid and acetonitrile.
Analysis was performed using a gradient from 0 to
,60% acetonitrile in 30 min.
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Chemical and optical purity of MMPA reagent

The chemical purity of the MMPA reagent was
studied by HPLC-UYV detection, LC—thermospray
MS and ‘H NMR. HPLC-UV analysis of the
MMPA solution, prepared by base-catalysed hy-
drolysis of the S-acetyl precursor, showed the ab-
sence of the precursor and the presence of acetate, a
large peak at retention time (fg) = 14 min and a
minor peak at g = 22 min. Using the same elution
conditions, the MMPA solution was studied by
LC-thermospray MS. The mass spectrum of the
compound at fx = 14 min showed several charac-
teristic mass peaks for MMPA : [M + NH,]* (m/z
= 138), [M + NH, + CH;3CN]* (m/z = 179) and
[PM + NH,]* (m/z = 258, 378,498 forn = 2,3
and 4, respectively). The latter type of ions prob-
ably result from intermolecular associations of
MMPA molecules in the MS source. MS analysis of
the compound at #x = 22 min showed typical mass
peaks of MMPA disulphide : [MH]* (m/z = 239),
[M + NH,]" (m/z = 256) and [MH — H,0]" (m/z
= 221).

'H NMR analysis of the MMPA solution
showed characteristic resonances for MMPA and
its disulphide form: ¢ 2.55 (m, 2H), 2.40 (m, 1H)
and 1.06 (d, 3H) for the main product, i.e., MMPA,
and 6 2.77 (m, 2H) and 1.09 (d, 3H) for the second-
ary compound, i.e., MMPA disulphide (the CH was
obscured by other resonances).

From the 'H NMR data the concentration of
MMPA and its disulphide form were calculated.
The concentration of the MMPA disulphide was
10% of that of MMPA. As the disulphide form
does not react with OPA, the presence of this com-
pound in the MMPA reagent will not influence the
analysis. The concentration of MMPA was 21 mAM.

With respect to the initial concentration of b-S-
acetyl-3-mercapto-2-methylpropionic acid, a con-
version of 85% was found. The stability of the
MMPA reagent at pH 7 was evaluated and a de-
crease of < 10% was found after 34 h. According to
the supplier, the optical purity of p-S-acetyl-3-mer-
capto-2-methylpropionic acid was >98%. After
hydrolysis, the optical purity of the resulting
MMPA was measured using the “reverse’” OPA re-
action with L-Val (optical purity 99.9%) as chiral
selector. The value found for MMPA was 98.7%.
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Comparison of MM PA with other chiral thiols

The spectroscopic and chromatographic proper-
ties of MMPA were compared with those of five
other commercially available thiols. For this inves-
tigation, Val was used as the test compound. The
data obtained are given in Table I. The excitation
spectra of the derivatives showed two maxima: one
below 300 nm and the other, given in Table I, above
300 nm. The excitation wavelengths obtained for
the six thiol derivatives were nearly identical. The
emission spectra of the OPA derivatives of MMPA,
i-But-Cys, Boc-Cys and NAC showed maxima in
the 443—454-nm region, whereas the derivatives of
NAP and TATG showed maximum fluorescence at
412 and 414 nm, respectively. With respect to the
chromatographic properties of the chiral thiols, i-
But-Cys gave the highest ¢-value among the N-acyl-
cysteines tested. A comparable value was found for
TATG. MMPA, however, gave the highest o-value
for the whole series.

The detection limit for the first eluting valine
enantiomer, based on a signal-to-noise ratio of 3,
was compared for four thiols at A.,. = 338 nm and
Aem > 415 nm. The values found for MMPA, i-But-
Cys, Boc-Cys and NAC were 2.0, 2.8, 3.7 and 2.3
pmol, respectively.

Enantioselective analysis

The reaction of OPA and MMPA with AAs,
AAs-NH,, f-amino alcohols and the corresponding
alkylated compounds yielded highly fluorescent de-

TABLE 1

SPECTROSCOPIC AND CHROMATOGRAPHIC PROPER-
TIES OF OPA DERIVATIVES OF VALINE WITH VARI-
OUS CHIRAL THIOLS

For conditions, see Experimental.

Chiral thiol Excitation Emission k' o
maximum (nm) maximum (nm)

MMPA 331 454 1.82 2.10
i-But-Cys 333 445 1.41 1.62
TATG 329 414 1545 1.60
Boc-Cys 332 444 401 1.50
NAP 330 412 1.42 1.09
NAC 332 443 0.72 1.30

¢ Capacity factor of the first-eluted diastereomer; concentration
of methanol in the mobile phase is 45% (v/v).
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Fig. 1. Proposed structures for the diastereoisomeric adducts
formed in the reaction of OPA-MMPA with (I) AAs, (1) AAs-
NH,, and (IIT) f-amino alcohols. R, = H or alkyl; R-= residue
of the amino compound.

rivatives, which are assumed to be analogous to the
adducts from the OPA-mercaptoethanol reaction
[26] (Fig. 1).

In our investigation of the OPA—-MMPA reaction
for amino compounds, the corresponding OPA-
NAC derivatives were used for comparison. In Ta-

TABLE 11
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ble 11 the data for the OPA-MMPA derivatives of
several AAs and «-alkyl-a-AAs are presented. Us-
ing MMPA as chiral selector, enantioseparation
could be obtained for all the protein AAs listed. The
highest a-values were obtained for the aliphatic
AAzs, ie., Leu, Ile and Val. Compared with NAC,
the use of MMPA resulted in higher a-values for all
the AAs tested, except Trp, where equal perform-
ance was obtained. To illustrate the resolution ob-
tained with MMPA, the enantioseparation of a
standard mixture, composed of the non-chiral Gly
and seventeen DL pairs of protein AAs, is shown in
Fig. 2. Under the conditions employed, all the
enantiomeric pairs and Gly could be separated in a
single gradient run (p-Ile and L-Val are eluted to-
gether). In contrast with NAC, the elution order of
the OPA-MMPA derivatives of the AAs was D be-
fore L in all instances. The OPA-MMPA deriva-

CAPACITY FACTORS (k') AND SELECTIVITIES («) OF. OPA-L-NAC AND OPA-pD-MMPA DERIVATIVES OF AA COM-

POUNDS

For chromatographic conditions, see Experimental.

AA Reagent
OPA-L-NAC OPA-D-MMPA
Methanol® k't o Methanol® k't «

Ala’ 30 1.00 1.19 35 1.31 1.49
Asp 10 0.27 1.33 15 0.80 1.37
Ser 5 4.88 1.00 10 5.84 1.31
Thr 10 5.14 1.15 15 6.90 1.80
His 30 0.30 1.00 35 0.73 1.11
Tyr 30 1.62 1.27 35 1.31 1.34
Val 40 1.48 1.28 45 1.82 2.10
Met 40 1.85 1.05 45 1.51 1.64
Ile 40 2.84 1.29 45 2.87 2.13
Phe 40 .2.36. 1.04 45 2.25 1.47
Leu 40 4.58 1.07 45 3.72 1.80
Lys 40 12.28 1.00 45 12.10 1.56
Gin 30 0.16 1.00 35 0.23 1.53
Trp 40 1.42 1.41 45 1.30 1.40
Arg 25 0.64 1.00 30 1.66 1.37
Asn 10 2.13 1.05 15 2.62 1.32
Glu 10 1.17 1.00 15 1.67 1.60
a-Ph-Gly 40 2.14 1.10 45 2.38 1.40
a-Me-Val 40 245 1.15 45 6.60 1.34
a-Me-Leu 40 441 1.04 45 4.52 1.15
a-Me-Phe 35 9.07 1.09 40 8.63. 1.20
a-Me-a-Ph-Gly 40 3.13 1.08 45 3.76 1.07

7 Percentage of methanol in the mobile phase.
b Capacity factor of the first-eluted diastereomer.
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Fig. 2. Enantioseparation of an amino acid standard mixture consisting of seventeen pairs of AAs and the non-chiral Gly- Mobile
phase: (A) 50 mM sodium acetate buffer (pH 6.0); (B) acetonitrile; gradient: 100% A, 0-10 min; 0-37.5%, 10-110 min. For other

conditions, see Experimental.

tives of a-alkyl-a-A As (Table I) showed lower a-val- The k' and a-values for the OPA-MMPA and
ues than the corresponding AAs. Compared with OPA-NAC derivatives of AAs-NH, and a-alkyl-a-

NAC, equal or better enantioselectivity was ob- AAs-NH; are given in Table III. For all the AAs-
tained with MMPA. NH, investigated, enantioseparation occurred with

TABLE III
CAPACITY FACTORS (k') AND SELECTIVITIES (¢) OF OPA-L-NAC AND OPA-p-MMPA DERIVATIVES OF «-AA-NH,

COMPOUNDS

For chromatographic conditions, see Experimental.

AA-NH, Reagent

OPA-L-NAC OPA-p-MMPA

Methanol® k'? o Methanol® k'® o
Val-NH, 40 4.88 1.17 45 11.26 1.48
Ala-NH, 30 2.87 1.21 35 4.46 1.42
Leu-NH, 40 10.70 1.18 45 11.46 1.51
Ser-NH, 10 13.44 1.13 15 22.40 1.25
Phe-NH, 40 11.35 1.00 45 9.55 1.33
a-Ph-Gly-NH, 40 6.15 1.11 45 7.88 1.32
o-Me-Val-NH, 40 4.81 1.23 45 5.46 1.06
o-Me-Leu-NH, 40 8.69 1.10 45 10.00 1.03
a-MePhe-NH, 35 20.53 1.22 40 20.43 1.06

@ See Table II.
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MMPA as selector. Analogously to the AAs, the
highest «-values were obtained for the aliphatic
AAs-NH,, ie., Val-NH, and Leu-NH,. The ¢-val-
ues obtained for the OPA-MMPA derivatives of
the AAs-NH, are lower than those of the corre-
sponding AAs. With respect to the elution order of
the AAs-NH,, the p-form always eluted before the
L-form with MMPA, whereas for NAC both bL and
LD orders occurred. As can be seen in Table 111, the
enantioselectivity obtained for OPA-MMPA deriv-
atives of AAs-NH,; is higher in all instances than for
the OPA-NAC derivatives. With MMPA as select-
or, lower a-values were obtained for the a-alkyl-o-
AAs-NH; in comparison with the AAs-NH,.

The results for MMPA and NAC as selector for
the enantioseparation of f-amino alcohols and the
alkylated analogues are presented in Table I'V. Us-
ing MMPA, resolution of the enantiomers could be
obtained in all instances. For the f-amino alcohols
tested, the elution order was D before L. Analogous-
ly to the AAs and AAs-NH,, the alkylated ana-
logues of the f-amino alcohols showed a lower
enantioselectivity. For the whole series of amino al-
cohols, MMPA proved to be a better selector than
NAC.

The rates of derivative formation of OPA-~
MMPA with an AA, AA-NH,, a-alkyl-a-AA, o-al-
kyl-a-AA-NH, and B-amino alcohol were studied
as a function of the reaction time. The results are
presented in Fig. 3. In the two graphs, the molar
fluorescence intensity for p-Val, L-Val-NH,, L-Me-

TABLE 1V
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Val, D-Me-Val-NH; and L-Val-ol are shown at dif-
ferent reaction times. For p-Val, L-Val-NH, and
L-Val-ol, maximum fluorescence was reached with-
in 3 min, whereas L-Me-Val and pD-Me-Val-NH,
reached their maximum after 30 min. The difference
in reaction rate between a-alkyl-a-amino com-
pounds and the corresponding «-H analogues has
also been observed for OPA in combination with
other thiol compounds [14,27-29]. An explanation
for this phenomenon may be steric hindrance of the
a-alkyl substituent in the nucleophilic attack of the
amine on the carbonyl function of OPA.

After their plateau value had been reached, a
comparison of the molar fluorescence intensity of
the compounds studied was performed. It was
found that the molar fluorescence intensity in-
creased in the order L-Val-ol > p-Val > L-Me-Val
> D-Me-Val-NH, > L-Val-NH,. The stability of
the derivatives investigated can be seen from the
right part of the graphs in Fig. 3. For up to 5 h, the
derivatives of D-Me-Val-NH,, L-Me-Val and L-Val-
NH, show excellent stability. For D-Val, a slight
decrease in the fluorescence with time is observed,
i.e., 1%/h. L-Val-ol formed an unstable derivative
with OPA-MMPA; after 5 h only 10% of the initial
fluorescence response was left. The alcohol func-
tionality may play an important role in the instabil-
ity of the derivative formed, as degradation of
OPA-thiol adducts of S-amino alcohols has also
been noted in other studies [4,10]. However, a pos-
sible degradation route for f-amino alcohols can-

CAPACITY FACTORS (k") AND SELECTIVITIES (x) OF OPA-L-NAC AND OPA-D-MMPA DERIVATIVES OF -AMINO

ALCOHOLS

For chromatographic conditions, see Experimental.

f-Amino Reagent
alcohols

OPA-L-NAC OPA-p-MMPA

Methanol” k't o Methanol® k't o
Val-ol 40 8.53 1.04 45 11.60 1.27
Phe-ol 45 7.11 1.08 50 6.58 1.26
B-Me-Val-ol 45 10.09 1.21 50 7.98 1.38
a-Ph-Gly-ol 40 10.40 1.02 45 11.64 1.27
a-Me-Val-ol 45 4.75 1.03 50 4.86 1.21
a-et-Phe-ol 45 14.80 1.00 50 14.32 1.05

*b See Table 11.
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Fig. 3. Molar fluorescence response of the OPA-MMPA derivatization as a function of reaction time for (V) »-Me-Val-NH, (Me =
methyl), (O) L-Me-Val, (A) p-Val, (©) L-Val-NH, and (0O) L-Val-ol. The molar excess of OPA and MMPA ‘was 100-fold and 10-foid,

respectively, with respect to the compounds studied.

not be deduced from degradation mechanisms de-
scribed earlier for isoindoles [30,31].

In our search for applications of the OPA-
MMPA reaction, we noted that the OPA-chiral
thiol approach has not been reported for mono-
functional amines, i.e., compounds possessing no
other heteroatom apart from the primary amino
group. As we were interested in the question of
whether OPA-MMPA could be applied to this type
of chiral amine, we selected a-methylbenzylamine as
a model compound. Using the OPA-MMPA re-
agent, enantioseparation of racemic a-methylben-
zylamine could be obtained (Fig. 4). Compared
with other a-substituted benzylamines used in this
study, i.e., a-Ph-Gly-ol, a-Ph-Gly-NH; and «-Ph-
Gly, the following ranking for the enantioselectivity
can be made: ¢-Ph-Gly (COOH substituent; o =
1.40) > o-Ph-Gly-NH, (CONH, substituent; o =
1.32) > a-Ph-Gly-ol (CH,OH substituent; o =
1.27) > a-methylbenzylamine (methyl substituent;
o = 1.07).

The higher enantioselectivities obtained for «-Ph-
Gly, a-Ph-Gly-NH, and «-Ph-Gly-ol compared
with a-methylbenzylamine may be attributed to the
type of a-substituent. Both the amino acid and ami-
no acid amide and amino alcohol possess a-sub-

stituents that are capable of forming intramolecular
hydrogen bonds. As this type of bond may play an
important role in the diastercoselectivity obtained
for the isoindole. derivatives, the absence of this
bonding site in a-methylbenzylamine may explain
the low a-value observed.

—= Time (min)

0 30 60

Fig. 4. Chromatogram of the OPA-MMPA derivatives of (R, S)-
a-methylbenzylamine.. Mobile phase: 50 mM sodium acetate
buffer (pH 6.0)-methanol (55:45, v/v). For other conditions, see
Experimental.
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Fig. 5. Chromatogram of a sample from L-Val synthesis. Mobile
phase, 50 mM sodium acetate buffer (pH 6.0)-methanol (55:45,
v[v); flow-rate, 2 ml/min; temperature, 50°C. For other condi-
tions. see Experimental.

Quantitative analysis

For most of the compounds studied, the dia-
stereomeric OPA-MMPA derivatives exhibited dif-
ferent specific fluorescence intensities. Differences of
up to 25% were obtained for some AAs-NH,.
Therefore, quantitative measurements were made
by comparing the peak areas of compounds of the
same enantiomeric form.

As an example of the linearity and precision of
the method, these data are given for Val. The linea-
rity of the amount versus response relationship was
established over the range 4-67 pmol for each of the
enantiomers. Linear regression analysis from the
calibration graphs indicated that the correlation
coefficient was 0.9999 for both enantiomers. The
within-run precisiofr of the assay gave a relative
standard deviation < 2% (n = 5; 67-pmol level)
and < 4% (n = 5; 4-pmol level) for both
enantiomers.

As an application, a representative chromato-
gram of a sample from a chemo-enzymatic reaction
performed on laboratory scale is given in Fig. 5.

CONCLUSIONS

It has been demonstrated that with the use of
MMPA in combination with OPA, good enantiose-
lectivity can be obtained for a broad range of amino
compounds. As optically pure MMPA can be read-

A. L. L. Duchateau et al. [ J. Chromatogr. 623 (1992) 237-245

ily obtained from the commercially available S-ace-
tylated analogue by simple hydrolysis, it may prove
to be a valuable selector in other studies on the
enantioselective analysis of chiral amino com-
pounds.
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ABSTRACT

Chromatographic methods that allow the separation of adducts of purine nucleoside 3'-phosphates with the pure enantiomers of the
anti-dihydrodiol epoxide of benzo[a]pyrene are developed. The optimization procedure includes evaluation of the effect of buffer
molarity, the pH of the buffer, and the role of organic modifiers. The method can be utilized to prepare standards with known absolute
configuration that can be further used in the Randerath 32P-postlabeling procedure.

INTRODUCTION

The potent mutagen and carcinogen benzo[a]py-
rene (BP) is a widely spread environmental pollu-
tant that is also present in cigarette smoke and cer-
tain working environments [1,2]. It is generally be-
lieved that BP, like many other carcinogens, induces
cancer by causing heritable changes in the genetic
material of the cell. Of various methods available
for monitoring polycyclic aromatic hydrocarbon
DNA adducts in biological systems, the Randerath
32p-postlabeling method [3] is perhaps the most
widely used at present. In order to enhance the util-
ity of this method, we sought to prepare markers of
the various adducts of purine deoxyribonucleoside
3’-phosphates that might arise from the key DNA-
binding metabolite of BP, the anti-7,8-dihydrodiol
9,10-epoxide [4-12]. The various products that can
arise are shown in Fig. 1 where it can be seen that a
single reaction gives rise to a pair of cis-trans iso-

Correspondence to: Dr. K. Peltonen, Institute of Occupational
Health, Topeliuksenkatu 41 aA, SF-00250 Helsinki, Finland
(present address).
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mers. The development of separations for these iso-
mers is described in the present paper. The isomers
are hybrid molecules with both lipophilic and hy-
drophilic components and, therefore, were neither
separable by the chromatographic procedures usu-
ally used for normal nucleotides [13-15] nor by the
reversed-phase procedures, without buffer or salts,
usually used for hydrocarbon—-nucleoside adducts
[16-19].

EXPERIMENTAL

Chemicals

Acetonitrile, tetrahydrofuran and methanol (J. T.
Baker, Phillipsburg, NJ, USA) were HPLC grade.
Potassium hydrogenphosphate, potassium hydrox-
ide (Sigma, St. Louis, MO, USA) and acetone (J. T.
Baker) were all analytical-grade reagents. The water
used in buffers and eluents was double-distilled.
Racemic anti-benzo[a]pyrene-7,8-dihydrodiol 9,10-
epoxide was obtained from the NCI Chemical Car-
cinogen Repository (Kansas City, MO, USA) and
used as a freshly prepared solution (1 mg/ml) in
acetone. Both (+)- and (—)-anti-benzo[a]pyrene-

1992 Elsevier Science Publishers B.V. All rights reserved
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Fig. 1. Structures of adducts formed in reaction of each enantiomer of the anti-dihydrodiol epoxide of BP (BPDE) with the exocyclic

amino groups of either deoxyguanosine (dG) or deoxyadenosine (dA) 3'- or 5’-phosphates. Each reaction results in both cis and trans
opening of the epoxide ring.
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dihydrodiol epoxides were purchased from Chem-
syn Science Labs. (Lenexa, KS, USA) as solutions
(0.7 mg/ml) in tetrahydrofuran—triethylamine (19:1,
v/v). All unmodified nucleotides were purchased
commercially and utilized as solutions in 0.1 M Tris
buffer, pH 7.0 (40 and 10 mg/ml for the 5'- and
3’-phosphates, respectively).

Apparatus

The HPLC system consisted of a Hewlett-Pack-
ard Model 1090 equipped with a diode-array detec-
tor (Hewlett-Packard, Rockville, MD, USA). Ul-
traviolet spectra were also recorded off-line on a
Milton Roy Spectronic 3000 diode-array spectro-
photometer (Milton Roy, Durham, NC, USA) and
circular dichroism (CD) spectra were recorded on a
Jasco J-500A spectropolarimeter (Jasco, Easton,
MD, USA). All CD spectra were normalized by di-
viding each spectrum by the ultraviolet absorbance
at 343 nm.

Preparation of modified nucleotides

Solutions of nucleotides (1 ml) were separately
mixed with a solution (100 ul) of the racemic or the
(+)- or (—)-dihydrodiol epoxide. After initial mix-
ing, all reactions were kept in the dark at 37°C for 4
h.

To remove the hydrolysis products of the dihy-
drodiol epoxides, the reaction mixtures were ex-
tracted three times with water-saturated ethyl ace-
tate (1 ml) and then three times with diethyl ether to
remove the ethyl acetate. Finally, the solutions were
flushed for 5 min with nitrogen. Removal of the
unreacted nucleotide was achieved by loading the
reaction mixtures on reversed-phase Sep-Pak car-
tridges (Waters, Milford, MA, USA) and washing
each cartridge with water (20 ml). Lipophilic prod-
ucts were then eluted with methanol (3 ml). The
methanol fractions were concentrated to dryness
and redissolved in 0.05 M potassium phosphate
buffer, pH 7.1 (1 ml).

Chromatography

An Ultrasphere ODS column (250 x 4.6 mm, 5
um particle size) was used (Beckman Instruments,
Columbia, MD, USA). The mobile phase consisted
of aqueous potassium phosphate with methanol,
acetonitrile or a mixture of acetonitrile-tetrahydro-
furan as an organic modifier. Different proportions
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of organic modifiers and different pH and molarity
values for the aqueous eluent were tested in order to
optimize the chromatographic conditions. The opti-
mum condition established was a linear gradient
from 2 to 40% of organic modifier over 60 min. For
some separations, pure acetonitrile was used as the
organic component, whereas in others, 50% tetra-
hydrofuran in acetonitrile was necessary. The phos-
phate buffer was filtered through a Millipore GF
0.22-um filter. The mobile phase flow-rate was 1.0
ml/min, and elution was monitored using three in-
dependent channels (245, 285 and 346 nm, respec-
tively). The chromatograph was operated at ambi-
ent temperature, and samples of 20 ul were injected.

RESULTS AND DISCUSSION

Since we have previously characterized all of the
eight adducts shown in Fig. 1 at the deoxyribonu-
cleoside level [20], we could identify nucleotide ad-
ducts either by comparison of the CD spectra of the
nucleoside and nucleotide adducts [21] or by com-
parison of retention times of the modified nucleo-
tides after dephosphorylation with those of the fully
characterized nucleoside standards.

As can be seen in Fig. 1, the purine mononucleo-
tides can be either 3'- or 5'-phosphates. Although
only modified 3’-monophosphates are suitable as
standards in the Randerath postlabeling assay, we
carried out experiments with both 3'- and 5’-mono-
phosphates to develop the chromatographic separa-
tions described here, because, for unknown reasons,
the 5'-monophosphates generally give higher yields
than the 3’-phosphates when reacted with dihydro-
diol epoxides. Similarly, because of readier avail-
ability, we initially examined reactions of the race-
mic anti-dihydrodiol epoxide with these nucleotides
but eventually had to undertake studies with the
separate optically active enantiomers.

Reactions of the racemic dihydrodiol epoxide
with the 5'-phosphates were used to optimize the
molarity and the pH of the aqueous component of
the eluent. When the molarity of potassium phos-
pate buffer, pH 7.2 (the aqueous component of a
gradient of 2-40% acetonitrile in buffer over 60
min), was varied in the range 10-350 mAM, the resul-
tant capacity factors for the separation of adducts
from deoxyadenosine or deoxyguanosine 5'-phos-
phates showed little variation (data not shown), in
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Fig. 2. Effect of the pH of the buffer on the capacity factor for racemic dihydrodiol epoxide adducts with deoxyguanosine 5’-phosphate
(*) and deoxyadenosine 5’-phosphate- (O). Buffer molarity was 0.05 M and buffers at pH 4 and 5 were prepared from sodium acetate
and those at pH 2, 3, 6, and 7 were made from potassium phosphate. The buffer was the aqueous component of a gradient of 2-40%

acetonitrile in buffer over 60 min.

contrast to findings for non-modified nucleotides
[15].

The analysis of non-modified nucleotides in the
reversed-phase mode are normally carried out with
acidic aqueous buffers. In our hands the first trials
with acidic-pH (pH 3-4) buffers were not successful
and led to poor separation of the analytes. There-
fore, a range of pH values were tested. Because all
buffers have a limited effective buffering range (i.e.
pK., £ 1 pH unit), it was not possible to use the
same buffer through a wide pH range. At pH 2, 3, 6,
and 7, phosphate buffer was used and at pH 4 and
S, acetate buffer was used. The capacity factor as a
function of pH is graphicaily presented in Fig. 2.
These results clearly demonstrate that, with the col-
umn used in these experiments, the pH of the buffer
had a substantial impact on the chromatography of
these hybrid compounds. It was also clear that the
capacity factor of this column was more affected by
pH than by buffer concentration. The data also
showed that the optimum pH was approximately 7.
At pH values higher than 7.2, silica-based C,g col-
umns are not stable for extended times. Since our
studies showed that these analytes did not need a

high buffering capacity, any buffer, even one out-
side its effective buffering range, could give satis-
factory results if the pH were appropriate.
Preliminary experiments with organic modifiers
showed that methanol gave low resolution when
compared with acetonitrile and acetonitrile-tetra-
hydrofuran mixtures (data not shown). Therefore,
the properties of acetonitrile and acetonitrile-tetra-
hydrofuran were studied further. Fig. 3 shows the
effect of 50% tetrahydrofuran in the organic mod-
ifier on the chromatographic profiles of racemic BP-
dihydrodiol epoxide adducts with deoxyguanosine
5’-phosphate (compare A and B) and 3'-phosphate
(compare C and D) and on those of deoxyadenosine
5'-phosphate (compare E and F) and 3'-phosphate
(compare G and H). Addition of tetrahydrofuran to
the acetonitrile improved the separation (but did
not give baseline separation) in all cases except for
the deoxyadenosine 5’-phosphate adducts, where

the presence of tetrahydrofuran caused a loss of the

excellent separation seen with acetonitrile alone
(Fig. 3E). In this latter case, the individual adducts
could be identified on the basis of their CD spectra
as shown in the figure with the abbreviations de-
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Acetonitrile Acetonitrile/Tetrahydrofuran
A B
5'-dGMP
I R W Y . 1
C D
3’'-dGMP
I A A IR
E F
<~—( —)BP-dA cis
(+)BP-dA trans+— 5'-dAMP
(+)BP-dA cis— <«—(—)BP-dA trans ‘
o h
G H
3'-dAMP
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Fig: 3. Elution profile for products from reaction of the racemic dihydrodiol epoxide with deoxyguanosine 5’-phosphate (A and B) and
deoxyadenosine 5'-phosphate (dA) (E and F). C and D present the elution profile of analogous products from deoxyguanosine
3'-phospate and G and H from deoxyadenosine 3’-phosphate. All separations involved a gradient of 2-40% organic modifier in buffer
over 1 h. In A, C, E and G the organic modifier was acetonitrile whereas in B, D, F and H it was 50% tetrahydrofuran in acetonitrile.

fined in Fig. 1. In the other cases, the location of the
adducts in the chromatogram could be determined
from the UV absorption spectra of the various
peaks, and these products appeared between reten-
tion times of 36 and 42 min in all cases. Some un-

known products with a characteristically different
UV spectrum [21] eluted ahead of these adducts,
and tetraol hydrolysis products. of the dihydrodiol
epoxide eluted after these adducts. It was notable
that the adducts from deoxyadenosine 3'-phosphate
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Fig. 4. Effect of the concentration of tetrahydrofuran in acetonitrile on the resolution [R = 1.18 (¢,—1,)/(w, +w,), where R =
resolution, ¢, and ¢, are retention times of adjacent peaks and w, and w, are peak widths at half height] for reactions of racemic
dihydrodiol epoxide with deoxyguanosine 5'-phosphate (%) and deoxyadenosine 5'-phosphate (O). The buffer used was 50 mM
potassium phosphate, pH 7.2, and a gradient from 2 to 40% organic modifier was run over 60 min.

were less well resolved than those from the corre-
sponding 5’-phosphate.

A systematic study of the resolution for deoxy-
guanosine and deoxyadenosine 5'-phosphate ad-
ducts as a function of tetrahydrofuran concentra-
tion in acetonitrile was undertaken (Fig. 4). Firstly,
the resolution of the deoxyguanylic acid adducts,
measured with the two most abundant peaks in the
middle of the chromatogram of Fig. 3A, increased
to an optimum at 50% tetrahydrofuran, after which
the separation deteriorated. The decreasing resolu-
tion when 50% tetrahydrofuran in acetonitrile was
exceeded was due to peak broadening and loss of
peak symmetry. However, the deoxyadenylic acid
adducts behaved differently. For these, the resolu-
tion monitored with the (+)-BP—deoxyadenosine
trans and (+)-BP—deoxyadenosine cis peaks in Fig.
3E decreased almost linearly as a function of tetra-
hydrofuran and the best separation was achieved
using pure acetonitrile.

The results from the experiments done with race-
mic BP-dihydrodiol epoxide showed that complete-
ly pure standards could not be obtained with the
3'-phosphates. With optically pure dihydrodiol

epoxides, only cis—trans isomers need to be separat-
ed. The elution profiles from the reactions of (+)-
and (—)-dihydrodiol epoxide of BP with deoxygua-
nosine 3'-phosphate and deoxyadenosine 3'-phos-
phate are shown in Fig. 5. The effects of tetrahydro-
furan addition to the acetonitrile eluent can be seen
by comparing the panels on the right (B, D, F and
H) with those on their immediate left (A, C, E and
G, respectively). For the deoxyguanylic acid reac-
tions, only minor effects on the separations were
seen, and the separations were good in all cases.
However, for the deoxyadenylic acid reactions,
tetrahydrofuran led to improved separation in the
case of the products from the (—) enantiomer (Fig.
5G and H) yet worsened the separation of the (+)
enantiomer adducts (Fig. 5E and F).

Given the good separations achieved in one or
other solvent conditions for each reaction, it was
possible to measure CD spectra of individual ad-
duct peaks and, thereby, to identify them through
comparison with known nucleoside adducts [20,21].
It was then clear that the order of etution of cis and
trans adducts was different for products from differ-
ent enantiomers of the dihydrodiol epoxide. Thus,
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(-)BP-dG trans — (-)BP-dG trans -
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Fig. 5. Elution profile of deoxyguanosine 3'-phosphate (dG) and deoxyadenosine 3'-phosphate (dA) modified by optically active
dibydrodiol epoxides of BP. In A, C, E and G the organic modifier was acetonitrile and in B, D, F and H it was 50% tetrahydrofuran in
acetonitrile. A-D are for deoxyguanosine 3'-phosphate modified by the (+) enantiomer (A and B) and the (—) enantiomer (C and D).
E-H are for deoxyadenosine 3’-phosphate modified with the (+) enantiomer (E and F) and the (—) enantiomer (G and H). The
structure abbreviations are defined in Fig. 1.
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for the deoxyguanylic acid adducts, cis adducts
eluted before trans adducts for the (+) enantiomer
but the reverse was found for the (—) enantiomer.
In the case of the deoxyadenylic acid adducts, trans
adducts eluted before cis adducts in the (+)-dihy-
drodiol epoxide case and vice versa for the (—)
enantiomer.

In conclusion, chromatographic methods were
developed that allowed the separation of the puiine
nucleoside 3'-phosphate adducts formed by reac-
tion with the pure enantiomers of the anti-dihydro-
diol epoxide of BP. In the case of the deoxyguano-
sine 3’-phosphate adducts good separations were
achieved using a 2-40% acetonitrile gradient over
60 min in 0.05 M potassium phosphate buffer, pH
7.2. For the deoxyadenosine 3'-phosphate adducts,
a good separation was achieved for the (+)
enantiomer adducts with acetonitrile alone but
tetrahydrofuran addition to the acetonitrile opti-
mized the separation of the adducts from the (—)
enantiomer.
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ABSTRACT

Liquid chromatographic—mass spectrometric methods have been developed for the characterization of abscisic acid (ABA) and
metabolites in plant cell cultures using plasma-spray and ion-spray ionization techniques. Both techniques provide useful mass spectral
data for ABA and its acidic metabolites. The most intense ions in these spectra are represented by [M + H]* and [M + H — H,01*
The limit of detection for ABA, using plasma-spray and ion-spray was 5 and 9 ng, respectively, for full scans and 0.5 and 1 ng,
respectively, for selected-ion recording of m/z 265, the protonated molecular ion. lon-spray also provided intense protonated molecular
ions for the neutral ABA metabolites whereas plasma-spray did not. Spectra acquired using both techniques showed intense ions
indicating the presence of the ABA moiety in these neutral conjugates.

INTRODUCTION

Correspondence to: Lawrence R. Hogge, Plant Biotechnology In- .. .
stitute, National Research Council of Canada, 110 Gymnasium The plant hormone abscisic acid (ABA, 1) (see

Place, Saskatoon, Saskatchewan STN O0W9, Canada. Fig. 1) is implicated in regulating many develop-
* NRC Publication No. 33 536. mental processes in higher plants and in triggering
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Fig. 1. Structures of ABA and ABA metabolites (products of
oxidation of ring methyl groups and/or conjugation with sugar
molecules).

plant responses to environmental stresses [1]. Nu-
merous analytical methods have been developed to
measure levels of endogenous ABA found in plant
tissues, and newer physico-chemicals methods have
been recently reviewed by Parry and Horgan [2].
Gas chromatography—mass spectrometry (GC-
MS) of the methyl ester derivative with selected ion
monitoring (SIM) and the use of deuterated inter-
nal standards has proved to be a powerful method
for quantifying ABA [2]. Immunochemical meth-
ods, verified by GC-MS, have become popular with
plant physiologists studying ABA responses in
plants [3].

The currently known principal metabolites of
ABA in plants are products of oxidation of ring
methyl groups and/or conjugation to sugar mole-
cules (Fig. 1). Of the acidic metabolites, phaseic
acid (PA, 2), like ABA, is known to be active in
inhibiting barley embryo germination [4] while the
roles of other metabolites, 7'-hydroxyabscisic acid
(7-OH-ABA, 3) [5] and dihydrophaseic acid (DPA,
4) have been less well studied [1,6].

As the role of these metabolites in the develop-
mental process of plants is of interest to an increas-
ing number of plant physiologists, there is a need
for analytical methods providing information on
the entire ABA metabolic profile within a single ex-
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periment. Direct analysis of crude plant extracts has
been accomplished using desorption chemical ion-
ization (DCI) and secondary-ion MS in conjunction
with linked scanning at constant B/E, where Bis the
magnetic field strength and E is the electrostatic sec-
tor voltage [7]. The detection limit for these com-
pounds using DCI is very low but linked scanning is
very difficult to perform because of the short-lived
nature of the ion current [7]. Secondary-ion MS or
fast atom bombardment (FAB) is more amenable
to linked-scanning MS—-MS because this technique
does possess a much longer ion current life time.
Unfortunately, detection limits for secondary-ion
MS or FAB are much higher than for DCI, often
requiring more than a microgram of analyte [8].

High-performance  liquid  chromatography
(HPLC) has been most valuable for the separation
and quantitation of ABA and ABA metabolites
[2,9]. This technique provides the advantage of ana-
lyzing directly the ABA-related compounds without
derivatization and therefore fewer manipulations.
This is an important considerization, as many ABA
metabolites (including ABA conjugates) are prone
to decomposition or isomerization [10,11].

However, there is a need for a better method of
detection and characterization of the HPLC el-
uates. Until now, detection of compounds has been
either by UV or, in cases in which labelled ABA has
been supplied to plant material, by radioactivity de-
tection. The combination of HPLC to separate
compounds of interest, coupled with MS for struc-
ture identification, has not yet been reported for
analysis of ABA and metabolites [2].

We have undertaken to develop HPLC-MS for
our studies on metabolism of supplied ABA and
related compounds by plant cell cultures. Our cur-
rent studies have involved two different ionization
techniques, plasma-spray and ion-spray, on instru-
ments fitted with HPLC-MS interfaces. We have
determined the sensitivities of both ionization tech-
niques for the detection of ABA as well as the feasi-
bility of characterizing both acidic and neutral me-
tabolites of ABA using these methods of analysis.
We now report the results of our investigations.

EXPERIMENTAL

ABA and ABA metabolite mixtures
Racemic ABA was purchased from Sigma
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(A-2784). A stock solution containing 0.05 ug/ml
ABA in methanol was prepared for the purpose of
determining the detection limit and quantitative re-
sponse for each mode of ionization.

Mixtures of unconsumed ABA and its acidic me-
tabolites were obtained by ethyl acetate extraction
of acidified filtrates from bromegrass cell suspen-
sion cultures fed racemic ABA, followed by back
extraction of the acidic substances into aqueous
NaHCOj3, as previously described [12]. Neutral me-
tabolites were obtained from the ethyl acetate solu-
tion by washing with saturated aqueous NaCl, dry-
ing with Na,SO,, filtration, and evaporation of the
solvent from the filtrate under reduced pressure.

Mass spectrometry

Plasma-spray LC-MS. LC separation was per-
formed using a Waters system consisting of two
pumps, Models 590 and 510, controlled by a Model
680 gradient controller. Sample injections of 20 ul
were made on a Vydac 218TP54 C,g column (150
mm X 4 mm I.D.) using a linear gradient elution
[10-40% acetonitrile in aqueous 0.1% trifluoroace-
tic acid (TFA) over 20 min] at a flow-rate of 0.8
ml/min.

The LC system was interfaced to a VG Analytical
70-250 SEQ hybrid mass spectrometer equipped for
plasma-spray analysis. The probe temperature was
220°C and the source temperature 250°C Spectra
were obtained by scanning from m/z 500 to 100 (res-
olution of 1000) at a rate of 3 s per decade. SIM
experiments were performed by monitoring m/z
265.1442 using a dwell time of 80 ms and a settling
time of 20 ms at a mass resolution of 4000.

Ion-spray LC-MS. LC separation was performed
using a Hewlett-Packard 1090 high-pressure liquid
chromatograph equipped with a diode-array detec-
tor. Sample injections of 5 ul were made on a Vydac
218TP52 C,5 column (150 mm X 2 mm L.D.) using
the gradient elution mentioned above at a flow rate
of 0.2 ml/min.

The LC system was interfaced to a Sciex API/111
triple quadrupole mass spectrometer equipped with
an lon-spray source.-Spectra were obtained by scan-
ning from either m/z 100 to 300 in 3 s (ABA full-
scan calibration curve) or m/fz 100 to 500 in 3's
(acidic and neutral extracts). For SIM experiments,
m/z 265 was monitored using a dwell time of 200
ms.
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RESULTS AND DISCUSSION

Detection of ABA by HPLC-MS

Racemic ABA was used to assess the usefulness
of both plasma-spray and ion-spray for the charac-
terization of natural ABA and its metabolites in
plant cell cultures. Fig. 2A and B shows representa-
tive spectra obtained for ABA (approximately 200
ng sample size) using plasma-spray and ion-spray,
respectively. These spectra are very similar with in-
tense ions at m/z 265 (the protonated molecular ion)
and the base ion at m/z 247 (the loss of water from
the protonated molecular ion). However, the plas-
ma-spray spectrum contains ions at m/z 306 and
288 that are not present in the ion-spray spectrum.
These are adduct ions due to thé addition of aceto-
nitrile (from the mobile phase) to the intense ions
mentioned above (m/z 265 and 247). On the other
hand, the ion-spray spectrum contains an adduct
ion at m/z 282 which is not present in the plasma-
spray spectrum. The nature of this ion is not yet -
fully understood, but appears to be equivalent to
the addition of an NH/ ion which could be formed
during the ion evaporation process either from
trace amounts of ammonia in the mobile phase or in
the air. Similar observations have been noted in the
analysis of other compounds containing carboxylic
acid moieties such as okadaic acid [13].

Limit of detection for ABA

The limit of detection for ABA using both ion-
ization techniques (plasma-spray and ion-spray)
was determined by analyzing known amounts un-
der isocratic LC-MS conditions. The results ob-
tained for full scan acquisitions are shown in Fig. 3,
the plot of peak heights (drbitrary units) for the
ABA protonated molecular ion (m/z 265) versus
amount of ABA injected for the plasma-spray and
ion-spray LC-MS systems. For plasma-spray the
limit of detection was 5 ng (signal-to-noise ratio of
approximately 8) with a linear response that ranged
to 1000 ng while with ion-spray the limit of detec-
tion was 9 ng with a similar range of linear re-
sponse.

Fig. 2C and D show the respective mass spectrum
obtained from plasma-spray and Ion spray at the
lower detection limit. The expected major ions at
mfz 265 (MH]*) and m/z 247 ((MH — H,0]") are
present in both spectra. However, it should be
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Fig. 2. Plasma-spray (A) and ion-spray (B) mass spectra of approximately 200 ng of ABA. (C) Plasma-spray limit of detection mass
spectrum for ABA (5 ng) and (D) ion-spray limit of detection mass spectrum for ABA (9 ng).

noted that not all the background ions could be
subtracted in these spectra (see Fig. 2A and B).

Detection limits were also determined using the
SIM mode. Fig. 4 shows the calibration curve for
both techniques, a plot of peak heights of the prot-
onated molecular ion (m/z 265) versus the amount
of ABA injected. Ion-spray SIM experiments were
carried out at unit mass resolution. However, be-
cause the plasma-spray was installed on a double-
focusing magnetic system, which has the advantage
of operating with higher mass resolution and there-
fore providing a greater degree of specificity, a mass
resolution of 4000 was used for these experiments.
As shown, the limit of detection was 500 pg for plas-
ma-spray and 1 ng for ion-spray (signal-to-noise ra-
tio of 5). The linear response for the amount of
ABA injected was similar to that obtained with the
full scan experiments.

It should be noted that although plasma-spray
appears to have slightly lower detection levels under
these experimental conditions, the results should
not be seen as proof that one of the above tech-
niques is more sensitive than the other as the chro-

matographic conditions used were quite different.
For example, the different injection volumes, col-
umn sizes and flow rates used would produce differ-
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Fig. 3. Plot of peak heights for the ABA protonated molecular
ion (full-scan acquisitions) versus amounts (ng) of ABA injected
on the LC column. OO = lon-spray; O = plasma-spray.
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Fig. 4. Plot of peak heights for the ABA protonated molecular
ion (selected ion recording) versus amount (ng) of ABA injected
on the LC column. 00 = lon-spray; O = plasma-spray.

ent concentration levels of the analyte even though
the absolute amounts injected were the same. As
plasma-spray and ion-spray have different flow
constraints, direct comparisons of concentration
levels are difficult. However, the results do show the
practical limits of detection for each of the tech-
niques using experimental conditions that are typ-
ical for that particular interface.

LC-MS of acidic metabolites isolated from plant cell
cultures fed racemic ABA

Plasma-spray and ion-spray LC-MS was used to
confirm the identity of the major ABA metabolites
produced in the ABA-fed bromegrass tissue cultur-
es and to determine the usefulness of these tech-
niques for the characterization of other ABA me-
tabolites or ABA analogue metabolites for future
plant tissue culture feeding experiments. In previ-
ous work in this laboratory, the major ABA metab-
olites as well as ABA in this culture extract were
identified as DPA (4), PA (2), 7-OH-ABA (3) and
ABA (1) [5] (see Fig. 1). Fig. 5 shows the LC chro-
matogram obtained with UV detection as well as
the limited ion chromatograms obtained from plas-
ma-spray and ion-spray LC-MS with the major
components identified in each chromatogram. The
ion chromatograms show similar profiles to the UV
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trace. Although the ion-spray chromatogram ap-
pears more attractive from a chromatographic
point of view, it should be noted that the amount of
sample injected was over three times that injected in
the plasma-spray experiment.

Mass spectral data (plasma-spray and ion-spray)
for the four major components are summarized in
Table I, a listing of the masses and intensities for the
diagnostically important ions along with their pro-
posed assignments. These data show that the four
major acidic components have very intense ions
similar to those of ABA. They include the protonat-
ed molecular ion, solvent adduct ions, and ions due
to the loss of water for each of the components. It
should be noted that the protonated molecular ion
for DPA is of low intensity (less than 1%) in the
ion-spray spectrum. However, the spectrum does
exhibit an adduct ion (M + NH,]™), confirming
the molecular mass. Furthermore, the most intense
ion in the spectrum corresponds to the loss of water
from DPA which contains both a secondary and
tertiary hydroxyl group. In contrast, the plasma-
spray-generated protonated molecular ion for PA
has a much lower intensity than the protonated mo-
lecular ion obtained from the ion-spray analysis
(12% versus to 74%).

PA and 7'-OH-ABA are isomeric and give similar
fragmentation patterns in both ionization modes.
Although the intensities of the protonated molec-
ular ions of the specific isomers (relative to the base
peak) do vary significantly, particularly in the plas-
ma-spray spectra, it is more reliable to distinguish
the isomers using their specific chromatographic
elution times.

The plasma-spray spectra for ABA and 7-OH-
ABA and the ion-spray spectrum of ABA also con-
tain an ion at m/z 219 with intensities of 8.5%,
52.5% and 3.9%, respectively. This ion may be the
result of the loss of formic acid from the protonated
ABA molecular ion or in the case of 7-OH-ABA,
the loss of water and carbon dioxide. The ion-spray
spectrum of 7'-OH-ABA also contains an intense
ion at m/z 233 (56.6%) not observed in the plasma-
spray spectrum. This ion is likely formed as a result
of the loss of neutral molecules of methanal and
water from the protonated molecular ion.
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Fig. 5. Analysis of the acidic fraction of ABA-treated bromegrass plant cell extract. (A) LC-UV chromatogram, 5 gl injection; (B)
LC-MS with plasma-spray, 3 ug injection, reconstructed ion chronmatogram (RIC) for m/z 250-430; (C) LC-MS with ion-spray, 10 ug
injection, RIC for m/z 250-430. Separation conditions: (A, C) Vydac 218TP52 HPLC column, flow-rate 0.20 ml/min, linear gradient
from 10 to 40% acetonitrile in aqueous 0.1% TFA in 20 min; (B) Vydac 218TP54 HPLC column, flow-rate 0.80 ml/min linear gradient
asin A and C, peaks: 4 = DPA;2 = PA;3 = 7-OH-ABA, 1 = ABA.

LC-MS of neutral metabolites isolated from plant ~ UV detection as well as the limited ion chromato-
cell cultures fed ABA grams obtained from the plasma-spray and ion-

The analysis of the neutral metabolites showed spray LC-MS analyses. These chromatograms in-
different results for the two ionization techniques.  dicate there is one major neutral metabolite. This
Fig. 6 shows the LC chromatogram obtained with  metabolite was identified as the glucose ester of
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Fig. 6. Analysis of the neutral fraction of ABA-treated bromegrass plant cell‘extract. (A) LC-UV chromatogram, I ug injection; (B)
LC-MS with plasma-spray, 0.5 ug injection, RIC for m/z 200-450; (C) LC-MS with ion-spray, | ug injection, RIC for m/z 200-450.
Separation conditions: (A, C) Vydac 218TP52 HPLC column, flow-rate 0.20 ml/min, linear gradient from 10 to 35% acetonitrile in
aqueous 0.1% TFA in 20 min; (B) Vydac 218TP54 HPLC column, flow-rate 0.80 mi/min, linear gradient as in A and C. Peaks: 5 =
ABA glucose ester; a, b, c and d = ABA conjugates.
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ABA by comparing its LC elution time, UV spec-
trum and mass spectrum to an authentic standard
of ABA glucose ester (5) synthesized in this lab-
oratory. Details of the confirmation of the identity
of this glucose ester which is known to exist in
plants [10] will be given in a future publication. As
with the acidic fraction (Fig. 5), the ion-spray chro-
matogram appears chromatographically more ap-
pealing. This may be in part due to the amount of
sample injected (1 ug versus 0.5 ug in the plasma-
spray experiment). However, there are more signif-
icant differences in the mass spectral data. Table II
lists the diagnostically important ions produced
from each ionization technique for the glucose es-
ter. There are no protonated or other adduct ions
observed in the plasma-spray analysis while very in-
tense protonated molecular ions (99%) as well as
[M + NH,]* adduct ions are observed in the ion-
spray analysis.

In addition, the ion-spray analysis indicates that
other neutral ABA conjugates are present in minor
amounts (see Fig. 6C, components a, b, ¢ and d).
Although the structures of these minor components
have not yet been determined, the mass spectral da-
ta suggest that all contain an intact ABA moiety
and two (components a and b) likely have a molec-
ular mass of 410 daltons, 16 units less than the ABA
glucose ester.

CONCLUSION

LC-MS using either plasma-spray or ion-spray is
a practical method for the separation and charac-
terization of ABA and ABA metabolites extracted
from plant tissue cultures. Information obtained
from the elution times and mass spectral data allow
for qualitative analysis of these components. Cali-
bration curves done with full scan acquisition and
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selected ion recording showed a linear response for
up to 1000 ng of ABA injected on the column. The
preparation and use of deuterated internal stan-
dards should therefore make quantitative analysis
possible. With the LC-MS instrumentation and
chromatographic conditions used in this study, de-
tection levels were slightly lower for ABA and its
acidic metabolites using plasma-spray, while ion-
spray provided more useful mass spectral data (in-
tense protonated molecular ions) for the ABA glu-
cose ester and other neutral ABA conjugates.
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ABSTRACT

Reversed-phase high-performance liquid chromatography (HPLC) was used for the determination of twenty parent N-methylcarba-
mate pesticides and twelve major metabolites in surface water. A 50-ml water sample was passed through a disposable solid-phase
extraction cartridge, packed with 500 mg of low-carbon C, ;-bonded silica (C, 4/OH, 40 um particle size), which selectively retained
polar compounds. The preconcentrated analytes were eluted with acetonitrile, reconstituted in 1 ml of water and 100 ul were injected
into the HPLC system. The carbamates were separated via a water—-methanol-acetonitrile gradient. Detection was performed via
postcolumn hydrolysis on a solid-phase (anion-exchange) catalyst, derivatization of the methylamine formed with o-phthalaldehyde—2-
mercaptoethanol and fluorescence detection of the isoindole derivative. The detection limits for surface water were between 20 and 30
ng/l. Recoveries were determined for thirteen carbamates and ten metabolites at the 0.1 and 1 ug/l level and generally ranged from 76 to
106% with relative standard deviations (R.S.D.s) of 0.5-8.5%. Only the sulphoxide metabolite of ethiofencarb and thiofanox had lower

recoveries and correspondingly higher R.S.D.s.

INTRODUCTION

The worldwide increase in the use of pesticides
during the last two decades has led to the presence
of residues of these pesticides not only on the crops
to which they are applied but also, owing to leach-
ing into and run-off from the soil, in ground water
and surface waters, respectively. Because of the pro-

. Correspondence to: Dr. A. de Kok, Food Inspection Service, De-
partment of Pesticide Analysis, Burgpoelwaard 6, 1824 DW Alk-
maar, Netherlands.

ven or suspected toxicity of many of these pesti-
cides, their monitoring is needed from both the reg-
ulatory and the consumer points of view. Surveil-
lance by governmental agencies of pesticide resid-
ues on crops has become routine since the discovery
of DDT residues in the early 1960s. However, only
in the last 5 years has monitoring of pesticides in
ground and surface waters been performed on a
regular basis, especially since high residue levels
were reported for various ground and well waters.
In the USA the National Pesticide Survey project
was initiated to conduct a statistically based survey

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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of pesticide contamination of drinking-water wells
[11.

In crop analysis, emphasis is generally laid on the
determination of insecticides (organochlorine and
organophosphorus compounds, carbamates) and
fungicides (benzimidazoles, phthalimides), whereas
in water analysis herbicides (triazines, phenoxycar-
boxylic acids, phenylureas) are often the target
compounds. This is reflected in the availability of
analytical methods for these typical matrix—pesti-
cide combinations. Especially in Europe, the analy-
sis of water samples for N-methylcarbamates has
only attracted increased attention in recent years.

Since the development of a high-performance
liquid chromatographic (HPLC) analysis for N-
methylcarbamates by Moye et al. [2], based on post-
column hydrolysis, followed by derivatization with
o-phthaladehyde (OPA) reagent and fluorescence
detection, this method is now used routinely for
food analysis in the FDA laboratories in the USA.
The application to food samples has been elaborat-
ed by Krause [3,4] in the USA and by de Kok and
co-workers [5-7] in the Netherlands. We have fur-
ther improved the former method by the incorpora-
tion of a rapid and effective solid-phase extraction
(SPE) clean-up [S5] and optimized postcolumn reac-
tion technology [6] based on the efficient hydrolysis
of the N-methylcarbamates on a solid phase, e.g., a
strong anion-exchange material or magnesium ox-
ide. The method has ultimately been fully automat-
ed by combining automated SPE with on-line gra-
dient elution HPLC analysis and data processing
[71.

After the occasional detection of some individual
carbamates in ground and river water samples,
drinking water laboratories in the Netherlands
showed increased interest in the possible applica-
tion of our method for crop samples to surface wa-
ter samples, after some necessary adaptations. This
prompted us to investigate various water sample
preparation techniques for the extraction and pre-
concentration of N-methylcarbamates in water.

HPLC methods for N-methylcarbamates are
now generally preferred over gas chromatographic
(GC) methods, which will not be considered here.
For HPLC, no derivatization is required for the
thermolabile N-methylcarbamates and the aqueous
samples, analysed either directly or after preconcen-
tration, are very compatible with reversed-phase
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HPLC. It should be noted that in the early 1980s
only residue methods for single, or a limited num-
ber of, compounds were developed. Aldicarb and its
metabolites [8-12] and, to a lesser extent, carbof-
uran and its metabolites [12,13], carbaryl and its
metabolites [14] and oxamyl and its metabolites [15]
have been predominantly studied. These methods
have in common that sample preparation was per-
formed either by repetitive extraction of 100-1000-
ml samples with dichloromethane [8,10,12,15,16}
and dissolution of the evaporated extract in the mo-
bile phase solvent or direct injection [9,11,13,14] of
large volumes (0.2-5 ml). UV detection at the ab-
sorption maxima (190-205 nm) or secondary ab-
sorption maxima (220, 247 or 280 nm) was routine-
ly used. The detection limits ranged between 1 and
10 ug/l.

More recently, both direct large-volume aqueous
injections [17-22] and off-line [23-25] and on-line
[26-31] SPE techniques have gained in popularity.
Using these preconcentration methods, improved
detection limits have been obtained. Modern UV
detectors or the postcolumn reaction detection
principle followed by sensitive fluorescence detec-
tion [17-21,25-27] have also led to improved detec-
tion limits. Finally, real multi-residue methods for
up to twelve N-methylcarbamates have been devel-
oped for water analysis [16-21] analogous to the
approach for crop sample analysis [3-7].
Notwithstanding these improvements, several
shortcomings still exist. The most studied water
types are ground, well, pond and drinking waters.
Heavily polluted river or surface water samples
have hardly been investigated. Method detection
limits have decreased to the 0.1-1.0 ug/l range, but
owing to the stringent European Community (EC)
Directive imposing a tolerance level for all pesti-
cides of 0.1 ug/l, a further increase in sensitivity is
still required.

Marvin and co-workers [28,29] reported determi-
nation limits between 0.01 and 0.07 pg/l using on-
line preconcentration on 3 cm X 4.6 mm I.D. col-
umns. Samples of 100 ml of drinking water could be
concentrated for the determination of a group of
eleven pesticides, including four N-methylcarba-
mates (aminocarb, propoxur, carbaryl and carbo-
furan). The same group [30] developed an ad-
vanced, automated SPE method with disposable
C.s SPE cartridges, using a Waters Millilab Work-
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station for the analysis of several tap and surface
water samples. Determination limits for propoxur,
carbofuran and carbaryl were 0«13, 0.14 and 0.02
ug/l, respectively. In a recent study, Marvin et al.
[31] applied their on-line preconcentration method
to the relatively more polar N-methylcarbamates
aldicarb, aldicarb sulphoxide and aldicarb sul-
phone. Instead of 100 ml, now only 10 ml could be
preconcentrated, because greater sample volumes
resulted not only in the loss of the polar aldicarb
metabolites due to breakthrough, but also gave a
poorer separation of these two early eluting ana-
Iytes. The determination limits that could be ob-
tained for these carbamates were correspondingly
higher, namely 7-11 ug/l.

Both McDonald et al. [19] and Dong et al. [20]
have evaluated a promising multipesticide method
based on direct aqueous injections with determina-
tion limits down to 0.2 ug/l. However, only distilled
and well water, respectively, were analysed. The
same principle was used by Edgell et al. {21] in a
collaborative study on the determination of ten car-
bamates in finished drinking water with reported
estimated detection limits of 0.5-4.0 ug/l.

The aim of this study was to develop a consid-
erably extended multi-residue method for virtually
all N-methylcarbamates and to include the impor-
tant sulphoxide and sulphone metabolites of aldi-
carb, methiocarb, ethiofencarb, butocarboxim and
thiofanox. The method should be able to detect the
analytes at levels which are a factor 3-5 below the
EC tolerance limit of 0.1 ug/l, and it should be ap-
plicable to heavily polluted water samples. This has
been achievzd by combining SPE of water samples
with HPLC separation of the carbamates and fluo-
rescence detection after solid-phase-catalysed hy-
drolysis and derivatization of methylamine with
OPA reagent.

EXPERIMENTAL

Chemicals

HPLC-grade acetonitrile and dichloromethane
were purchased from Rathburn (Walkerburn, UK)
and water was purified with an ElgaStat UHQ wa-
ter-purification system (Elga, High Wycombe,
UK). o-Phthalaldehyde (OPA), 2-mercaptoethanol
and disodium tetraborate (anhydrous) were ob-
tained from Merck (Darmstadt, Germany).

267

OPA reagent was prepared by dissolving 2.0 g of
disodium tetraborate in ca. 500 ml of purified water
in a 1-1 volumetric flask, adding 250 mg of OPA
(dissolved in 1 ml of acetonitrile) and 0.1 ml of 2-
mercaptoethanol and diluting to volume with wa-
ter. The OPA reagent solution and the HPLC mo-
bile phase solvents were degassed under vacuum
prior to use.

Carbamate pesticide and metabolite standards
were supplied by Promochem (Wesel, Germany) or
by the Environmental Protection Agency Reposito-
ry (Research Triangle Park, NC, USA). Stock solu-
tions (1 mg/ml) were prepared by dissolving ca. 10
mg of standard in a suitable volume of dichloro-
methane. Standard mixtures were prepared by
transferring 100 ul of standard solutions, by means
of an injection syringe, into a 100-ml volumetric
flask and diluting to volume with dichloromethane.
The standard solutions are kept in a freezer at
—18°C, where they are stable for at least 1 year. For
fortification studies, an appropriate volume (10—
100 pl) of the standard mixture in dichloromethane
was allowed to evaporate in air and the residue was
dissolved in blank surface water samples.

Apparatus

Chromatographic separations were effected with
a Hewlett-Packard HP 1050 pumping system using
a ternary gradient, a variable-volume injector (with
a 100-ul loop), a temperature-controlled analytical
column compartment (35°C), a Model 7910 (reac-
tor) column oven (Jones Chromatography, Little,
CO, USA), a Hewlett-Packard HP 1050 isocratic
reagent-delivery pump provided with a special low-
pressure pulse damper (Free University, Amster-
dam, Netherlands) for postcolumn reagent delivery,
a vortex mixing tee-piece (Kratos, Ramsey, NJ,
USA) and a Hewlett-Packard HP 1046A double
monochromator fluorescence detector.

Analytical separations were performed on a
Merck LiChroCART 250 x 4.0 mm L.D. cartridge
column packed with Supersphere RP-8 (4 um) from
Merck.

The postcolumn carbamate hydrolysis column
(50 x 4.0 mm 1.D.) was packed in our laboratory
[6] with Aminex A-27 (15 um) from Bio-Rad Labs.
(Richmond, CA, USA) and kept at a reaction tem-
perature of 120-140°C. The optimum hydrolysis ef-
ficiency was obtained when the peak height of
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methomyl was as high as that of oxamyl.

After the catalytic hydrolysis reactor, OPA re-
agent was added to the column effluent at a flow-
rate of 0.1 ml/min. The methylamine reacted with
the OPA reagentin a20 cm x 0.12mm I.D. PTFE
capillary connecting the vortex tee-piece with the
fluorescence detector inlet. No extra precautions
such as cooling the solvent stream prior to fluo-
rescence detection were necessary. The excitation
and emission wavelengths were 340 and 445 nm,
respectively. The monochromator slit widths were
20 and 15 nm, respectively. It should be noted that
with fluorescence detectors from different manufac-
turers, depending on the flow cell construction and
volume and/or the detector outlet capillary length
and inner diameter, a back-pressure regulator (ca.
10 bar) may be required to prevent boiling of the
mobile phase.

Ternary gradient elution runs were as follows.
The mobile phase solvents were (A) acetonitrile—
water (20:80), (B) methanol-water (20:80) and (C)
Acetonitrile—water (60:40) with the following condi-
tions:

Gradient run A (%) B (%) C (%)
time (min)

0 65 35 0

5 65 35 0
25 0 0 100
30 0 0 100
32 65 35 0
40 65 35 0

The mobile phase flow-rate was 0.75 ml/min.

Water sample preparation

Water samples were collected from the rivers
Rhine and Meuse and, for fortification studies,
from the Dutch lake IJsselmeer. In order to prevent
degradation of some of the more labile carbamates,
the water samples should be conserved [21], e.g., by
adding glacial acetic acid to obtain a pH of 3. Sam-
ples were stored in a refrigerator (4°C). Filtration of
the water samples prior to SPE is not required, pro-
vided that the water is allowed to settle.

Liquid-liquid extraction. A 250-ml volume of sur-
face water sample was extracted with three separate
100-ml portions of dichloromethane using a sepa-
rating funnel and vigorous shaking. The organic
phases were combined and concentrated in a rotary
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evaporator under vacuum to ca. 5 ml, then trans-
ferred into a centrifuge tube. The extract was evap-
orated to dryness.with a gentle stream of nitrogen
and the residue was taken up in 1 ml of distilled
water.

Liguid—solid extraction. Bond-Elut SPE cartridg-
es containing 500 mg of adsorbent were obtained
from Varian/Analytichem (Harbor City, CA,
USA). Three different phases were used: Cg-, Cyg-
and low-carbon C; g/OH-bonded silica (particle size
40 pm). SPE experiments were executed by means
of a Varian/Analytichem Vac-Elut system, applying
a vacuum of 15 kPa. The SPE columns were at-
tached to the vacuum manifold and 75-ml reser-
voirs were placed on top of the SPE cartridges. The
cartridges were conditioned by passing 2 ml of ace-
tonitrile followed by 3 ml of water. Then 50 ml of
water sample were passed through the cartridge,
which was washed with an extra 3 ml of water.
When the water level just reached the top of the
column packing, 2 ml of acetonitrile were applied to
elute the N-methylcarbamates in a calibrated cen-
trifuge tube, to which 10 ul of an internal standard
solution (1 pg/ml landrin in dichloromethane) had
already been transferred. The extract was evaporat-
ed with nitrogen until ca. 200 ul of residual water
were left. The extract was made up to 1.0 ml with
distilled water.

HPLC analysis

From the final 1-ml SPE extract, 100 ul were in-
jected into the HPLC system. The carbamate con-
centrations were calculated via the internal stan-
dard method. Peak areas of carbamates relative to
the peak area of landrin were calculated for both
sample extracts and standard mixtures, each con-
taining the same absolute amount of internal stan-
dard. Data acquisition and processing were per-
formed via a Hewlett-Packard Chem Station. The
fluorescence detector response was linear for inject-
ed amounts of 0.1-100 ng for all carbamates stud-
ied, with correlation coefficients of between 0.995
and 1.000.

RESULTS AND DISCUSSION
HPLC analysis

Various workers [7,17,20,21] have shown that a
multi-pesticide mixture of nine to twelve N-methyl-
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carbamates can be separated using a binary gra-
dient of water with methanol or acetonitrile;
McDonald et al. [19] further improved the critical
resolution between the early eluting aldicarb sul-
phoxide, aldicarb sulphone, oxamy! and methomyl
by applying a more complex ternary water-metha-
nol-acetonitrile gradient. Our task however, was, to
separate a mixture of 34 compounds including the
sulphoxide and sulphone metabolites of aldicarb,
butocarboxim, ethiofencarb, methiocarb and thio-
fanox, and also 3-hydroxy- and 3-ketocarbofuran.
These metabolites are relatively polar and emerge in
the front part of the chromatogram. With real wa-
ter samples interferences mostly show up in this re-
gion. Therefore, we further optimized the reversed-
phase HPLC separation using a linear water—meth-
anol-acetonitrile gradient with an initial isocratic
part of 5 min. The relative retention times of all
analytes are presented in Table I. Six pairs of carba-
mates remain unresolved on Supersphere Cg-bond-
ed silica. Studies on stationary phases with different
selectivities, which are especially important for con-
firmatory purposes, are in progress.

In Fig. 1, the HPLC of a standard mixture of
twelve N-methylcarbamates and ten of the sulphox-
ide and sulphone metabolites is shown. The sep-
aration time is less than 30 min. The additional
equilibration at the initial mobile phase composi-
tion results in a total analysis time of 40 min. The
N-methylcarbamates are detected via postcolumn
reaction detection based on the hydrolysis of N-
methylcarbamates to methylamine, which is reacted
with OPA reagent to form a fluorescent isoindole.
This derivative can be detected very selectively and
sensitively. Detection limits calculated for a signal-
to-noise ratio 3:1 are, on average, 100 pg, as can
also be seen from Fig. 1.

Catalytic solid-phase hydrolysis

Postcolumn hydrolysis of the N-methylcarba-
mates is usually performed by the addition of
NaOH solution to the HPLC column effluent by
means of a reagent pump. In order to simplify the
postcolumn reaction, McGarvey [32] combined a
KOH hydrolysis with the OPA reaction in a one-
stage reaction, thereby eliminating one reagent
pump. In spite of this elegant method and its poten-
tial advantages, applications to real sample analysis
were not shown. Therefore, this approach may not
have gained widespread acceptance.
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TABLE 1

RETENTION TIMES OF TWENTY N-METHYLCARBA-
MATE PESTICIDES AND TWELVE METABOLITES IN
THE REVERSED-PHASE HPLC SYSTEM SUPERSPHERE
RP-8 (4 um) WITH AN ACETONITRILE-METHANOL-
WATER GRADIENT

See Experimental for further details.

Peak Carbamate/metabolite Retention
No. time (min)
1 Butocarboxim sulphoxide 5.90
2 Aldicarb sulphoxide 6.28
3 Butocarboxim sulphone 7.38
4 Aldicarb sulphone 7.85
5 Oxamyl 8.85
6 Methomyl 10.67
7 Ethiofencarb sulphoxide 12.76
8 Thiofanox sulphoxide 13.27
9 Ethiofencarb sulphone 13.81
3-Hydroxycarbofuran 14.17
10 Methiocarb sulphoxide 14.86
Tranid 15.00
Dioxacarb 15.49
11 Thiofanox sulphone 15.63
12 Methiocarb sulphone 17.51
13 Butocarboxim 18.27
3-Ketocarbofuran 18.85
14 Aldicarb 18.97
Cloethocarb 21.15
15 Propoxur 21.47
Bendiocarb 21.62
16 Carbofuran 21.75
17 Carbaryl 22.82
18 Ethiofencarb 23.27
Thiofanox 23.46
Isoprocarb 24.35
19 Landrin 24.35
20 Carbanolate 24.90
21 Methiocarb 26.49
Fenobucarb 26.57
22 Promecarb 27.41
Bufencarb 32.15

In 1983, Nondek and co-workers [33,34] pro-
posed the use of a solid-phase catalyst to replace the
NaOH hydrolysis. Efficient hydrolysis was shown
for six carbamates on Aminex-28, a strong anion
exchanger. This principle was also adopted by She
et al. [27] for the determination of carbaryl and by
Jansen ef al. [35], who miniaturized the postcolumn
system for the narrow-bore HPLC of four N-meth-
ylcarbamates. Unfortunately, only brief applica-
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Fig. 1. HPLC of a standard mixture of twelve N-methylcarbamates and ten metabolites using Supersphere RP-8 (4 um) with an
acetonitrile-methanol-water gradient. Injected amounts: 1.0 ng of each carbamate. Fluorescence detection: excitation, 340 nm; emis-
sion, 445 nm. Peak numbers correspond to those in Table 1. For further details, see Experimental.

tions for the analysis of water samples were de-
scribed by these workers, which has hampered
wider use by others. In 1990, de Kok et al. [6] exam-
ined various basic solid-phase materials and discov-
ered that, apart from the strong anion-exchange
material Aminex-27, the inexpensive, general-pur-
pose magnesium oxide (MgO) has very favourable
catalytic characteristics for the hydrolysis of N-
methylcarbamates. The postcolumn solid-phase hy-
drolysis could be extended to include the whole

group of more than 30 compounds tested [6]. In
practice, the only problem with MgO is the rela-
tively rapid blockage of the hydrolysis column due
to the wide range of particle sizes from 100 um
down to 5 pm and the presence of fines. In routine
crop analysis, the solid-phase hydrolysis principle
has now been in use for more than four years in our
laboratory [7], using the anion exchanger Aminex
A-27, which has a narrow particle size range (15 £
2’ um).
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The major advantage of solid-phase hydrolysis
compared with NaOH solution hydrolysis is the
omission of an extra reagent pump, which means
that no dilution of the HPLC column effluent takes
place, thereby avoiding extra band broadening and
retaining optimum resolution and peak sensitivity.
Eliminating the NaOH hydrolysis also prevents un-
necessary problems such as the occasional leaking
of the reagent pump seals or blockage of the hydrol-
ysis reaction capillary due to the build-up of crystal-
lized NaOH reagent. In addition, daily preparation
of NaOH reagent has become redundant. The life-
time of a well packed reactor column can be as long
as 6 months, because the reaction is purely catalytic,
which means that the solid phase is not consumed.
Although ion exchangers are known for their in-
compatibility with drastic solvent changes, we have
shown in a recent study [7] that gradient elution
may be used without any problems at the prevalent
reactor temperature of 120-140°C. Special care is
required, however, if one changes to a very low
flow-rate (0.05 ml/min), e.g., overnight, to save sol-
vent. The reactor column should first be allowed to
cool nearly to room temperature, otherwise the ion-
exchange resin will be deformed by the high temper-
ature and blockage of the reactor column will oc-
cur.

Water sample analysis

Various research groups [17,19-21] use direct in-
jection of large volumes of aqueous samples in their
multi-residue methods for N-methylcarbamates.
The AOAC recently adopted this technique for offi-
cial first action [21]. The principle of large-volume
injection is based on the on-column concentration
of the analytes on an apolar stationary phase, which
are injected dissolved in a purely aqueous phase.
Subsequent gradient elution allows the normal sep-
aration of the mixture of analytes. Low determina-
tion limits in the range 0.2-4 ug/l can be obtained,
especially in combination with sensitive postcolumn
derivatization and fluorescence detection. Sample
clean-up, other than filtration, is not required ow-
ing to the high selectivity of the HPLC detection
system, and therefore virtually no recovery losses
can occur. However, large injection volumes (> 500
ul) often broaden peaks and reduce the resolution,
particularly for the early eluting peaks. Matrix
peaks typically show up in the same part of the
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chromatogram, that is, matrix effects cannot be to-
tally excluded.

In initial experiments, we also studied direct
large-volume injection of surface water samples for-
tified with N-methylcarbamates. Volumes of 500 ul
appeared to be the practical limit for good resolu-
tion of the polar sulphoxide and sulphone metabo-
lites of butocarboxim and aldicarb, and therefore
the ultimate determination limits on average were
0.2 ug/l. Keeping the EC tolerance limit (0.1 ug/l) in
mind, further research had to be executed to achieve
our aim of determination limits in the 0.02-0.03

ug/l range.

Liquid-liquid extraction

In the interest of efficiency and cost effectiveness
in processing large numbers of environmental sam-
ples, it is highly desirable to determine as many pes-
ticides as possible using a single extract, from which
aliquots can be taken for subsequent analyses via
GC, GC-mass spectrometry (MS), LC or LC-MS.
For water samples, dichloromethane is widely ac-
cepted as an extraction solvent [36]. Typically, 1 1 of
water is extracted, the solvent evaporated and the
residue dissolved in a small volume of a suitable
solvent before chromatographic analysis. In our
laboratory, crop sample analysis is performed ac-
cording to Luke et al.’s method [37], followed by the
recently developed, automated SPE clean-up on
amino-bonded silica cartridges [7]. For SPE, the
sample extract has to be evaporated and redissolved
in dichloromethane. Hence, this clean-up procedure
and on-line HPLC analysis seemed appropriate to
combine with a dichloromethane extraction of wa-
ter samples. The use of this combined method in
initial experiments resulted in very clean chromato-
grams, even with highly polluted water samples
from the rivers Rhine and Meuse. Surprisingly,
omitting the SPE step also yielded satisfactory
chromatograms, probably because of the selective
postcolumn derivatization with fluorescence detec-
tion.

On the other hand, recoveries for the more polar
carbamates after extraction of spiked surface water
samples were insufficient. As a typical indicator of
the polar carbamate metabolites, aldicarb sulphox-
ide was studied. When water volumes of 250-1000
ml were used, the recovery of aldicarb sulphoxide
never exceeded 20%. This is caused by the unfa-
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vourable partition coefficient in water—dichloro-
methane [7]. Bellar and Budde [36] also reported a
recovery of 19% when a 1-1 sample was extracted
with three 60-ml portions of dichloromethane.

Higher extraction yields for (relatively) polar
compounds can only be obtained by improving the
ratio of organic to aqueous phase and/or increasing
the number of (repetitive) extractions. As an exam-
ple, in Table II the recovery results are shown for a
250-ml surface water sample fortified with sixteen
N-methylcarbamates and/or metabolites at the 0.1
ug/l level, after three extractions with 100 ml of di-
chloromethane each. For aldicarb sulphoxide a
62% recovery was obtained. Most recoveries were
well above 80% with relative standard deviations
(R.S.D.s) below 10%, particularly for the parent
compounds. However, the sulphoxides and sul-
phones were insufficiently extracted. The (extreme-
ly) low recoveries and high R.S.D.s for methiocarb
sulphone and ethiofencarb sulphone can be ascrib-
ed to the fast degradation of these analytes in aque-
ous solution, which already starts when the samples
are waiting for analysis in an autosampler queue.
Acidification of the samples to pH 3 partly elim-
inates the problem. However, the overall result was
unacceptable in terms of extraction recoveries, re-
peatability, sample preparation time and volumes
of harzardous organic solvent used. Therefore, we
decided to explore the potential of SPE for the con-
centration of N-methylcarbamates.

Liquid—solid extraction

We first investigated off-line SPE, because it can
be applied in every laboratory without the necessity
of purchasing expensive column-switching appara-
tus. In addition, it offers the opportunity to apply
on-site field sampling and conservation of the ana-
lytes on the solid-phase material, which helps in sta-
bilizing the labile carbamates. Finally, the validated
HPLC method for N-methylcarbamate analysis can
be used without any modification.

Off-line SPE has been used for the preconcentra-
tion of carbofuran [23], aldicarb [25] and carbaryl
[24] and their respective metabolites. Sample vol-
umes were 100, 10-20 and 1 ml, respectively, and
determination limits were 0.4, 1 and 0.5 ug/l, respec-
tively. Marvin et al. [30] concentrated 100-ml drink-
ing water samples and obtained determination lim-
its as low as 0.02-0.14 ug/l for carbaryl, propoxur
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and carbofuran, but this could only be achieved be-
cause of the relatively apolar nature of these three
N-methylcarbamates. In their more recent study
[31], breakthrough of the more polar aldicarb, aldi-
carb sulphoxide and aldicarb sulphone occured if
water sample volumes exceeded 10 ml. Consequent-
ly, higher determination limits (7-11 ug/l) were ob-
tained for these compounds. C;g-bonded
[23,24,30,31] or Cg-bonded [25,31] silica phases
were used in these studies. The sample volumes that
can be preconcentrated on these apolar phases
without breakthrough of the carbamates are
strongly dependent on the polarity of the carbamate
or metabolite studied. This means that the polar
sulphoxides and sulphones are the critical com-
pounds in SPE method development. We mainly
focused our attention on these metabolites.

Most researchers use C;g-bonded silica cartridg-
es to preconcentrate medium-polarity pesticides
such as triazines and phenylurea herbicides from
water. For more polar pesticides such as the N-
methylcarbamates and, more so, their metabolites,
this sorbent is not necessarily the best choice, as was
shown by, e.g., Lesage [25] and Chaput [26] in off-
line and on-line SPE, respectively. They obtained
significantly higher recoveries for aldicarb sulphox-
ide on Cg than on C,g-bonded silica. This typical
behaviour may be explained by selective sorption of
the polar aldicarb sulphoxide on the free silanol
groups of the silica, which are more accessible on
the Cg than the C,g-bonded material. To confirm
these findings, we compared Cg- and C;g-bonded
silica SPE cartridges from Analytichem that had
not previously been tested for N-methylcarbamates.

The results obtained for real surface water sam-
ples from the IJsselmeer are given in Table II. The
samples were fortified with a standard mixture of
thirteen N-methylcarbamates and the ten most po-
lar metabolites at two fortification levels (0.1 and
1.0 pg/l). When a sample volume of 50 ml was
passed through the SPE cartridges, the recoveries
for Cg- and C,g-bonded silica were in the range 34—
108% (R.S.D. 0.7-7.5%) and 44-110% (R.S.D.
1.4-11.8%), respectively, at the 1.0 pg/l level. Re-
coveries at the 0.1 ug/l level were very similar,
namely 32-112% and 40-109% for Cg- and C,g-
bonded silica, respectively. Surprisingly, we did not
notice higher recoveries on the Cg phase for the
more polar compounds (the first six peaks in the
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chromatogram). Apparently, the typical bonding
chemistry and resulting surface characteristics of
the Cg- and C; g-bonded phases from various manu-
facturers play an important role, which cannot eas-
ily be explained. Despite the incomplete recoveries
due to breakthrough, the repeatability was encou-
raging.

In order to investigate further the influence of the
free silanol groups of the solid-phase material on
the recovery of polar carbamate metabolites, a new
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low-carbon C,g-bonded silica (C;5/OH), specially
designed for polar metabolites of pharmaceuticals,
was studied. Volumes of 50 ml of fortified water
were concentrated on the C,g/OH phase. In gener-
al, recoveries at both fortification levels (76-111%)
were better on this new sorbent than on the Cg- or
C,g-bonded phases, as can be seen from Table II.
The repeatability was very goood, with R.S.D.s of
0.5-8.5% and 1.0-7.3% for the 1.0 and 0.1 ug/l for-
tification levels, respectively. Only two exceptions

AU

4

39, 2]

39-‘_
38.8]
38.64
38. 4]

38.24

38]

37.8
37.6—u\r\lj

37.41

A
19

T —T
Time => 5. 15.00

T La—

T T —T -
20.|00 25.00 min

mAU
39. 24

39
11

38. 84

38. 6] 5 10

38.4-'; 7

38.21U-AJ s
387

37.8

37 .6

37.41

12

19

14

15 17

16

13

18 20

21
22

U

L T —T
Time -> 10.00 15.00

T La— |

25.00 Min

T
20.00

Fig. 2. HPLC of lake 1Jsselmeer surface water samples afier SPE of 50 ml of (A) a blank water sample and (B) a water sample fortified
with eleven N-methylcarbamates and ten metabolites at the 0.1 ug/l level on 500 mg C,,/OH cartridges. Landrin (peak 19; 1.0 ng
injected) was used as an internal standard. In the case of 100% recovery, the injected amount (in 100 pl) of all other carbamates is 0.5
ng. Numbers above the peaks correspond to those given in Table I. For more details, see Experimental, Fig. 1 and text.
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were noted, namely ethiofencarb sulphoxide and
thiofanox sulphoxide, with recoveries in the 40-
60% range with R.S.D.s slightly over 10% at the
1.0 pg/l level. Surprisingly, these two compounds
were completely recovered on the other alkyl-bond-
ed phases studied. This deviating behaviour is diffi-
cult to explain, because the recoveries were not sig-
nificantly different at the two fortification levels or
when a higher sample volume (100 ml) was concen-
trated. Increasing the sample volume from 50 to 100
ml resulted in breakthrough and hence, lower re-
coveries for the first six carbamates; however, the
R.S.D.s remained very satisfactory. It is remarkable
that the R.S.D.s are very low, irrespective of the
sample volumes or the analyte concentrations. Even
at the 0.1 ug/1 level, which is a factor of ca. 3 above
the determination limits, the R.S.D.s never exceed
10%.

Tt can be concluded that the C;5/OH phase has a
special selectivity for the more polar carbamates ox-
amyl and methomyl and the sulphoxide and sul-
phone metabolites of aldicarb and butocarboxim,
which can possibly be ascribed to the number and/
or accessibility of the free silanol groups on the sur-
face of the sorbent. In this context, one should note
that the C;5/OH phase with its long alkyl chain
concentrates the polar compounds better than does
the Cs phase with its shorter alkyl chain.

A chromatogram of an IJsselmeer surface water
sample, fortified with eleven parent N-methylcarba-
mates and ten metabolites at a concentration of 0.1
ug/l and extracted on a 500-mg C;5/OH cartridge,
is shown in Fig. 2. Landrin (peak 19), an older car-
bamate that has been taken out of production, was
tentatively used as internal standard, and added af-
ter the acetonitrile elution step of the SPE proce-
dure. A chromatogram of the corresponding blank
surface water is included in Fig. 2 for comparison.
The chromatograms are remarkably free from in-
terfering peaks. The large peak with a retention
time of ca. 3.5 min elutes well in front of the first
carbamate metabolite. It originates from acetic
acid, which is added to the water sample for conser-
vation. Acidification (pH 3) of the water samples is
important because many N-methylcarbamates and
their metabolites are unstable under neutral or ba-
sic conditions.

With the optimized procedure, for all the N-
methylcabamates listed in Table I, minimum detect-
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able concentrations (signal-to-noise ratio = 3:1)
were in the range 0.02-0.03 ug/l. These concentra-
tions correspond to amounts injected into the
HPLC system of 100-150 pg. This is surprisingly
close to the detection limits of about 100 pg, ob-
tained when standards are injected. Obviously, the
clean-up and detection system are highly efficient
and selective.

CONCLUSIONS

The multi-residue method described in this paper
allows the detection of all twenty N-methylcarba-
mates and twelve polar metabolites studied in sur-
face water down to the level of 20-30 ng/l using 50
ml of sample. Clean-up and preconcentration on
selective C;5/OH SPE cartridges is a simple and
rapid pretreatment step. The method is superior to
conventional liquid-liquid extraction in terms of
accuracy, precision and analysis time.

Off-line SPE allows the water samples to be con-
centrated on the cartridges at the collection site,
which facilitates transportation and analyte conser-
vation and is convenient when sophisticated labora-
tory facilities are not available. The method also
lends itself to full automation with commercially
available equipment such as the ASPEC (Gilson),
as we have shown recently for crop samples [7]. A
sample throughput of 36 samples per 24 h can then
be achieved. Our current research is aimed at setting
up such an automated system for water analysis.
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ABSTRACT

Alkylglycosides are biological surfactants used to solubilize membrane proteins. A large series of these compounds (commercial or
synthesized) were chromatographed using reversed-phase liquid chromatography to study their amphiphilic properties. The latter were
found to depend on the length of the alkyl chain, the nature of the polar head and the bonding nature between the sugar and alkyl chain.
A comparison with hexaethylene glycol monoalkyl ethers was made. This chromatographic system with evaporative light-scattering

detection allows excellent separations of all the compounds.

INTRODUCTION

Surfactants required for the solubilization and
purification of intrinsic membrane proteins showed
possess the following properties: high solubilizing
power, no denaturation of proteins, optical trans-
parency allowing spectrophotometric detection of
purified membrane proteins, chemical purity and
easy removal by dialysis necessary for the assay of
the protein activity. Among the usual non-ionic
surfactants, alkylglycosides are preferred because
they have a high critical micelle concentration
(CMC) which facilitates their easy removal by
dialysis [1,2] and their non-denaturing properties
make them very mild surfactants [3,4].

Surfactant properties depend on the nature of the
polar head (hydrophilic sugar moiety), the length of
the non-polar hydrocarbonaceous chain, the a- and
B-anomeric form [3] and the bonding nature be-
tween the sugar and alkyl chain. Saito and Tsuchiya
[5,6] have shown that octylthioglucoside is superior

Correspondence to: Dr. M. Lafosse, Laboratoire de Chimie
Bioorganique et Analytique (LCBA), URA 499, Université
dfOrle’ans, B.P. 6759, 45067 Orléans Cedex 2, France.
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to octylglucoside and very usetul in membrane
biochemistry.

These surfactants are often synthesized from the
corresponding long-chain alcohols. To produce such
compounds on an industrial scale, mixtures of
alcohols can be used and purification of the alkyl-
glycosides obtained is difficult because their chro-
matographic separation in a normal-phase system is
very poor, depending on the chain length [4,7]. It
was therefore of interest to develop a selective chro-
matographic method that allows analysis during
their synthesis and that resolves a mixture of surfac-
tants according to their non-polar moieties and
polar heads. Moreover, a better characterization of
the hydrophilic-lipophilic behaviour of these non-
ionic surfactants may permit their comparison in
order to modify alkyl-bonded silicas and achieve
hydrophilic shielding to prevent proteins from being
adsorbed while analysing small molecules [8].

In this work we examined these surfactants using
reversed-phase liquid chromatography (RPLC). As
retention mechanisms of neutral substancesin RPLC
are principally based on Horvath’s solvophobic
theory [9], this chromatographic method permits an
evaluation of the hydrophobic properties of solutes

1992 Elsevier Science Publishers B.V. All rights reserved
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[10-12], which is useful because of the high hydro-
phobicity of the membrane proteins. The retention
behaviour in RPLC can thus reflect the hydrophobic
associations of the alkyl chains observed in the
CMC that characterizes the properties of a surfac-
tant. In the same manner, Dinten et al. [13] used
reversed-phase thin-layer chromatography for the
determination of lipophilicity values of neutral
carriers as liquid membrane components.

EXPERIMENTAL

LC system

Chromatography was carried out using a Spectra-
Physics (San Jose, CA, USA) Model 8800 ternary
pump, a Rheodyne (Cotati, CA, USA) Model 7125
valve, a Shimadzu CR 6A integrator (Touzart et
Matignon, Vitry-sur-Seine, France) and a Model
Sedex 45 light-scattering detector (Sedere, Vitry-sur-
Seine, France). This detector uses the following
principle: the effluent is nebulized by an inert gas
and the solvent is vaporized in a warm tube. The
non-volatile solutes give a mist of small particles
which scatter the light. Scattered light is measured at
120° to the collimated light source. This permits a
universal detection method for solid and liquid
solutes with or without a chromophore and is
compatible with gradient elution [14].

Columns

The columns used were LiChrospher 100 RP-8
(125 x 4 mm L1.D.), LiChrospher 100 RP-18 (125 x
4mm I.D.) and LiChrospher 100 RP-18 end-capped
(125 x 4mm L.D.), purchased from Merck (Nogent-
sur-Marne, France), Zorbax octyl (150 x 4.6 mm
1.D.) and Zorbax phenyl (150 x 4.6 mm LD.),
purchased from DuPont (Wilmington, DE, USA)
and Asahipak ODP-50(150 x 6 mmI.D.), purchased
from Asahi Chemical Industry (Kawasaki, Japan).

Reagents

The mobile phase solvents used were reversed-
phase HPLC-grade methanol (Prolabo, Paris,
France), HPLC-grade acetonitrile (Merck) and dis-
tilled water (Cooperation Pharmaceutique Fran-
caise, Melun, France). 1-O-Hexyl--p-glucopyrano-
side  (C6Glu), 1-O-octyl-p-D-glucopyranoside
(C8Glu), 1-O-decyl-B-p-glucopyranoside (C10Glu),
1-O-dodecyl-B-np-glucopyranoside (C12Glu), 1-O-
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decyl-f-p-maltoside (C10Mal), hexaethylene glycol
monodecyl ether (C10E6), hexaethylene glycol
monododecy] ether (C12E6), hexaethylene glycol
monotetradecyl ether (C14E6) (Fluka, Mulhouse,
France), 1-O-dodecyl-f-p-maltoside (C12Mal) and
1-S-octyl-B-p-thioglucopyranoside (C8TGlu) (Ald-
rich, Mulhouse, France) were all used as received.

1-O-Octyl-B-D-galactose (C8Gal), 1-O-octyl-f-D-
cellobiose (C8Cell), 1-O-octyl-f-p-thiocellobiose
(C8TCell), 1-O-octyl-f-p-fucose (C8Fuc) and 1-O-
octyl-B-pD-xylose (C8Xyl) were synthesized in the
laboratory. The main structures of the alkylglyco-
sides are shown in Fig. 1.

Void volume (V) determination

A knowledge of V, is required for the determina-
tion of capacity factors, k’. Linearization of the
retention data was obtained using a homologous
series [15,16] (e.g., alkylglycosides or hexaethylene
glycol monoalkyl ethers) with the following equa-
tion [17]:

ViV — V3

Vo= ot 2
TV, V=2V,

1-0-Octyl-p-D-glucopyranoside
HO HO
o 0/\/\/\/\':“’ o S/\/\/\/\m,
HoO\H HON\OH
OH OH
1-0-Octyl-p-D-galactose 1-0-Octyl-p-D-xylose
HO
Ho MO0 N Ny, 00 NN N,
OH HO\OH
OH OH
1-O-Octyl-p-D-fucose
CH,
HO O 0 ™ N,
OH
OH
1-O-Decyl-p-D-maltoside

HO HO
o, SR P N T
HO OH OH
OH OH

1-S-Octyl-f-D-thiocellobiose

HO
o] /\/\/\/\
S CH,
OH
OH

HO o
[

1-S-Octyl-p-D-thioglucopyranoside

OH

Fig. 1. Main structures of the various alkylglycosides.
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where V,, V, and V5 are the retention volumes of
three consecutive homologous surfactants. The
value of V, obtained was slightly higher than that
found when sodium nitrate, fructose or glucose was
used as the void volume marker.

RESULTS AND DISCUSSION

In order to elucidate the amphiphilic properties of
surfactants, allowing solubilization of highly hydro-
phobic membrane proteins, the chromatographic
behaviour of various alkylglycosides having differ-
ent alkyl chains and polar heads was investigated.
Hexaethylene glycol monoalkyl ethers (RE6) were
also tested as these non-ionic surfactants have been
widely used for the solubilization of membrane
proteins. They are extremely difficult to separate
from isolated proteins because of their low CMC
and high affinities for membrane proteins [1]. In
addition, the number of oxygen atoms in their polar
heads is similar to that of alkylglycosides with.only
one glycosylic group and their hydrophylic-lipo-
philic balance (HLB) is nearly identical (see Table I).

Influence of polar and non-polar moieties of surfac-
tants on retention

In Fig. 2, the logarithm of the measured capacity
factor is plotted against the carbon number of the
alkyl chain of alkylglycosides (RGlu), alkylmalto-
sides (RMal) and RE$6 surfactants.

TABLE I

HYDROPHILIC-LIPOPHILIC BALANCE (HLB) AND
CRITICAL MICELLE CONCENTRATION (CMC) OF
SURFACTANTS

Solute? HLB® CMC (mM) Ref.
C6Glu 13.6 —

C8Glu 12.3 25 30
Cl10Glu 11.2 2.2 4
CI12Glu 10.3 0.19 4
Cl0Mal 14.1 —

Ci12Mal 13.4 0.16 4
CI0E6 12.9 0.92 31
C12E6 12.0 0.082 31
Cl14E6 11.3 0.0104 31

¢ For abbreviations, see Experimental.
b HLB: weight % polar head/S.
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151

logk’
0.5¢

0.0

Fig. 2. Experimental plot illustrating the relationship between
log k' and carbon number, n., of non-ionic surfactants in
methanol-water (70:30) on a LiChrospher RP-8 column. Solutes:
A = RE6, O = RGlu; [J = RMal.

For a given alkyl chain (C;4 or C;,), the order of
retention is RMal < RGlu <« RE6, showing the
effect of the polar head. For a given mobile phase,
the retention of homologues increases with increas-
ing carbon number, 7., as follows [18]:

log k¥ =log B + n. log o €))

where log f is the specific contribution of the polar
moiety to the retention (extrapolation to n, = 0) and
logais the non-specific contribution of the methylene
group (e is the ratio of the capacity factors of two
consecutive homologous solutes); « is proportional
to the free energy of transfer of a hydrophobic
group, methylene, between the mobile and station-
ary phases {19] and characterizes the solvophobic
effect [20].

Table II gives the log o and log f values with a
methanol-water (75:25) mobile phase obtained on
various hydrocarbonaceous stationary phases. The
selectivity o between two homologous compounds
of each series (RGlu, RMal, RE6) is similar on a
given stationary phase. This value is smaller on
Zorbax phenyl (average value of log « with three
families = 0.119) than on octyl phases (average
value of log o = 0.171 on Zorbax Cg and 0.163 on
LiChrospher RP-8). Hence this non-specific contri-
bution is similar with a multi-layer octyl (LiChro-
spher RP-8) and monolayer octyl (Zorbax Cg) phases.
As already noted [20,21], the largest value is ob-
tained on octadecyl phases [average value 0.221 with



280

a relative standard deviation (R.S.D.) of 4.7% on
the seven values] and this value is similar to the
means (0.218) reported by Colin et al. [22]. These
results show that log « does not depend on packing
characteristics (specific area, bonding mode, resid-
ual silanol groups). This selectivity « depends more
on the nature of the hydrocarbonaceous moiety of
the stationary phase than on that of the family of
solutes for a given mobile phase.

The log B term, a measure of the polar moiety
contribution, shows a poor contribution to the
retention of glucose and maltose (n. = 0). The
average log f values for glucose and maltose are
—1.83 (R.S.D. 4%) on the three octadecyl-bonded
phases, —1.52 (R.S.D. 9%) on the octyl-bonded
phases and —1.3 on Zorbax phenyl. These values
determined from eqgn. 1 correspond to a retention
volume close to the void volume observed on the
non-polar bonded phases in the methanol-water
mobile phases.

Thelog ff term for the E6 moiety is larger than that
for the sugar moiety: the hydrophobic contribution
of the polar head is larger with hexaethylene glycol
than with sugar.

Table III shows for a given mobile phase (meth-
anol-water, 75:25) the capacity factors of various
surfactants on octyl-bonded (LiChrospher RP-8)
and octadecyl-bonded phases (LiChrospher RP-18,
LiChrospher RP-18end-capped and Asahipak ODP-
50). Octadecyl-bonded phases with end-capped re-
sidual silanol groups (LiChrospher) or without
silanol groups (Asahipak) involve larger retentions.
This effect indicates that the interactions between

TABLE 11
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the sugar moiety of the surfactant and silanol groups
are very weak; this is confirmed by the small values
of log f (Table II).

Comparison of retention mechanisms

From the results in Table I11, a comparison of the
separation on a pair of stationary phases jand j’ can
be made based on the log k;; versus log ki; relation-
ship, where k; is the capacity factor of the ith solute
(alkyl surfactant) in the jth chromatographic sys-
tem. According to Melander et al. [23],

log kij = aj; log kiy + C* @

where r (correlation coefficient) and a;; (propor-
tionality factor) allow the retention mechanism on
the stationary phases to be classified as follows:
homoenergetic (the same) if » > 0.95 and 0.90 <
a < 1.10, homeoenergetic (similar) if » > 0.95 and
a < 0.90 or a > 1.10 and heteroenergetic (different)
if r < 0.95.

For the column pair with j = LiChrosphr RP-18
end-capped and j° = LiChrospher RP-18; the slope
aj;y-of log ki vs. log ki;.is 0.96 (r = 0.995), showing a
homoenergetic (the same) mechanism, and the a;;
value for the column pair with j = Asahipak and
7" = LiChrospher RP-18 end-capped is 0.99 (r =
0.995) and also indicates a homoenergetic mecha-
nism. This illustrates a poor interaction of the
hydrophilic moiety of the surfactant with silanol
groups of the octadecyl phases.

For the column pair withj = RP-18 and j' = RP-8,
the value g;; is 1.19 (r = 0.988), showing a homeo-
energetic (similar) mechanism with a larger lipo-

VALUES OF LOG a« AND LOG g OF EQN. 1 IN METHANOL-WATER (75:25)

Stationary phase RGlu RMal RE6
Log o Log Log o Log Log o Log B

Zorbax phenyl 0.122 —1.30 0.110 —1.31 0.126 —0.79
Zorbax Cg 0.163 —1.49 0.178 —1.72 0.171 —1.07
LiChrospher RP-8 0.166 —1.43 0.161 —1.45 0.162 —-0.92
LiChrospher RP-18 0.231 —-1.92 0209 —1.74 0206 -—1.24
LiChrospher RP-18 end-capped  0.228 —1.82 0.218 —1.77 - -
Asahipak ODP-50 0.231 —1.82 0227 —1.89 - -
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TABLE III
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VALUES OF CAPACITY FACTORS ON ALKYL-BONDED STATIONARY PHASES IN METHANOL~-WATER (75:25)

Solute k'

LiChrospher RP-18 LiChrospher RP-18  Asahipak ODP-50

LiChrospher RP-8

end-capped
C8Glu 0.833 1.075 1.077 0.803
C8Gal 0.808 1.058 0.983 —
C8Xyl 1.183 1.733 1.774 -
C8TGlu  1.033 1.400 1.500 —
C10Ghu 2.475 2.950 3.107 1.712
Cl0Mal  2.233 2.567 2.360 1.492
CI0E6 6.642 9.600 8.187 4.576
CI12Glu 6.967 7.933 9.011 3.530
Cl2Mal  5.850 6.992 6.702 3.136
CI2E6 17.183 - — 9.652

philicity (larger k£’) on the octadecyl-bonded phase
owing to the alkyl chain, which is longer than on the
octyl phase.

Based on the average capacity factor (k; = Z k;;/n)
of the values of Table Il on the octyl- and octadecyl-
bonded phases, the order of the “hydrophilic power”
of the polar head is Gal > Glu > ThioGlu > Xyl
and Mal > Glu> E6. In fact, the selectivity
orEs rGIw 1S 2.74 (average of the six values of the
selectivities C12E6-C12Glu and C10E6-C10Glu on
the four alkyl phases, R.S.D. = 9.7%; see Table IV)
and org.rmal 18 1.19 (average of the eight values

TABLE IV

of the selectivities C12Glu—Cl2Mal and C10Glu~
C10Mal on the four alkyl phases, R.S.D. = 7.6%).

In the same manner, selectivity is more linked to
the number of hydroxylic groups (dcsxy.csc =
1.56 with R.S.D. =7.8%) than to their spatial
configurations (¢cggarcsce = 0.95 with R.S.D. =
4%).

The presence of S-bonding decreases the hydro-
philicity of the polar head (¢csrciu,cscn = 1.31 with
R.S.D. 5.8%) and this can be taken in combination
with the CMC [4] of C8TGlu, which is lower (9 mM)
than that of the C8Glu (25 mM). In a similar

SELECTIVITY («) ON ALKYL-BONDED STATIONARY PHASES IN METHANOL-WATER (75:25)

For capacity factors, see Table I11.

Pair o

LiChrospher RP-18 LiChrospher RP-18  Asahipak ODP-50

LiChrospher RP-8

end-capped
C8Xyl-C8Glu 1.420 1.612 1.647 -
C8Gal-C8Glu 0.970 0.984 0.913 -
C8TGIu-C8Glu 1.240 1.302 1.393 -
CI10E6-C10Glu 2.684 3.254 2.635 2.673
CI2E6-C12Ghu 2.466 — — 2.734
C10Glu-C10Mal  1.108 1.149 1.316 1.147
C12Glu-C12Mal  1.191 1.135 1.344 1.126
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manner, the lipophilicity of S-bonding is larger than
that of O-bonding from the Rekker constants [24] in
the determination of partition coefficient P in
octanol-water.

Influence of the nature of the mobile phase

By varying the volume fraction ¢ of the organic
modifier, a nearly linear relationship between log o
orlog ff and ¢ was usually observed according to [20]

loga =0y —a; @ (3)
and
logf=fo—Bi o 4)

Fig. 2 shows a comparison of the selectivity, log «,
between the neighbouring members of the RGlu
series for three non-polar supports in the methanol-
water and acetonitrile~water mobile phases. The
theory [20] predicts very low values of the coefficient
f1 for a homologous series with strongly polar end
groups, so that log f may not vary significantly over
a certain range of the composition of mobile phases.
For example, a decrease in f, with increasing
polarity of the end group was found experimentally
[18] with almost constant log f for n-alkanols.
Consequently, a nearly constant value of log 8 is not
inconsistent with the validity of eqn. 4. Log f§ for the
RGlu series remains relatively constant (R.S.D. ca.
4-7%) for a given stationary phase whatever be the
volume fraction ¢. The average value of log f on a
given column is underlined on each curve in Fig. 3.
The low values of f indicate that the specific
interactions between the polar head and the station-
ary phase are very weak.

Fig. 3 shows that the similar behaviour of the
octyl-bonded phases, observed in the Table I, with a
methanol modifier is maintained with any mobile
phase. With an acetonitrile modifier there is a small
difference between the octyl phases.

Moreover, a comparison of the curves in Fig. 3
shows that for the same volume fraction ¢ of an
organic solvent (e.g., ¢ = 0.6), log o values for
hydrophobic interactions in an acetonitrile-water
mixture are about half those with methanol mixtures.
Indeed, the surface tension of the acetonitrile—water
mixture is lower than that of the methanol-water
mixture [9], decreasing the hydrophobicity of the
solute and consequently the retention [10]. Schoen-
makers et al. [25] has also shown that on a non-polar
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Fig. 3. Log a of alkylglycosides as a function of the volume
fraction, ¢, of organic modifier in (O) methanol-water and (@)
acetonitrile—water mixtures. Columns: 1 = LiChrospher RP-8;
2 = Zorbax Cg; 3 = Zorbax phenyl. The underlined numbers are
the average values of log §.

stationary phase for a given composition, aceto-
nitrile is more sorbed, yielding a decrease in the
lipophilic interactions of the solute with a non-polar
stationary phase and consequently the retention.

Thus the elution of alkylglycosides on Zorbax
phenyl requires a higher content in the mobile phase
than on octyl-bonded phases. This is even more so
when an acetonitrile-water mobile phase is used. In
preparative chromatography, an octyl-bonded (or
octadecyl-bonded) phase used with a methanol-
water mixture would be better as the mobile phase
would be richer in organic modifier, thus avoiding
the precipitation of large amounts of the injected
solute.

Because the members of these homologous series
are not numerous, the values of log « and log f are
not sufficiently accurate for a detailed study. We
therefore investigated the relationship between the
capacity factor of each solute and the volume
fraction of the organic modifier.

Characterization of the hydrophobicity of the surfac-
tant

Fig. 4 shows the plot of log k¥’ vs. ¢ for different
solutes on LiChrospher RP-8 in various binary
mobile phases containing methanol-water. The de-
pendence of the capacity factor of the solute on the
volume fraction of organic solvent in the mobile
phase can be described by a linear relationship [26]:

log k' = a — mo )
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Fig. 4. Experimental plot illustrating the relationship between
log k' and the volume fraction, ¢, of methanol (MeOH) in the
mobile phase on LiChrospher RP-8. Solutes: 1 = C8Glu; 2 =
C10Glu; 3 = C12Glu; 4 = CI0E6; 5 = C12E6; 6 = CI4E6; 7 =
Cl0Mal.

This equation, a simplified form of a quadratic
relationship, is often adequate for a limited range of
the volume fraction ¢ [26]. The constants a and m for
the three homologous series in each organic modifier

TABLE V
VALUES OF CONSTANTS a AND m IN EQN. 5
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and on .the three stationary phases are given in
Table V. They were derived by linear regression
analysis (correlation coefficient » = 0.990).

The intercept value a makes it possible to calculate
the extrapolated k' value in pure water and the slope
m represents the decrease in retention on increasing
the organic modifier content. Jandera [20] has
shown that the dependences of the constants ¢ and m
on n, are linear.

The CMC, illustrating the hydrophobicity of a
surfactant, is also proportional to n,, following the
linear relationship [27]

log CMC = A4n. + B (6)

As the value of m represents the increase in
retention as the water content in the mobile phase is
increased, it permits an evaluation of the solvo-
phobicity of the solutes. Thus a combination of m
and log CMC (Table I) yields Fig. 5a, which illus-
trates the relationship between the solvophobicity
measured by HPLC (m) and the hydrophobicity
evaluated by CMC.

In the same manner, Fig. 5b illustrates the rela-
tionship between the extrapolated k' value in pure
water (¢) and CMC. In each instance, two distinct
series, one with alkylglycosides and the other with
RES6, can be obtained. As in the plot of log k' vs.
log P of Sabatka et al. [11] for another family of
compounds, each curve is related to solutes giving
hydrogen bonding or not.

Solute LiChrospher RP-8 Zorbax Cg Zorbax phenyl

CH ;OH-water ACN--water CH;OH-water ACN-water CH;OH-water ACN-water

m a m a m a m a m a m a
C6Glu 2.793 1.689 — - 2.826  1.658 - — 2.171 1.099 3.605 1.020
C8Glu 3.879  2.836 3.127 1.246 3.669  2.590 2.902 1.170 3.040 1916 4.560 1.743
C10Glu 4.925  3.953 3952 2.046 4632  3.625 3.803 1.943 3.691 2.646 5.863  2.564
CI12Glu 5734  4.874 4734  2.799 5.602  4.673 4.662  2.733 4430 3.430 7.340  3.477
Cl0Mal 5.819 4451 4690 2.179 4.554  3.524 4560  2.184 3.822 2.694 5950  2.425
Cl2Mal 6.558 5290 5255  2.829 5.325 4422 4.921 2.692 4.517  3.440 7.383  3.296
CI0E6 5819  5.018 4.473  3.028 5.659  4.880 3776 2.680 4485  3.824 2935  2.037
CI12E6 6.862  6.121 5472 3875 6.550  5.876 4358  3.330 5755  5.020 3232 2433
CIl4E6 8.382  7.581 6.384  4.687 7.852  7.198 4935  3.990 6.803  6.079 3724 2.965
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TABLE VI
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REGRESSION CONSTANTS AND CORRELATION COEFFICIENTS OF EXPERIMENTAL PLOTS LOG CMC vs. m AND

LOG CMC vs. a (SEE FIG. 5)

Movbile phase Slope Intercept r Series Plot Relationship

Methanol-water —1.136  2.845 9997 RGlu Fig. S5a  vs.m
—-0.737 1111 0987 RE6 + Cl2Mal Fig. 5a  vs.m
—0.942 1.050 0992 RGlu+Cl2Mal Fig.5b v a
-0.752  0.657 0992 RE6 Fig. 5b  vs. a

Acetonitrile-water  —1.318  2.531 0.999 RGlu Fig. 5a  vs.m
—-1.023 1.544 0.999 REG6 + C12Mal Fig. 5a ws.m
—1.380 0.134 0.999 RGIlu + Cl2Mal Fig. 5b  vs. a
—1.174  0.500 0.999 RE6 Fig. 5b  wvs. a

From the results of the linear regression analysis
of these plots (Table VI), C12Mal appears to belong
to the RE6 family (Fig. 5a) or the RGlu family
(Fig. 5b). This shows that RMal family have a

A @
-2t
Q
5-3
5'4 d
_5.
2 3 4 5 6 7 8
Qa
@
-2t
Q
5-3 N A
g \
s |
-5t \
3 4 5 6 7 6 9
m

Fig. 5. Correlation between log CMC of surfactant and the slope
m or the intercept a of eqn. 5. Solutes: A,A = RE6; ®,0 =
RGlu; B[] = RMal. Organic modifier: closed symbols, aceto-
nitrile; open symbols, methanol.

particular behaviour but the lack of CMC data of
this series prevents a more precise correlation.

It should be possible to determine the CMC of a
new surfactant by its chromatographic behaviour.
Fig. 5 shows linear relationships for both organic
modifiers. These slopes illustrate a difference in
solvophobicity. For a given CMC value, the solvo-
phobicity derived from m is larger in methanol-
water, corresponding to higher values of the surface
tension of the liquid phase in the range of volume
fraction studied [9].

Chromatographic separation

As a linear dependence of a and m on the number
of methylene groups #., of each solute has been
observed, the following relationship (20] between m
and a can be obtained after elimination of #,:

m=gq+ pa O

From the values in Table V, plots of m vs. a are
shown in Figs. 6 and 7 for both organic modifiers.

As shown in Fig. 6a, a positive correlation
(r = 0.995) exists between m and a in methanol-
water mixtures. The resulting values of this correla-
tion are 0.93 for p and 1.25 for ¢ (see eqn. 7). These
values are similar to those found by Jandera [28] on
Silasorb Cg with the same mobile phase; they are
slightly higher than those obtained by Schoenma-
kers et al. [29] on an RP-18 stationary-phase for
various solutes without a large alkyl chain.

The correlation observed for all the data points in
Fig. 7 is the consequence of small differences
between the coefficients g in methanol-water. On
the other hand, Fig. 6 shows the absence of a
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Fig. 6. Correlation between the slope m and the intercept a of
eqn. 5 in methanol modifier system. Symbols as in Fig. 5.

correlation (r = 0.65) with acetonitrile-water. A
similar scattered plot was also observed by Schoen-
makers et al. [29]. According to both plots (Figs. 6
and 7), the nature of the organic modifier signifi-
cantly improves the difference in the behaviour
between these non-ionic surfactants. In fact, the
absence of a correlation in Fig. 7 is only apparent;
eqn. 7 is theoretically valid only for a given type of
homologous surfactant and stationary phase.

The values of g and p were calculated for homolo-
gous series and various stationary phases and are
listed in Table VII. Except for RGlu and RMal on
Zorbax phenyl, the average value of p is 0.95

Co
7L
A
6 =S
m g o .
4 A
- )
o © Ba

A

i g a

2z 3 4 5

Fig. 7. Correlation between the slope m and the intercept a of
eqn. 5 in acetonitrile modifier system. Symbols as in Fig. 5.

285

TABLE VII

COMPARISON OF THE CONSTANTS ¢ AND p IN EQN. 7
IN ACETONITRILE-WATER MOBILE PHASE FOR
VARIOUS HOMOLOGOUS SERIES AND STATIONARY
PHASES

Stationary phase Homologous ¢ P
series

Zorbax phenyl RE6 1.180  0.854
Zorbax Cg RE6 1.407  0.885
LiChrospher RP-8 RE6 0992 1.152
LiChrospher RP-8 RGlu 1.837  1.035
Zorbax Cg RGlu 1.595°  1.126
Zorbax Cg RMal 3.010 0.711
LiChrospher RP-8 RMal 2796  0.869
Zorbax phenyl RGlu 1.974 1.530
Zorbax phenyl RMal 1.960  1.645

(R.5.D. = 17%) as in Fig. 6, showing the small
difference in the system. In contrast, the constants g
differ much more significantly from one another for
different homologous series and stationary phases
(R.S.D. ca. 40%). The difference in g explains the
apparent scattering of the plot in Fig. 7.

Fig. 8 illustrates (for alkylglycosides) similar
selectivities to those already seen for both the
octyl-bonded silicas. In contrast, Fig. 9 shows the
influence of the organic modifier on changing the
selectivity. In fact, we can observe a better separa-

L

15min 9min

Fig. 8. Chromatograms of alkylglycosides. (a) Column, LiChro-
spher RP-8; mobile phase, acetonitrile-water (40:60); flow-
rate, I ml min~!. (b) Column, Zorbax Cg; mobile phase, aceto-
nitrile-water (40:60); flow-rate, 1.5 ml min~!; detector vaporiza-
tion tube temperature, 45°C. Peaks: 1 = C6Glu; 2 = C8Gal;
3 = C8Glu; 4 = C8TGly; 5 = C8Xyl; 6 = C10Mal; 7 = C10Gluy;
8 = Cl2Mal; 9 = C12Glu.
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23

20min
Fig. 9. Chromatogram of alkylglycosides. Column, LiChro-

spher RP-8; mobile phase, methanol-water (60:40); flow-rate,
1.5 ml min~!. Detector conditions and peaks as in Fig. 8.

tion between the C8Xyl-Cl0Mal pair with meth-
anol-water (60:40) (Fig. 9), and the selectivity
between C12Glu and C12Mal is higher with aceto-
nitrile—water on LiChrospher RP-8 (Fig. &).

On increasing the, water content in the mobile
phase, the C8GIlu—C8Gal pair is separated. In fact,
in acetonitrile—water (40:60) these compounds were
not separated (zg = 2.84 and 2.72 min, respectively;
Fig. 8a), whereas in acetonitrile-water (30:70) 1g =
6.65 and 5.79, respectively (Fig. 10a). The same
influence of increasing the water content on the
resolution is illustrated by comparing Figs. 8a and
10b for C10Mal and C8Xyl.

Following Schoenmakers et al. [29], the value of p
determines the shape of the optimum gradient
programme such that all solutes elute with the same
peak width. When 0 < p < 1, i.e., with a methanol
modifier, a convex gradient curve will be optimum.
On the other hand, acctonitrile—water affords no
correlation and therefore optimum gradients are
linear. As our apparatus does not permit a convex
gradient, an acetonitrile-water mobile phase with a
linear gradient was chosen, resulting in good chro-
matograms with constant peak widths and a good
distribution of peaks (Fig. 10). No baseline drift was
observed during the gradient elution due to light-
scattering detection. On comparing Fig. 10aand b, a
higher.retention of alkylthioglycosides is noted (see
C8Cell and C8TCell and C8Glu and C8TGlu) and
the retention increases as the number of hydroxyl

M. Lafosse et al. | J. Chromatogr. 623 (1992) 277-287

Himin 15min
Fig. 10. Chromatograms of alkylglycosides. Column, LiChro-
spher RP-8. (a) Mobile phase, acetonitrile—water (30:70); flow-
rate, 1 ml min~!. (b) Linear gradient elution: acetonitrile~water
from 25:75 to 55:45 in 15 min; flow-rate, 1 ml min~'. Detector
conditions as in Fig. 8. Peaks: 1 = C6Glu; 2 = C8Cell; 3 =
C8Gal; 4 = C8Glu; 5 = C8TGlu; 6 = C8TCell; 7 = C8Xyl; 8 =
C8Fuc; 9 = C10Mal; 10 = C10Glu; 11 = C12Mal; 12 = C12Glu.

group of the head polar decreases (see C8Cell,
C8Glu, C8Xyl and C8Fuc).

CONCLUSIONS

Reversed-phase liquid chromatography appears
to be a good means of comparing the amphiphilic
behaviour of non-ionic surfactants. The behaviour
of alkylglycosides depends not only on the length of
the alkyl chain, but also the nature of the glycoside
and S- or O-bonding. A study by molecular model-
ling of the spatial configuration of these surfactants
in water is in progress to elucidate this behaviour.
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Fast evaluation of the polarity of gas chromatographic
columns using the difference in apparent carbon number
of linear alkanes and alcohols with the same retention
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ABSTRACT

A method for the measurement of the polarity order of gas chromatographic columns (liquid-packed, porous polymer beads,
capillary) which does not require reference to standard phases and many probes, is suggested. The method is based on 4C, i.e. the
difference in apparent carbon number of linear alkanes and alcohols with the same retention time. The graphical measurement or
mathematical calculation of the horizontal distance between the straight lines obtained by plotting the logarithm of the retention of
linear alkanes and alcohols as a function of their number of carbon atoms allows the importance of hydrogen bonding with respect to
the dispersion forces to be evaluated. All the retention data (adjusted retention times and volume, relative retention, adjusted, net and
specific retention volumes) can be used for the calculations. The method is useful for the determination of the change in polarity of
mixed or serially linked columns, for the evaluation of the performance of porous polymer beads with respect to liquid stationary
phases and for the comparison of packed and bonded-phase capillary columns when polyglycol or polydimethylsiloxane phases are

used.

INTRODUCTION

The classification of more than 200 liquid phases
currently used in gas chromatography has been at-
tempted using many methods which were found to
be more or less adequate depending on the type of
liquid phase. The methods cannot be applied with
the same confidence to packed or capillary columns,
to bonded liquid phases and to various adsorption
phases such as carbon black and porous polymers.

An early empirical approach was derived from
the classification of many organic compounds by
Ewell et al. [1] on the basis of the probability of
forming hydrogen bonds. The classification of sta-
tionary phases and solutes according to Ewell et

Correspondence to: Dr. G. Castello, Instituto di Chimica Indus-
triale, Universita, Corso Europa 300, 16132 Genova, Italy.

0021-9673/92/$05.00  ©

al’s method was carried out by McNair and Bonelli
[2].

Kovats’ retention index scheme for quantifying
retention [3] has been used as the basis for the meth-
ods of Rohrschneider [4] and McReynolds [5] the
latter being the most popular classification used by
the producers of liquid phases to characterize their
products and to establish when two or more phases
show a similar behaviour, thus decreasing the stock
of columns in the laboratory. The overall polarity
of the phases can be obtained by the sum of some of
the McReynolds’ constants, the most common
choice being those obtained with the probes ben-
zene, n-butanol, 2-pentanone, l-nitropropane and
pyridine, indicated as ) wr. Unfortunately, some
porous polymer beads react with nitro compounds,
and therefore nitromethane and nitropropane can-
not be used; with these columns the ZI?AR sum is
therefore reported [6]. A method based on the ratios
of the retention index (1) values instead of the differ-

1992 Elsevier Science Publishers B.V. All rights reserved



290

ences has also been suggested [7] and is known as
the “retention polarity” method.

The main problem with these procedures is the
normalization with respect to squalane as the refer-
ence phase and to n-alkanes as the reference homo-
logous series. Squalane (temperature limit 100—
120°C) could be replaced with the synthetic phase
Cg7H176 Apolane [8,9] for high-temperature analy-
sis, whereas the use of linear alkanes has been crit-
icized for polar phases and for porous polymers
[10-12] because the difference in the 7 values is due
to the change in retention of the reference value
(smaller for polar phases and greater for porous
polymers) rather than to the change in the retention
of the probes. The use of different series of homo-
logues or special probes [13-17] does no solve the
problem, which is related to the fundamental con-
cept of the methods which are essentially “relative”
with respect to the reference stationary phase and
the polarity probes. For the classification of the po-
larity of capillary columns, a method that in theory
may be extended to packed columns was suggested
by Chrompack International [18]. The “CP index”
requires the determination of the A7l values with
squalane used as the lowest polarity limit and
OV-275 cyanosilicone as-the highest limit, with in-
creasing complexity as it requires two reference col-
umns.

In the classification of porous polymers negative
values were obtained when squalane was used as the
reference phase [9,19]. At the low temperatures used
for gas analysis, classification methods based on the
separation of C, hydrocarbons and CO,[20,21] and
on McReynolds’ probes with respect to the refer-
ence phase Chromosorb 106 [22], which was found
to be the column with the lowest polarity, were sug-
gested.

The selectivity triangle suggested for liquid chro-
matography by Snyder [23,24] was extended to gas—
liquid chromatography by Klee et al. [25]. Only
three probes (n-butanol, l1-nitropropane and 1,4-
dioxane) were used, but this trio of solutes seems to
be poor for gas chromatographic applications as
they plot low-polar phases as SE-30 near to highly
polar Carbowaxes. The choice of 1-nitropropane as
one of the probes may exaggerate the contribution
of the polarizability of the stationary phase, as it
has a large dipole moment (3.7 Debye). Other sol-
utes were used [26,27] but the calculation of
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McReynolds’ relative A7 values with respect of
squalane are still necessary for the use of the selec-
tivity triangle. Hepp and Klee [28] applied the same
procedure to porous polymers by using as the refer-
ence phase graphitized carbon black, considered as
representing the basic separation mechanism of the
porous polymers and giving retention values due
primarily to non-specific dispersive forces.

All the listed “relative” methods require refer-
ence phases and many reference probes. An “abso-
lute”” method, based only on the retention values of
n-alkanes, was suggested by Fernandez-Sanchez et
al. [29] which used Kovats’ coefficient, K., used by
Tarjan et al. [30], the ratio between the intercept
and the slope of the straight line obtained by plot-
ting the logarithm of the specific retention volume
of the n-alkanes, V,, as a function of the number of
carbon atoms. Linear alkanes only are necessary as
probes, and no reference column is used, but the
calculation of ¥, values is complex as it requires
knowledge of the exact amount of liquid phase in
the column and the application of the pressure cor-
rection factors of James and Martin [31], only the
effect of dispersive forces is taken into account,
whereas most of the “polarity”” of a liquid phase is
often due to hydrogen bonding. Swoboda [32] in-
troduced the concept of the functional retention in-
dex, as similar substitution in similar compounds
increases the retention index by the same amount
for a given stationary phase [33]. Therefore compar-
ison between the behaviour of linear alkanes, refer-
ence compounds of the Kovats index system, and of
another homologous series may allow the measure-
ment of different interaction parameters with re-
spect to purely dispersive forces.

In a previous paper [34] a method based on the
determination of the behaviour of linear-alkanes
and alcohols was suggested for the evaluation of the
change in polarity when different capillary columns
were connected in series. This method can be easily
applied to packed and capillary columns and to po-
rous polymers.

EXPERIMENTAL

Analyses of samples of linear alkanes (C4—C,3)
and alcohols (C,—Cjg) were carried out at 100, 120,
140 and, when allowed by the temperature limit of
the phase, at 160°C on different lengths and diame-



G. Castello and G. D’Amato | J. Chromatogr. 623 (1992) 289-295

ters of columns filled with various liquid phases
(20% concentration) on Chromosorb W, 80-100
mesh; a high concentration of liquid phase was used
to allow comparison with McReynolds’ data [35]
“m” in Table I), and to minimize interfacial and
adsorption effects on the solid support. Phase load-
ings of 10% were also used for some liquid phases
(polysiloxanes, polyglycols) and small effects on the
results were observed.

Analyses were also carried out on columns filled

with various porous polymer beads (Porapak N, P,

Q, R, S, 80-100 mesh) and on wide-bore (60 m X

TABLE 1
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0.75 mm 1.D.) glass capillary columns of different
polarity, used alone or serially connected with the
flow in the polar to non-polar and in the reversed
direction. All the columns used are listed in Table I,
and are indicated by “e”. Some of the capillary re-
sults have been published previously and are given
here to show how the proposed method allows a
comparison of the behaviour of packed and capil-
lary columns.

Fig. 1 (left) shows the linearity of the logarithm
of the retention values of n-alkanes and #n-alcohols
on three stationary phases of low, intermediate and

AC AND ¥ 5, VALUES FOR VARIOUS COLUMNS (PACKED, POLYMER BEADS AND WIDE-BORE CAPILLARY) AND
THEIR SELECTIVITY PARAMETERS WITH RESPECT TO BUTANOL, x,, I-NITROPROPANE, x, AND DIOXANE, x,

Temperature, 120°C.

a

Column Notes ac SR Al X, x, X
1 Squalane e 1.48 0 0
2 Porapak Q e 1.82 —82 0.276° 0.366 0.358
3 Apiezon L e, m 1.90 143 85 0.260 0.376 0.365
4 Porapak P e 2.20 530 0.259¢ 0.371 0.371
5 Porapak R e 2.25 177 0.290¢ 0.404 0.306
6 SE 30 e 2.43 217 161 0.329 0.400 0.273
7 SE 52 e 2.48 334 237 0.304 0.413 0.283
8 Porapak S e 2.50 44 0.300° 0.374 0.326
9 OV 101 e 2.51 229 170 0.335 0.394 0.270
10 DC 200 e 2.52 227 169 0.337 0.390 0.272
11 Capillary SPB-1 (NP) e, 1 2.55
12 Porapak N e 2.79 345 0.305¢ 0.375 0.320
13 DC 550 m 2.89 663 449 0.276 0.421 0.303
14 Dioctyl sebacate m 342 651 454 0.370 0.397 0.233
15 Diisodecy! pthalate m 3.43 767 521 0.332 0418 0.249
16 Didecy! pthalate e, m 3.43 1159 771 0.328 0.412 0.260
17 Dioctyl pthalate m 3.49 831 562 0.331 0.420 0.249
18 QF 1 e 3.67 1500 976 0.239 0.474 0.287
19 Capillary NP + P e, 2 4.40
20 Hallcomid M18 m 4.46 945 596 0.450 0.372 0.178
21 Capillary P + NP e, 3 5.00
22 Tricresylphosphate e, m 5.01 1420 949 0.338 0.394 0.268
23 Neopenthylglycol adipate m 5.65 1870 1249 0.340 0.370 0.290
24 Neopenthylglicol succinate e, m 6.14 2115 1425 0.328 0.378 0.294
25 Carbowax 20 M e, m 6.93 2308 1542 0.348 0.371 0.281
26 Carbowax 6000 e, m 7.28 2320 1554 0.347 0.371 0.281
27 Ethylglycol adipate m 7.35 2692 1784 0.324 0.367 0.308
28 Diethylglycol adipate m 7.71 2764 1822 0.331 0.365 0.304
29 Capillary Supelcowax (P) e, 4 7.75
30 Carbowax 1000 e 7.85 2587 1726 0.352 0.363 0.286
31 Carbowax 400 e 8.20 2642 1731 0.352 0.363 0.287
32 Diethyl glycol succinate m 9.89 3430 2271 0.323 0.367 0.310

“ ¢ = Experimental data; m = McReynolds’ data [34]; 1 =

non-polar wide-bore capillary (see text); 2,3 = series connection of
capillary columns, polar + non-polar or reversed order; 4 = polar wide-bore capillary; a = calculated from Betts [27].
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Fig. 1. Left: linear behaviour of the logarithm of the retention values of n-alkanes and n-alcohols on some columns at 120°C as a
function of the number of carbon atoms in the molecule, Z. Right: schematic diagram showing the definition of AC values: (1) given
linear akane; (2) linear alcohol with the same Z value as 1; (3) hypothetical alkane with the same retention as alcohol 2; AC = difference

of Z value between alkanes 3 and 1.

high polarity as a function of the number of car-
bons atoms, Z:

InR, =a, + b, Z
In ROH = doH + bOH Z

¢y
@

where R, for paraffins and Roy for alcohols may be
adjusted retention times, 7z, adjusted retention vol-
umes, Vg, and specific retention volumes, V,. In
fact, the following relationships hold:

Vi = ¢ulr 3
Y
Ve = @j W fr = Kir 4

where ¢ is the carrier gas flow-rate and K is a con-
stant that contains the contribution of the compres-
sibility factor of James and Martin, j, the absolute
temperature, T, and the weight of stationary phase
in the column, W. On a logarithmic scale the con-
stant parts of eqns. 3 and 4 only shift the lines of
Fig. 1 in vertical directions, without changing their
horizontal distance.

In Vx = In¢ + In sz = const + In 1y &)
InV, = Inkx + 1t = const + In t (6)

The lines for different homologous series on the
same column are parallel, as previously found by
Hawkes [36], whereas a difference exists between
different columns. For the three columns shown in
Fig. 1, the values of b, and boy are, respectively:
Carbowax 400, 0.597 and 0.593; tricresylphosphate,
0.667 and 0.672; SE-30, 0.609 and 0.614. The hori-
zontal distance between the two straight line (4C) is
therefore a measure of the difference in behaviour
of the non-polar and of the polar homologous se-
ries. This distance can be measured directly parallel
to the abscissa: the experimental values of Fig. 1
(left) are 8.2 for Carbowax 400, 5.0 for tricresyl-
phosphate and 2.4 for SE-30. They can be calculat-
ed:

don — a, = 4da @)
(bon + b2 = b° (®)
AC = Aafb° )
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The averaged b° values are used to compensate the
slight experimental fluctuations in the slopes due to
measurement of the retention times of peaks that
may have different shapes due to the different polar-
ities of the samples.

RESULTS AND DISCUSSION

The AC value can be considered as the difference
of apparent carbon number between linear alkanes
and alcohols with the same retention or as the num-
ber of methylene groups that should be theoretical-
ly added to a linear alkane with Z carbon atoms to
obtain an hypothetical alkane with the same reten-
tion of a linear alcohol with Z carbon atoms (see
Fig. 1, right). The concept of apparent or equivalent
carbon number or chain length was used as a means
for the classification of the elution characteristics of
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various substances by James [37] and was replaced
by the Kovats’ retention index concept [3]. The AC
values calculated with the above formulas from ex-
perimental or literature data are shown in the sec-
ond columns of Table I. In the same table are also
reported the values of the Y #r (sum of the McRey-
nolds constants for benzene, n-butanol, 2-penta-
none, l-nitropropane and pyridine), ) Af; (sum of
the McReynolds’ constants for n-butanol, 1-nitro-
propane and 1,4-dioxane, i.e. the divisor in Snyder’s
formula for the calculation of the selectivity param-
eter, which gives a measure of the importance of
hydrogen bonds and dipole interactions with re-
spect to the dispersive forces) and the selectivity pa-
rameters xp, x, and x4 calculated for the three
probes used to obtain the position of each column
on the selectivity triangle [23,24].

Fig. 2 compares the ) wr and the AC values; the
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Fig. 2. Values of the sum of McReynold’s constants, Y 3., for the five probes benzene, n-butanol, pentan-2-one, nitropropane and

pyridine as a function of the AC values at 120°C.
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general trend of the polarity measured with the two
methods is similar. Some characteristics of the
liquid phases are equally expressed by both meth-
ods, but some differences are better shown by the
AC values.

For example, the different polarity of the Carbo-
waxes with different molecular weights [38] 1is
shown by 4C, whereas the Y iz and the selectivity
parameter are fairly similar. The polarity of the
capillary column Supelcowax (polyglycol), which
cannot be measured with the A7 values, is easily
obtained with the AC method and lies between
CW6000 and CW1000. Phase 18 (QF 1) shows a
very high polarity value with both the methods of
McReynolds and Snyder due to the prevailing effect
of the polarizability measured by 1-nitropropane.
The analysis of pesticides and haloalkanes showed
that a behaviour similar to that of esters is more
probable. Again, phases 6, 7, 9 and 10 are chem-
ically similar and the difference of ZS’IR values is not
justified. The AC value of the non-polar SPB-1 cap-
illary column is very similar to that of methylsil-
icone-packed columns.

The AC value shows the changes in polarity that
are obained when the flow direction in serially cou-
pled columns is reversed, with the upstream column
having a greater influence. This is clearly shown by
the AC values for the NP + P and P + NP arrange-
ments shown in Table I, compared with the AC val-
ues for the two separated columns.

A further advantage of the use of 4C is that this
parameter is obtained directly by injecting only two
linear alkanes and two linear alcohols with a conve-
nient difference of Z on the column to be classified,
without any reference to the standard non-polar
phase squalane, which cannot be used at high tem-
peratures or with a bonded-phase capillary column.
The use as the non-polar reference phase of methyl-
silicone-bonded phase columns (SE 30, BP-1) sug-
gested as an alternative to squalane, gives fair re-
sults for high-polarity phases (e.g. polyglycols or
cyanosilicones) but is misleading for other methyl
and low phenyl polymers, as methylsilicones show a
hydrogen bonding capacity due to the lone pairs of
electrons on the oxygen atoms of the Si—O-Si
bonds, and their McReynolds constants differ ap-
preciably from zero. This was also confirmed by the
greater polarity of silanized versions of Porapak P
(Porapak PS) found by Hepp and Klee [28] with
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respect to the non-silanized version. It is evident
that the presence of Si—-O-Si bonds with lone elec-
trons pairs on the oxygen atom will increase the
polar interactions with respect to the behaviour of
simple Porapak P, a pure polystyrene cross-linked
polymer, whose possibility of hydrogen bonding
with alcohols is only restricted to the limited avail-
ability of = electrons from the aromatic rings.

The application of the method to porous polymer
columns also gives positive values for all phases,
thus avoiding the negative polarity values obtained
by applying McReynolds’ method with respect to
squalane [9,19].

All the retention values (fg, Vx, V) can be used
directly and previously tabulated retention data of
alkanes and alcohols allow the AC values of any
column to be obtained. Published values of I can
also be used, as the knowledge of the retention
times of two n-alkanes and the application of the
reversed Kovat’s equation allow the ty or V' values
to be easily calculated. The AC value depends on
column temperature, but can be calculated by
knowing the slope of the Arrhenius plot (logarithm
of the retention as a function of the reciprocal of the
absolute column temperature) for alkanes and alco-
hols on the various phases.

An objection to the generalized use of the 4C
values for the classification of all stationary phases
is that only the effects of dispersive forces (mea-
sured by the behaviour of the alkanes) and of the
hydrogen bonding (alcohols) are considered, and
that columns whose action mainly depends on di-
pole interactions are not correctly classified. The
trend in bonded phase capillary column technology
is to try to obtain any possible intermediate polarity
by the connection of various lengths of polydimeth-
ylsiloxane and polyglycol columns, by developing
theoretical approaches [39] that allow the predic-
tion of retention times in serially linked open-tubu-
lar columns and the optimization of column length.
The validity of this approach was confirmed for
narrow-bore and wide-bore columns [40]. In this
mixed-phase system the hydrogen acceptor, donor
and dispersive forces are the prevailing phenomena
that control the separation, and therefore the use of
the easily measured 4C values allows the compari-
son of different column systems, rather than simple
liquid phases, as it also considers the interaction
with Si—O-Si bonds of the glass wall, of the support
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and of the silanizing agents. It also allows an eval-
uation of the change in polarity due to column age-
ing and contamination or that obtained by connect-
ing different lengths of polar and non-polar col-
umns.
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ABSTRACT

The inclusion properties of dibenzo-24-crown-8 ether were studied in gas-solid chromatography (GCS) and gas-liquid chromatogra-
phy (GLC) systems. Substances potentially capable of interacting with the cavity of the crown ether —homologous series of alkanes,
alcohols, ethers, aromatics and halogenated hydrocarbons— were used as the sorbates and solutes. It was found that inclusion
compounds are formed with methanol, ethanol, dichloromethane, trichloromethane, 1,2-dichloroethane, diiodomethane and the aro-
matic nucleus of aromatics under conditions used in the GSC system and with dichloromethane, trichloromethane, 1,2-dichloroethane,
diiodomethane and the aromatic nucleus of aromatics in the GLC system.

INTRODUCTION

Crown ethers, which are macrocyclic polyethers,
are primarily used for selective binding of metal cat-
ions in order to transfer the cations into non-polar
media. However, many crown ethers also form in-
clusion compounds with organic molecules [1,2].

This study of the inclusion properties of diben-
z0-24-crown-8 ether (DB-24-C-8) (Fig. 1) is a con-
tinuation of the previous work [3], in which the for-
mation of inclusion compounds of dibenzo-18-
crown-6 and tribenzopyridine-21-crown-7 ethers
with lower n-alcohols was demonstrated under gas
chromatographic conditions. The use of DB-24-C-8
ether in gas chromatography is rare [4,5].

The aim of the present work was to study the
inclusion properties of crown ethers with a cavity
size of 0.3 x 0.6 nm [6], which is large enough for
the inclusion of simple organic molecules.

Correspondence to: Dr. E. Smolkova-Keulemansova, Depart-
ment of Analytical Chemistry, Charles University, Albertov
2030, 128 40 Prague 2, Czechoslovakia.

0021-9673/92/$05.00 ©

EXPERIMENTAL

The stationary phases for gas—solid chromatog-
raphy (GSC) were prepared by dissolving the crown
ether in N,N-dimethylformamide, coating Chromo-
sorb W (60-80 mesh) with this solution and evap-
orating the solvent at 55°C in vacuo (10-20 Pa). The
stationary phase obtained, containing 8% (w/w)
DB-24-C-8 ether, was used to fil micropacked glass
columns (1.6 m x 1 mm I.D.). The stationary phas-

Fig. 1. Crystal structure of the molecule of dibenzo-24-crown-8
ether. The centrally symmetrical atoms are denoted by a super-
script 1. (according to Ref. 4).

1992 Elsevier Science Publishers B.V. All rights reserved
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es for gas-liquid chromatography (GLC) were pre-
pared by separately dissolving the crown ether and
methylsilicone gum SE-30 in chloroform, mixing
the two solutions, coating the mixture on Chromo-
sorb W (CHS) 60-80 mesh and evaporating the sol-
vent at 55°C under atmospheric pressure. The sta-
tionary phase thus obtained, containing 8% DB-24-
C-8 ether and 4% SE-30 (w/w, CHS), was used to
fill a micropacked glass column (1.5 m X 1 mm
I.D.).

The measurements were carried out on a
CHROM 61 gas chromatograph equipped with a
flame ionization detector (Laboratorni pfistroje,
Prague, Czechoslovakia). The column temperature
was 70°C and the flow-rate of the nitrogen carrier
gas was 6.7 ml/min. Head-space sample injection
was used, with Hamilton microsyringes. All the
substances used were of analytical reagent purity.

RESULTS AND DISCUSSION

The formation of inclusion compounds of
DB-24-C-8 ether was studied with homologous se-
ries of alkanes, alcohols, ethers, aromatics and ha-
logenated hydrocarbons. The steric effects on the
retention of these substances were found from the
dependence of the logarithm of the capacity ratio
on the boiling temperatures or the volumes of the
test molecules. The effect of the pure supporting
material was considered. The effect of the methylsil-
icone component (SE-30) in the GLC stationary
phase was eliminated by using the difference in the
capacity ratios (dk) between the phase used (SE-30
+ DB-24-C-8) and pure SE-30. The results ob-
tained were critically evaluated by comparing the
size of the DB-24-C-8 ether cavity with the sizes of
the solute molecules.

Retention behaviour of alkanes and alkenes

The alkane and alkene homologues are eluted in
order of their boiling temperatures. Dispersion in-
teractions predominate; with alkenes, interactions
between the m-electrons of the multiple bond and
the electron-deficient -CH,~CH ,— groupings of the
polyether ring in the crown ether also play a role.
No steric preference was observed.

Retention behaviour of alcohols
In the GSC system, the values for methanol and
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ethanol deviate considerably from the log k versus
boiling temperature linear dependence in the s-al-
cohol homologous series (Fig. 2). The dependence
of log k on the polarizability of the solutes also in-
dicates an increased retention of the two substances
(Fig. 3). A comparison of the sizes of the molecules
and the DB-24-C-8 ether cavity demonstrates that
methanol and ethanol are included into the DB-24-
C-8 ether cavity in the GSC system. Higher alcohols
are not included, but their retention behaviour is
affected by the position of the hydroxyl group in the
chain. The presence of the multiple bond in alkenols
exerts no substantial influence on their retention, as
hydrogen bonding between the alcohol hydroxyl
group and the electron-donor oxygen atoms in the
polyether ring remains the predominating interac-
tion. The coating of the relatively active surface of
Chromosorb W with the crown ether eliminates the
specific interaction sites in the surface, which leads
to a perceptible improvement in the column effi-
ciency in separations of alcohols and also of many
other polar substances.

In contrast to the GSC system, the GLC system
exhibited no steric preference in the retention of ho-
mologous alcohols.

Retention behaviour of ethers

Acyclic homologous ethers are eluted in order of
their boiling temperatures in GSC. Cyclic tetra-
hydrofuran is more retained, and the stereochemis-
try of this molecule suggests possible inclusion in
the DB-24-C-8 ether cavity.

The ethers behave similarly in the GLC system.
However, information about the system (especially
about the DB-24-C-8 ether structure in the SE-30
medium) is not sufficient for deciding whether in-
clusion is the predominating factor in increased re-
tention of cyclic ethers.

Retention behaviour of aromatics

It is evident from Fig. 4 that aromatics are more
retained in the GSC system than with cyclohexane/
cyclohexene. The sterically most likely cause of this
behaviour is inclusion of the aromatic nucleus in the
DB-24-C-8 ether cavity. Increased retention of o-
xylene and decreased retention of p-xylene and p-
ethyltoluene (Figs. 5 and 6) make it possible to esti-
mate a probable steric arrangement of these mole-
cules during interaction with DB-24-C-8 ether. Xy-
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lenes and ethyltoluenes can, at least partially, enter
the DB-24-C-8 cther cavity and thus form inclusion
complexes. It is likely that the six-fold symmetry
axis of the benzene ring in xylene (the guest) is ori-
ented at right angles to the line connecting the aro-
matic rings of DB-24-C-8 ether (the host) and lies
approximately in the plane of the polyether ring of
DB-24-C-8 ether during the inclusion process. The
n-electron system of the guest interacts with the
electrophilic atom grouping at the C-9, C-10, C-6
and C'-10 carbons (see Fig. 1). The electrophilic
methyl/ethyl group interacts with the two strongly
nucleophilic sites formed by the aromatic rings of
DB-24-C-8 ether and the oxygen atoms O-5, O'-14
or O-14, O'-5. With this mutual orientation, inclu-
sion is sterically easiest with the ortho isomer and
the greatest steric hindrance is encountered with the
para isomer (Fig. 7). The butyl derivatives of ben-
zene interact in the same way, the electrophilic butyl
chain interacting with the nucleophilic space
around the DB-24-C-8 ether aromatic nucleus. The
interaction is sterically easiest with the n-butyl
chain and most difficult with fert.-butyl ones.

The mixture of acyclic (Cs—C5), cyclic (Cs) and

aromatic (benzene, o-xylene, p-xylene, 1,3,5-tri-
methylbenzene and n-butylbenzene) hydrocarbon
compounds was injected onto a DB-24-C-8 column
on the GSC system at a column temperature 32°C
and flow-rate of 6.0 ml/min. Separation of aromatic
hydrocarbons from the acyclic and cyclic hydrocar-
bons was achieved.

The aromatic nucleus is also completely or par-
tially included in the DB-24-C-8 ether cavity in the
GLC system (Fig. 8). It can be assumed from the
steric preference of p-xylene over the ortho and meta
derivatives (Fig. 9) that methylsilicone medium
probably favours interaction between the weakly
electron-deficient methyl groups and the electron-

Fig. 7. Probable steric arrangement of inclusion complex of o-
xylene and dibenzo-24-crown-8 ether (schematic).
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Fig. 10. Retention behaviour of ethyltoluenes and butylbenzenes in the GLC system: relationship between log dk and the boiling point.

donor areas of the benzene nuclei in DB-24-C-8
ether prior to complete inclusion of the xylene mol-
ecule in the DB-24-C-8 ether cavity. Under these
conditions, the para position is the most favourable
arrangement of the methyl substituents. The reten-
tion of ethyltoluenes and butylbenzenes in the GLC
system can be seen in Fig. 10. The highest retention
of the meta isomer can be caused by interaction of
the alkyl substituents with the DB-24-C-§ ether
benzene nuclei, as described above, which accompa-
nies partial inclusion of the m-ethyltoluene benzene
nucleus into the DB-24-C-8 ether cavity. This ac-
companying interaction is more likely with the meta
isomers than with the para isomer, provided that
the two interacting molecules have a suitable spatial
arrangement. The group of butylbenzenes exhibits
similar interactions to the GSC system.

Retention behaviour of halogen derivatives

Fig. 11 summarizes the retention behaviour of
halogen derivatives in the GSC system. The com-
pounds fall into two groups. The first group in-
cludes rather small molecules: dichloromethane, tri-

chloromethane, 1,2-dichloroethane and diiodo-
methane. The other group involves compounds
with large molecules or long alkyl chains: tetrachlo-
romethane, tetrachloroethane, n-heptyl-, n-octyl-
and n-decylchloride. The compounds from the first
group are retained substantially more strongly than
those from the other group. This fact cannot be sat-
isfactorily explained using only a purely electrostat-
ic model of interaction. On the basis of a stereo-
chemical study of these substances, the retention
behaviour can be explained by inclusion of the mol-
ecules from the first group into the DB-24-C-8 ether
cavity. The behaviour of halogen derivatives is
identical in the GLC system.

CONCLUSION

The results obtained indicate that gas chromato-
graphic measurement can significantly contribute to
the evaluation of the properties of dibenzo-24-
crown-8 ether and to the characterization of its in-
teractions with various organic substances. Diben-
z0-24-crown-8 ether can be classified among the
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Fig. 11. Retention behaviour of halogen derivatives in the GSC system: relationship between the logarithm of the capacity ratio and the

boiling point.

substances whose specific spatial interactions with
benzene derivatives can be used to study inclusion
phenomena in gas chromatography. In contrast to
a-cyclodextrin, dibenzo-24-crown-8 ether also spe-
cifically interacts with methanol and ethanol in
GSC systems.
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ABSTRACT

Taguchi design experiments were conducted in order to identify and optimize the parameters that yield a maximum separation of 26
solvents commonly found in bulk pharmaceuticals. Wide-bore columns with chemically cross-linked stationary phases of different
polarities were retained owing to their sensitivity and specificity in optimizing the analysis via a simple response function based on

information theory.

INTRODUCTION

For several years, the search for a general method
applicable to the evaluation of solvent residues in
bulk pharmaceuticals has received great attention.
Several procedures based on packed-column or
wide-bore column separation have been published
[1-4]. The US and European Pharmacopoeias pro-
pose standard procedures employing porous poly-
mer packings or silicone phases [5,6] with direct
injection or headspace sampling.

These techniques require a high-boiling solvent
such as octanol or benzyl alcohol to dissolve the
sample. The solubility of pharmaceuticals in these
solvents is poor, <1%, thus adversely affecting the
detection limits. After each analysis it is necessary to
maintain the column at its highest temperature limit

Correspondence to: Dr. P. Billot, Analytical Department,
Roussel-Uclaf, 93230 Romainville, France.

0021-9673/92/$05.00 ©

to eliminate the dissolving solvent and its impurities.
Benzyl alcohol contains by-products such as meth-
anol, toluene, oxidation products and benzene gen-
erated during injection. Dimethylformamide, which
has been termed the universal organic solvent, seems
to be a better choice.

Many strategies for the optimization of gas chro-
matography have been used, such as the sequential
simplex method [7,8], window diagrams [9], re-
sponse surface method [10] and computer-simula-
tion techniques [11-14]. They all suffer from the
poor number of parameters tested or from a difficul-
ty in calculating the response function, often impre-
cise owing to uncertainties in the measurement of
data.

For any optimization strategy, a mathematical
function must be defined to reflect the quality of a
chromatogram as a single number. Optimization
then becomes a process of maximizing (or possibly
minimizing) the numerical value of this function. It
is a challenge to capture adequately the chromato-

1992 Elsevier Science Publishers B.V. All rights reserved
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grapher’s perception of quality with a mathematical
expression and, consequently, considerable effort
has been devoted to the development of the response
function.

Response functions such as [15]

Ct =YRi — b(ly — tmax) — tmin — 1a)

HRS = HR,
where

R; = resolution between two adjacent peaks

Imin = Minimum time required for analysis

Imax = Maximum time acceptable

t, = retention time of the first peak

1w = retention time of the last peak

b and d = weighing factors
give numbers without dimensions increasing with
the quality of the chromatogram. In fact, the
increase is not necessarily correlated with an im-
provement of the separation between two adjacent
peaks, Y R; and [ [R: being strongly dependent on
the chromatograms to be compared (retention times
of the same order are necessary to have R; of the
same type). The interval of variation of the response
function,.i.e., minimum and maximum, is often not
known, particularly the maximum. Some workers
[16] have introduced functions such as CRF and
COF that remove this last drawback:

k
CRF= ) InP;

i=1
where P; is a measure of separation between ad-
jacent peaks

k
COF = Y. AIn(Ri/Rig) + Bty — 1)
i=1

where R; is the resolution of the ith pair, R4 is the
desired resolution and 4; and B are weighing factors.

All these disadvantages, mainly the uncertainties
in the measurement of the resolution, the long time
necessary to analyse the chromatogram and the
unknown maximum of the response functions al-
ready used, convinced us to use a response function
based on information theory [15,17,18], in conjunc-
tion with Taguchi design experiments.

Orthogonal array designs are used to assign
factors, i.e., the analytical parameters (in our case,
column, temperature, flow-rate, ...) to a series of
experimental combinations whose results then can
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be treated by a common mathematical procedure to
extract independently the main effects of these
factors. Emphasis is placed on identifying control-
ling factors and quantifying the magnitude of effects
rather than just identifying statistically significant
effects.

Taguchi has simplified the application of design
experiments by using a standardized library of basic
designs [19,20] called orthogonal arrays along with
some simple methods to modify these layouts to fit
individual situations.

THEORY

Optimization criteria

Let a mixture of » components be separated by
gas—liquid chromatography (GLC). The resulting
chromatogram is composed of k; singlets, k, dou-

blets. ..., k, p-uplets with ) pk, = n. The quantity of

P
specific information brought by the identification of
one component is

0, = log,(n/1)
The appearance frequency is
Fl = kl/n

F, is also the probability of one component being
present as a singlet, postulating that each compo-
nent could be present anywhere in the chromato-
gram.

The contribution of the singlets to the quantity of
information is given by

I, = F1Q, = (ky/n)log,(n/1)

In the same way, the contribution of the doublets is
I, = F2Q> = (2k,[n)log,(n/2)

Thé total information brought by the chromato-
gram is the sum of the individual contributions of
each peak groups:

IC =Y (pk,/mloga(n/p)

where 7 is the total number of components to be
separated. This function varies between zero, all the
peaks together (p. = n, k, = 1) and log,(n), all the
peaks separated (p = 1, k, = n).

Forinstance, let a mixture of eight components be
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separated. If the resulting chromatogram is com-
posed of four singlets and two doublets, then

IC = 4 x 1/8 x log(8/1) + 2 x 2/8 x log,(8/2) =
3.5

EXPERIMENTAL

Materials

Samples of solvents were obtained from Merck
(Nogent sur Marne, France), Prolabo (Paris,
France), Riedel-de Haen (Seelze, Germany). Di-
methylformamide was of high-purity grade from
Merck (>99.8%)

Apparatus and conditions

The method was developed on a Varian 3400 gas
chromatograph equipped with a flame ionization
detector, a Varian Model 8035 autosampler and
Model OCA-4/90 insert from Scientific Glass Engi-
neering (Villeneuve-Saint-Georges, France). Chro-
matograms were recorded on a Spectra-Physics
Chromjet system. Hydrogen and air flow-rates were
37 and 260 ml/min, respectively, and the carrier gas
was nitrogen with a make-up of 30 ml/min.

The columns were 50 m x (.53 mm 1.D. fused-
silica columns (Chrompack, Les Ulis, France) with
the thickest chemically cross-linked stationary
phases available: CP Sil SCB and CP Sil 8CB with a
5-um film thickness and CP Sil 13CB and CP Wax
52CB with a 2-um film thickness.

Procedure

The standard solution used in the optimization
step was prepared by dissolution in dimethylform-
amide at 0.02% (v/v) for each solvent. Volumes of
0.4 ul were injected. The injector and detector
temperature were 130 and 250°C, respectively.

RESULTS AND DISCUSSION

The experiment is designed to determine the effect
of operating conditions on the separation of 26
different solvents commonly found in bulk pharma-
ceuticals. A number of analytical variables influence
the chromatographic results obtained for a mixture
of solvents. Six main injection variables affect the
solvent peak shape and resolution when using 0.53
mm I.D. columns in a packed-column injection port:
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injector temperature, injector volume, solvent mole-
cular weight, injection rate, sample size and flow-
rate. The column parameters length, diameter, sta-
tionary phase film thickness and type of the station-
ary phase coating and the oven temperature pro-
gramme must also be considered.

A large number of parameters can be optimized
but previous experimental results [21] have indicated
that the column flow and the oven temperature
programme, namely the initial oven temperature,
initial time, programming rate and final oven tem-
perature, are particularly likely to affect the quality
of the chromatogram. Parameters such as polarity
are difficult to introduce in design experiments
because one cannot assign a significant continuous
number to a polarity, thus preventing the optimiza-
tion step.

In order to test these five factors and the four
interactions with the flow-rate, a screening experi-
ment was conducting using an L16 (2'3) Taguchi
orthogonal array. This fractional factorial design, at
two levels, labelled (1) and (2), (Table 1), is time
saving in this initial step for screening five potential-
ly important factors. A factor at two levels corre-
sponds to one degree of freedom (degree of freedom
equals the number of levels minus one). Each
interaction between two factors at two levels corre-
sponds to one times one degree of freedom. There-
fore, five factors at two levels and four interactions
equal nine degrees of freedom. Consequently, the
L16 orthogonal array (fifteen degrees of freedom) is
the minimum fractional array to choose. Each factor
is assigned to a column according to the linear graph
for this Taguchi orthogonal array (Fig. 1). Circles
are for the main factors and the lines between them
permit the estimation of the interactions (i.e., if
flow-rate and initial temperature are assigned to
columns 1 and 2, respectively, then column 3
contains the interaction between flow-rate and initi-
al temperature).

The sixteen experiments were done following
Table II, where flow-rate is assigned to column 1,
initial temperature to column 2, initial time to
column &, programming rate to column 12 and final
temperature to column 6. For instance, trial 10
corresponds to flow-rate 5.3 ml/min, initial tempera-
ture 25°C, initial time 17 mn, programming rate
15°C/min and final temperature 90°C.

In such experiments a direct estimate of the
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TABLE 1
L16 TAGUCHI ORTHOGONAL ARRAY

Trial 1 2.3 4 5 6 7 8 9 1011 1213 14 15
1 11 1111111111111
2 11 1111122222222
3 11 1222211112222
4 111 222222221111
5 1 2211221122112 2
6 1 2211222211221:1
7 12222111122221]1
8 1 2222112211112 2
9 212121 212121212
10 21 2121221212121
21221 2112122121
12 21221 2121211212
13 221 122112211221
14 221 122121122112
15 221 211212212112
16 221 211221121221

experimental error is not calculable because for each
trial only one experiment has been done. Therefore,
the residual variance was calculated with the sum of

TABLE 11
L16 TAGUCHI ORTHOGONAL ARRAY
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3 9 15 14
© ©
2 10 8 4 5

Fig. 1. Linear graph.

squares of columns that have not been assigned
(columns 4, 5, 10, 11, 14, 15). These columns
correspond to interactions with a very low probabil-
ity of occurrence.

An analysis of variance table with pooled errors
was constructed from individual contribution (JC)
data, and it indicated that the factors initial time and
final oven temperature are statistically significant at
the 99.5% confidence level and initial oven tempera-
ture and programming rate at the 95% level. Col-
umn flow and the interactions between flow and the
other parameters have no influence on the separa-
tion of the 26 solvents (Table III).

Thé most significant effects contributing to the
output signal were the initial time (31.3%) and the

Trial 1= 22 3 4 5 6 7 8 9 10 11 127 13 14 15 IC

1 1 1 1 1 1 -4.3347
2 1 1 1 2 2 4.4406
3 1 1 2 1 2 4.0270
4 1 1 2 2 1 4.2868
5 1 2 2 1 1 4.1039
6 1 2 2 2 2 4.1039
7 1 2 1 1 2 4.1808
8 1 2 1 2 I 4.3347
9 2 1 I 1 I 4.2578
10 2 1 1 2 2 4.2578

11 2 I 2 1 2 3.9980

12 2 1 2 2 1 4.2868
13 2 2 2 1 1 4.0749
14 2 2 -2 2 2 4.1808
15 2 2 1 1 2 4.0749
16 2 2 1 2 1 4.2578

¢ Column 1: Flow-rate level 1: 2 mi/min level 2: 5.3 mi/min

Column 2: Initial temperature  level 1: 25°C level 2: 60°C

Column  8: Initial time level 1: 6 min level 2: 17 min

Column 12: Programming rate level 1: 4°C/min level 2: 15°C/min

Column 6: Final temperature level 1: 90°C level 2: 140°C



P. Billot and B. Pitard | J. Chromatogr. 623 (1992) 305-313

TABLE III
VARIANCE ANALYSIS
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Source of variation Sum of squares

Degrees of freedom Mean square

Variance ratio®  Contribution (%)"

Flow-rate 1.123 - 1072 1
Initial temperature 2.086 - 1072 1
Initial time 7.525- 1072 1
Final temperature 7.249 - 1072 1
Programming rate 2.835- 1072 1
Flow-rate/final temperature 1.331 - 1072 1
Flow-rate/initial temperature 1.479 - 1073 1
Flow-rate/programming rate 2.108 - 1074 1
Flow-rate/initial time 2,108 - 107# 1
Pooled errors (columns 4,5,10,

11,14,15) 1.714 - 1072 6

1.123 7 1072 3.93 4.7
2.086 - 1072 7.30 8.7
7.525 1072 26.34 313
7.249 - 1077 25.37 30.1
2.835- 1072 9.92 11.8
1.331 - 1072 4.66 5.5
1.479 - 1073 0.52 0.6
2.108 - 1074 0.07 0.1
2.108 - 1074 0.07 0.1
2.857 - 1073

@ Critical variance ratio is 5.99 (95% confidence), 18.6 (99.5% confidence).

* Contribution is sum of squares / total sum of squares.

final oven temperature (30.1%). The next most
significant factors were the programming rate
(11.8%) and the initial oven temperature (8.7%).

Fig. 2 shows the effect of significant factors on the
response function. A low initial oven temperature,
programming rate and final oven temperature will
improve the response function the most. Changing
the initial time from a low to a high level will also
increase the response function.

The L16 orthogonal table enabled us to choose
which factors are to be included in the method for
determining the optimum combination of factor

IC FUNCTION
FS
N

FACTORS LEVEL

Fig.2. Test of means (L16 Taguchitable). A = Flow-rate (2and
5.3 ml/min); O = initial temperature (25 and 60°C); @ = final
temperature (90 and 140°C); @ = initial time (6 and 17 min);
A = programming rate (4 and 15°C/min).

levels. With the important factors (initial tempera-
ture, initial time, programming rate, final oven
temperature) a full factorial design at two levels
(Table 1V) is used to optimize the experimental
conditions. Column flow-rate was left at the low
level corresponding to the best HETP value. A
model can be developed that relates the design
variables to the measurement of experimental be-
haviour. This can be done by using regression
methods.

The method of steepest ascent was proposed by
Box and Wilson [22]. The maximum is located by
means of a series of experiments, each planned from
the results of the preceding ones. First, a 2* full
factorial design is chosen to fit a linear equation as
an approximation to IC in the vicinity of the starting
point.

The fitted linear equation in the coded scale is

IC = IC + hy(X1) + ha(X2) + ha(X3) + ha(Xs)

where IC is the mean of all the IC values, A is the
mean effect of the initial temperature, /4, is the mean
effect of the initial time, k4 is the mean effect of the
programming rate, i, is the mean effect of the final
temperature and X,—-X, are the four factors being
considered. The mean effect is calculated by dividing
the main effect by 16, i.e., the number of trials. The
main effect is obtained as follows: for each trial, to
the resulting IC is assigned the row sign (4 or —)
corresponding to the column that permits the factor
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TABLE IV
2* FULL FACTORIAL DESIGN

Trial 1 2¢ 3 4 ic
1 - - — - 4.33468
2 + — - - 4.18083
3 - + - - 4.44636
4 + + - - 4.33468
5 - - + - 4.18083
6 + - + - 4.18083
7 - + + - 4.44064
8 + + + — 4.33468
9 — - - + 425776
10 + - - + 4.10391
1 - + - + 4.28679
12 + + - + 4.25776
13 — — + + 4.02699
14 + - + + 4.02699
15 - + + + 4.10391
16 + + + + 4.10391
Mean effect —5.486 10°' 1.010- 107" —7.984:10"" —1.260- 107"
Mean effect —3.429 1072 6.314 - 1072 —4.990-10"2 —7.873- 1072
2 Columnl: initial temperature level —: 25°C level +: 60°C
Column 2: initial time level —: 6 min level +: 17 min
Column 3: programming rate level —: 4°C/min level +: 15°C/min
Column 4: final temperature level —: 90°C level +: 140°C

estimation and the sum is obtained. The equation
becomes

IC=4.225—-3.429-1072(X,) + 6.314- 107 %(X,) —
4.990-1072(X;3) — 7.873- 107 %(X4)

that the final temperature step is 5°C. The different
trials are realised from the centre of the domain
studied (Table V). The IC value is calculated for
each trial until an inversion of the function is found.
This occurs for the conditions corresponding to the
centre plus seven times the progression steps. The

where Iti h . 1in Fig 3

X, Initial oven X, Tnitial time resulting chromatogram 1is presentg mn Fig. 3.
temperature Three other columns were tgsted in the same way
and the chromatograms obtained are presented in

—1 25°C —~1 6 min Figs. 4-6.

+1 60°C +1 17 min The best separation is obtained on a CP-Sil 13CB
X. Prosrammine rate X, Final oven column with 24 solvents separated and two co-
3 £ & 4 eluted, isopropanol and diethyl ether. On the CP-Sil
temperature 8CB column the 26 solvents are visible with two
—1 4°C/min -1 90°C groups of three peaks, acetone, isopropanol and
+1 15°C/min +1 140°C acetonitrile and hexane, methyl ethyl ketone and

Then the direction of the steepest ascent is calcu-
lated for each factor by the formula /(X" — X7)/2,
where / is the mean effect obtained from the 2*
design and X* and X~ are high and low levels of a
factor X, respectively.

The progression steps ¢ are chosen in such a way

diisopropyl ether. The CP-Wax 52CB column shows
two groups of co-eluting solvents, 1,1,2-trichlorotri-
fluoroethane and diethyl ether and methanol and
ethyl acetate. These three columns allowed a good
separation ‘within an analysis time between 60 and
90 min. On the other hand, the CP-Sil 5CB column
shows a short analysis time of 30 min, but with a
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TABLE V
OPTIMUM SEARCHING
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Trial® Initial temperature (°C)  Initial time (min) Programming rate (°C/min)  Final temperature (°C) IC
6 =—-15" 6 = 09" ¢ = —07) 6 = =5

Centre 42.5 I1.5 9.5 115

Centre + 14 41.0 12.4 8.8 110 4.10
Centre + 54 350 16.0 6.0 90 4.33
Centre 4 74 32.0 17.7 4.6 80 4.44
Centre + 7.54 313 18.3 43 71.5 4.36
Centre + 84 30.5 18.7 3.9 75 4.36

“ Centre = (X*+X7)/2, where X* and X~ are high and low levels of a factor, X.

b § (Final temperature) fixed at —5°C. § = [—Sh(X* —X7)/2)/[—7.873

poorer separation; ethyl acetate and diisopropyl
ether co-elute in a group of four solvents and toluene
co-elutes with dimethylformamide.

An interesting feature extracted from the analysis
tables of the Taguchi arrays is the different behavi-
our of a strictly apolar phase compared with more or
less polar phases. All the phases require low initial

12

13

UL

14 2

10~2 (140-90)/2] for other factors.

and final temperatures and a long initial isothermal
time, but a non-polar phase, unlike polar phases,
needs a rapid programming rate. This could be
attributed to the fact that polar interactions (dipole—
dipole or hydrogen bonding) decrease in strength
with increasing temperature.

24 25

L

T T T

0 10 20 30

40

Minutes

Fig. 3. Chromatogram obtained on a CP-Sil 8 CB column. Initial temperature, 32°C; initial time, 17.7 min; programming rate,
4.6°C/min; final temperature, 80°C; flow-rate, 2 ‘'ml/min. Peaks: 1
isopropanol; 6 = diethyl ether; 7 = 1,1,2-trichlorotrifluoroethane; 8 = methylene chloride; 9 = n-propanol; 10 = ethyl acetate; 11 =
methyl rert.-butyl ether; 12 = hexane; 13 = methyl ethyl ketone; 14 = diisopropyl ether; 15 = chloroform; 16 = tetrahydrofuran;
17 = methyl isobutyl ketone; 18 = n-butanol; 19 = cyclohexane; 20 = triethylamine; 21 = dioxane; 22 = methylcyclohexane; 23 =

1,2-dichloroethane; 24 = pyridine.

= methanol; 2 = ethanol; 3 = acetonitrile; 4 = acetone; 5 =
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Fig. 4. Chromatogram obtained on a CP-Sil 5CB column. Initial temperature, 30°C; initial time, 5.7 min; programming rate,
12.8°C/min; final temperature, 110°C; flow-rate, 2 ml/min. Peaks: 1 = methanol; 2 = ethanol; 3 = acetonitrile; 4 = acetone; 5 =
isopropanol; 6 = diethyl ether; 7 = methylene chloride: 8 = 1,1,2-trichlorotrifluoroethane; 9 = n-propanol; 10 = methyl zert.-butyl
ether; 11 = methyl ethyl ketone; 12 = ethyl acetate; 13 = diisopropyi ether; 14 = hexane; 15 = chloroform; 16 = tetrahydrofuran;
17 = 1,2-dichloroethane; 18 = n-butanol; 19 = cyclohexane; 20 = tricthylamine; 21 = dioxane; 22 = methyl isobutyl ketone; 23 =
methylcyclohexane; 24 = pyridine; 25 = toluene.
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Fig. 5. Chromatogram obtained on a CP-Sil 13CB column. Initial temperature, 15°C; initial time, 30.5 min; programming rate,
1.7°C/min; final temperature, 142°C; flow-rate, 1.5 mi/min. Peaks: 1 = methanol; 2 = ethanol;3 = diethyiether;4 = isopropanol;5 =
acetone; 6 = I,1,2-trichlorotrifluoroecthane; 7 = acetonitrile; 8 = methylene chloride; 9 = methyl terz.-butyl cther; 10 = n-propanol;
11 = hexane; 12 = diisopropy! ether; 13 = n-butanol; 14 = methyl ethyl ketone; 15 = ethyl acetate; 16 = chloroform; 17 =
tetrahydrofuran; 18 = cyclohexane; 19 = 1,2-dichloroethane; 20 = triethylamine; 21 = methylcyclohexane; 22 = dioxane; 23 =
methyl isobutyl ketone; 24 = pyridine; 25 = toluene.



P. Billot and B. Pitard | J. Chromatogr. 623 (1992) 305-313

X2

21

313

25

24

0 15 35 55

T
75
Minutes

Fig. 6. Chromatogram obtained on a CP-Wax 52CB column. Initial temperature, 44°C; initial time, 23.5 min; programming rate,
1.1°C/min; final temperature, 128°C; flow-rate, 2 ml/min. Peaks: 1 = hexane;2 = diethylether; 3 = 1,1,2-trichlorotrifluoroethane; 4 =
diisopropyl ether; 5 = methyl tert.-butyl ether; 6 = cyclohexane; 7 = triethylamine; 8 = methylcyclohexane; 9 = acetone; 10 =
tetrahydrofuran; 11 = methanol; 12 = ethyl acetate; 13 = methyl ethyl ketone; 14 = isopropanol; 15 = ethanol; 16 = methylene
chloride; 17 = acetonitrile; 18 = methyl isobutyl ketone; 19 = chloroform; 20 = n-propanol; 21 = toluene; 22 = dioxane; 23 =

1,2-dichloroethane; 24 = n-butanol; 25 = pyridine.

CONCLUSION

The described method allowed us to optimize the
separation of 26 solvents with a limited number of
experiments for each column: sixteen for the L16
Taguchi table plus eight for the full factorial design.
The experimental approach, unlike a traditional one
(simplex method) is time saving and the simultane-
ous variation of all the studied factors and the study
of their interactions is possible.

The best optimization could be retained as a

screening method but owing to its long analysis time -

and low initial temperature, needing cryogenics, it
could not be used as a routine analytical method.
However, a routine method could easily be ex-
tracted from the factorial design or from the model-
ling of IC to fit in with requirements such as time of
analysis, detection limit or solvents for separation.
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ABSTRACT

A polyethylene oxide—polypropylene oxide block polymer was characterized with respect to molar mass distribution and block length
of the individual blocks using two-dimensional chromatographic techniques. In the first dimension the block polymer was separated
according to the length of the polypropylene oxide block by liquid chromatography at the critical point of adsorption. The resulting
polypropylene oxide uniform fractions were subjected to supercritical fluid chromatography or size-exclusion chromatography and the
average length and the molar mass of the polyethylene oxide blocks were determined for every fraction.

INTRODUCTION

The molecular heterogeneity of a polymer is
characterized by three distribution functions: the
molar mass distribution, the distribution in chemical
composition and the functionality type distribution.
The molar mass distribution may be determined by
size-exclusion chromatography (SEC) and the deter-
mination of the chemical heterogeneity is possible

Correspondence to: Dr. H. Pasch, Deutsches Kunststoff-Institut,
Schlossgartenstrasse 6, W-6100 Darmstadt, Germany.
* For Part 1, see ref. 9.

0021-9673/92/$05.00 ©

using liquid adsorption or precipitation chromatog-
raphy [1,2]). Until recently, the functionality type
distribution could be determined only via prepara-
tive chromatographic separation into functionality
fractions and spectroscopic determination of the
functional groups.

The development of liquid chromatography at the
critical point of adsorption by Entelis and co-
workers [3-5] made it possible to determine the
fuctionality type distribution of telechelic oligomers
and polymers. Operating in the region between
exclusion and adsorption modes of liquid chroma-
tography, retention becomes independent of the

1992 Elsevier Science Publishers B.V. All rights reserved
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length of the polymer chain and separation is
accomplished exclusively by the number and type of
functional groups [6-8]. Accordingly, only the func-
tional groups and not the polymer chain contribute
to the retention time, i.e., the polymer chain behaves
like an “invisible” part of the molecule.

In Part I [9] it was shown that the same approach
can be applied to the characterization of block
polymers. For example, taking a block polymer
A,B,, the block A, can be regarded as a functional
group. Therefore, using the critical conditions of B,
for the chromatographic process the chemical struc-
ture of A, can be characterized and vice versa.

This paper is aimed at using two-dimensional
chromatographic techniques to characterize a block
polymer of ethylene oxide and propylene oxide. The
first (polypropylene oxide) block will be analysed by
liquid chromatography at the critical point of ad-
sorption whereas the second (polyethylene oxide)
block is to be analysed by supercritical fluid chroma-
tography (SFC) and SEC.

EXPERIMENTAL

The SFC experiments were conducted on a
Dionex SFC 600D instrument usinga 10 m x 50 ym
1.D. SB Biphenyl-30 capillary column (Lee Scientif-
ic). The mobile phase was carbon dioxide (Scott).
Flame ionization detection (FID) at 380°C was
used, the initial oven temperature being 130°C.
Timed split injection was carried out using a Valco
injection valve. All samples were injected as 30%
(w/w) solutions in methylene chloride.

High-performance liquid chromatographic
(HPLC) separations were carried out on a system
consisting of a Waters Model 501 HPLC pump, a
manually operated six-port injection valve (Rheo-
dyne) and an R-401 differential refractometer (Wa-
ters). The column was Nucleosil 5C;g (250 x 4 mm
L.D.) (Macherey—Nagel) with a particle diameter of
5 pum. The mobile phase was acetonitrile—water
(43:57, v/v) at a flow-rate of 0.5 ml/min. A 20-ul
volume of a 10% polymer solution was injected for
each separation.

The SEC investigations were performed on five
300 x 8 mm I.D. columns of Ultrastyragel, 1000 A,
2 x 500 A and 2 x 100 A (Waters), using tetra-
hydrofuran (THF) as the mobile phase at a flow-rate
of 1 ml/min. A Model R-410 refractive index

H. Pasch et al. | J. Chromatogr. 623 (1992) 315-322

detector (Waters) and a Model 501 pump (Waters)
were used; the molar mass calculations were based
on polyethylene oxide calibration standards. Vol-
umes of 200 ul of 0.1% (w/w) polymer solutions
were injected via a Rheodyne six-port injection
valve.

The block polymer was prepared at the Central
Institute of Organic Chemistry, Berlin, by anionic
polymerization at 110°C using potassium glycolate
as initiator.

RESULTS AND DISCUSSION

Polyethylene oxide (PEO) and polypropylene
oxide (PPO) and their block polymers are important
precursors of polyurethanes. Their detailed chemi-
cal structure, i.e., the chemical composition, block
length and molar mass of the individual blocks, may
be decisive for the properties of the final product.

It was shown previously [9,10] that in block

M
o
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~
3
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- 4885
o
[
~r
=
1 g
1000
2
~r
-“._ 500 2
B T T T
~ 40 4.5 50
Retention Time {min)
—‘L 150

Fig. 1. HPLC of polyethylene oxide calibration standards at the
critical point of adsorption and the corresponding critical
diagram. Column, Nucleosil 5C,g; mobile phase, acetonitrile~
water (43:57, v/v); flow-rate, 0.5 ml/min; refractive index detec-
tion.
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polymers the individual blocks may be characterized
independently using liquid chromatography at the
critical point of adsorption. Operating at the critical
point of one block, the other block may be analysed
and structural parameters may be calculated.

The mobile phase composition corresponding to
the critical conditions for PEO was found to be
acetonitrile-water (42:58, v/v) on a Chrompack
RP-18 stationary phase [9]. As the present investiga-
tions were carried out on a Macherey—Nagel 5C;g
column, the composition of the mobile phase had to
be adjusted accordingly. Polyethylene oxide calibra-
tion standards of different molar masses were sepa-
rated using acetonitrile-water of varying composi-
tion. The disappearance of the molar mass depen-
dence of the retention time, corresponding to the
critical conditions, was achieved at a composition of
the mobile phase of acetonitrile—water (43:57, v/v);
see Fig. 1.

Under these conditions a triblock polymer of
ethylene oxide and propylene oxide, HO(EO),,
(PO)(EO),,OH, was separated into fractions of
different degrees of polymerization with respect to
propylene oxide, regadless of the length of the
ethylene oxide blocks (see Fig. 2). The assignment of
the peaks was based on comparison with the chro-
matogram of a polypropylene oxide. The elution
order and the retention time behaviour of the frac-
tions, which are in agreement with the theoretically
estimated distribution coefficient K{™ = [K{V]™ (see
Part I [9]), where m is the degree of polymerization
with respect to propylene oxide, suggests that the
assignment given in Fig. 2 is correct.

The first peak corresponds to m = 1-3, the shoul-
der tom = 4, the peak at 2.5 ml to m = 5 and so on.
Accordingly, every peak is uniform with respect to m
but has a distribution in block length with respect to
the polyethylene oxide blocks (7). Assuming that the
refractive index responses of polyethylene oxide and
polypropylene oxid oligomer series are similar, the
amounts of fractions 1-8 tnay be determined (see
Table I).

A complete picture of the microstructure of the
block polymer can be provided by separating the
fractions preparatively and subjecting them to a
second chromatographic method. This method must
separate the propylene oxide uniform fractions
according to the oligomer distribution of the ethyl-
ene oxide blocks, thus providing the molar mass or
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Fig. 2. HPLC of the block polymer. Chromatographic conditions
as in Fig. 1.

TABLE I

RELATIVE AMOUNTS OF FRACTIONS 1-8 AFTER
SEPARATION AT THE CRITICAL POINT OF ADSORP-
TION OF PEO

Relative amount
(%, v/v)

Fraction m Composition

HO(EO),, (PO),(EO), OH

HO(EO),,(PO)(EO), OH

HO(EO), (PO),(E0),,OH 2.5
HO(EO),,(PO)s(E0),,OH 8.5
HO(EO),, (PO)s(EO),,OH  10.1
HO(EO),,(PO),(E0),,OH  12.1
HO(EO), (PO)s(E0),,OH  13.9
HO(EO),,(PO)s(EO),, OH 9.0
HO(EO), (PO),,(E0),,0H 2.0

N,

HO(EO),,(PO)(EO),,OH
} 41.9

O~ O\ bW
SOOI B WN—
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Fig. 3. SFC of fraction 1. Column, SB Biphenyl-30; mobile phase,
carbon dioxide; FID.

block length distribution of the ethylene oxide
blocks.

In previous investigations on the two-dimensional
separation of telechelic oligomers, it was demon-
strated that- SFC is a very useful technique for
separating polyethers according to their oligomer
distribution [11,12]. Using highly efficient and selec-
tive capillary columns, oligomers may even be
separated simultaneously according to the degree of
polymerization and functionality.

Fig. 3 shows the SFC of fraction 1 using a pressure
and temperature gradient. The oligomers are well

separated and it can be seen that, in addition to the
main oligomer series, peaks of minor intensity are
also obtained. This is in agreement with our assump-
tion that fraction 1 is a superposition of the oligomer
series with m = 1, 2, 3. Based on the reaction mecha-
nism and the retention behaviour of the fraction, it
was concluded that the major peaks belong to the
oligomer series with m = 3.

Using the same chromatographic conditions, frac-
tions 3-8 were separated into their oligomers (see

H. Pasch et al. | J. Chromatogr. 623 (1992) 315-322
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J]
5 10 15 20 25 30
Time {(min)

Fig. 4. SFC of fractions 3-8. Chromatographic conditions as in
Fig. 3.

TABLE II

COMPARISON OF SFC RETENTION TIMES OF THE
FIRST PEAKS IN FRACTIONS 3-8 WITH A COMMER-
CIAL PPO

n Retention time (min)
HO?®0),0OH  First peak
5 4.57 4,77 (fraction 3)
6 5.18 5.40 (fraction 4)
7 6.00 6.15 (fraction 5)
8 6.85 6.93 (fraction 6)
9 7.62 7.67 (fraction 7)
10 8.30 8.32 (fraction 8)
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PEAK ASSIGNMENT IN SFC OF FRACTIONS 1-8 OF THE BLOCK POLYMER HO(EO), (PO),(EO),,OH

n, + n, Retention time (min)
1 3 4 5 6 7 8
(m=3) (m=25) (m=06) m=1 (m=238) m=9 (m =10)
0 “ 4.7 5.40 6.15 6.93 7.67 8.32
1 4.48 5.52 6.32 7.10 7.83 8.50 9.12
2 5.32 6.33 7.28 7.88 8.67 9.30 9.85
3 6.52 7.40 8.10 8.77 9.47 10.10 10.62
4 7.75 8.33 8.95 9.58 10.17 10.90 11.30
5 8.90 9.22 9.82 10.38 10.95 11.55 12.00
6 9.95 10.03 10.62 11.17 11.73 12.25 12.70
7 10.88 10.83 11.42 11.93 12.50 13.00 13.40
8 11.80 11.63 12.20 12.70 13.28 13.75 14.08
9 12.67 12.43 12.97 13.47 14.07 14.52 14.80
10 13.53 13.20 13.73 14.24 14.83 15.27 15.53
11 14.37 13.97 14.48 14.97 15.58 16.00 16.20
12 15.18 14.72 15.25 15.72 16.32 16.72 16.85
13 15.97 15.48 15.95 16.42 17.00 17.38 17.48
14 16.70 16.20 16.63 17.10 17.67 18.02 18.07
15 17.38 16.88 17.27 17.73 18.30 18.63 18.65
16 18.02 17.52 17.88 18.33 18.90 19.23 19.20
17 18.60 18.15 18.48 18.92 19.47 19.80 19.73
18 19.05 18.73 19.08 19.48 20.03 20.37 20.25
19 19.52 19.28 19.65 20.02 20.58 20.95 20.75
20 20.02 19.83 20.18 20.55 21.13 21.45 21.28
21 20.97 20.38 20.68 21.05 21.62 21.78

¢ Eluted with solvent peak.

Fig. 4). These fractions consisted nearly exclusively
of one oligomer series each, indicating that the
preparative separation was of good quality. Because
of its low concentration and the poor separation
quality, fraction 2 could not be characterized by
SFC. The assignment of the peaks was based -on
comparison with chromatograms of PPO and the
retention behaviour of PEO. Thus, the first intense
peak after the solvent peak in each chromatogram
was identified as the propylene oxide oligomer
without ethylene oxide units. The comparison of the
retention times of the first peaks with a commercial
PPO in Table II shows good consistency. The next
peaks in the chromatograms may then be assigned to
the oligomers containing one, two, three, and so on,
cthylene oxide units. Because of the high chemical
similarity, SFC did not resolve oligomers of the
same gross composition but different ethylene oxide
distribution, e.g., HO(EO)4(PO),(EO),OH and

HO(EO)3(PO),.(EO);OH. The complete assignment
of the peaks is summarized in Table III.

One of the major problems in SFC is quantifica-
tion. Normally, using FID the signal depends not
only on the amount of the eluted component but
also on its composition and chemical structure.
However, in a number of instances, namely for
homologuous series, the FID response may be
calculated using increment methods [13]. As was
shown in a previous investigation [12], relative mass
response (RM R) numbers of structural units may be
combined to give the relative FID response of a
certain molecule:

[N | | | i ]
HO}({CHZ%CHZOE-)—(-W E(IZH—ECHzoi)—(-m ECHz'_ECHzo;-)gH‘
o ( 1CHs o i
RMR -45!1100{ 0 | j200; O | {100} O |

RMR =200 m — 45+ 100(n; + n,)
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Accordingly, the RMR numbers for every oli-
gomer may be calculated by the following formulae:

Fraction m RMR

555 + 100(n, + ny)
755 + 100(n; + ny)
955 + 100(n, + ny)
1155 4+ 100(1; + n;)
1355 + 100(n; + ny)
1555 + 100(n, + n3)
1755 + 100(n, + n3)
1955 + 100(n; + n5)

00~ N B WD)
SOV IR AW

—

{

From the relative response of each component
and the peak area in the SFC trace, the number of
molecules n; and the molar mass averages (M, =
number-average molar mass; M,, = weight-average
molar mass) may be calculated:

n = A,/RMR,
M, =Y nM/[/Zn
M, =X nM2E nM;

As can be seen from the chromatograms, the
lower oligomers of each homologuous series are
separated very well by SFC. Therefore, the area of
every peak may be determined quantitatively. As for
the higher oligomers, where complete separation
could not be achieved, quantification was carried
out in the SEC mode. For each fraction a separate
calibration graph of log M vs. retention time was
used, based on the retention times of the lower
oligomers, and extrapolated towards higher molar
masses (see Fig. 5).

Using this approach, the molar mass averages of
the fractions were calculated and are summarized in
Table IV. In addition, from the concentration of the
individual oligomers the average block length n; +
n, with respect to ethylene oxide was determined.

In order to verify the accuracy of these calcula-
tions, an M, value for the total sample was calcu-
lated and compared with M, values obtained inde-
pendently by SEC and NMR:

critical chromatography/SFC M,= 870
SEC (calibration with PEO) M,= 940
13C NMR M, =1100

Taking into account, that the quantification in
SFC was based on increment schemes and extra-
polation was necessary for the quantification of the
higher-molar-mass oligomers, the results of two-
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log M
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Fig. 5. SFC calibration graphs of log M vs. retention time for
fractions 1-8.

dimensional separation critical chromatography vs.
SFC are consistent with the SEC and NMR data.

For additional support of the results, another
two-dimensional separation, but in this instance

TABLE 1V

STRUCTURAL PARAMETERS OF THE BLOCK POLY-
MER FRACTIONS CALCULATED FROM SFC DATA,
TWO-DIMENSIONAL SEPARATION CRITICAL CHRO-
MATOGRAPHY VS. SFC

Fraction HO(EO),,(PO),(EO),,OH  Composition

M, M, m ny+ny
1 640 7170 3 103
3 940 1100 5 144
4 950 1110 6 141
5 1070 1170 7 147
6 1140 1220 8 150
7 1220 1290 9 154
8 1270 1320 10 152
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Fig. 6. Two-dimensional separation: critical chromatography vs.
SEC of the block polymer.

critical chromatography vs. SEC, was performed.
Again fractions were collected that were uniform
with respect to the polypropylene oxide block (see
Fig. 6). The fractions were subjected to SEC and the
molar mass averages were calculated using a PEO
calibration graph. Comparing these results with the
values from the SFC experiments (see Tables IV and
V), it was found that the M., values of fractions 6-9
are significantly lower for the SFC experiments. This
again might be due to poor resolution of the higher
molar mass oligomers in SFC. However, comparing
the calculated molar mass averages for the total
sample, good agreement was obtained.

M, M,

critical chromatography vs. SFC 870 950
critical chromatography vs. SEC 830 1170
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TABLE V

MOLAR MASS AVERAGES OF THE BLOCK POLYMER
FRACTIONS CALCULATED FROM SEC DATA, TWO-
DIMENSIONAL SEPARATION CRITICAL CHROMA-
TOGRAPHY VS. SEC

Fraction m M, M,

1 3 550 780
2 4 660 940
3 5 879 1050
4 6 900 1230
5 7 990 1500
6 8 1120 1680
7 9 1320 1780
8 10 1350 1820
CONCLUSIONS

Liquid chromatography at the critical point of
adsorption has been shown to be a unique method
for the separation of A,B,A, block polymers.
Operating at the critical conditions of the first block
the second block may be characterized according to
the molar mass and block length. Using a second
chromatographic method, preparatively separated
fractions may be analysed with respect to the first
block. Hence quantitative data on the molar mass
distribution and the block length of the individual
blocks may be obtained. Further investigations will
focus on improving the accuracy and reproducibility
of the chromatographic techniques. It would then be
possible to determine block length distributions of
the individual blocks.
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ABSTRACT

The analysis of waxes, the basis of numerous cosmetic products, is frequently carried out by gas chromatography. Unfortunately, the
chromatographic “fingerprints” are very complex and sometimes abnormal compositions, a sign of “doping” of waxes, remain un-
detected. The object of this study by supercritical fluid chromatography with packed columns was to select chromatographic conditions
that characterize the majority of the different wax families and not a separation according to the hydrocarbon chain for a given family.

INTRODUCTION

Natural waxes, which are very complex mixtures
mainly consisting of hydrocarbons, esters, triglyc-
erides, alcohols and acids with long-chain alkyl
groups in the range C,o to > Cs, (straight, branch-
ed, saturated or unsaturated), are commonly used in
the cosmetics industry because of their many advan-
tageous properties. The compositions of different
waxes such as candellila or carnauba have long been
known [1,2]. Their analysis by gas chromatography
(GCQ), is often carried out on capillary [3] or packed
columns [1,4], but the chromatograms remain ex-
ceedingly complex. The systematic identification of
each component is lengthy and sometimes impossi-
ble. This technique often requires the derivatization
of the more polar components, so that alcohols are
frequently converted into their acetate derivatives
after treatment with acetic anhydride and acids into
their methyl esters after treatment with diazo-

Correspondence to: Dr. M. Lafosse, Laboratoire de Chimie
Bioorganique et Analytique (LCBA), URA CNRS 499,
Université d’Orléans, B.P. 6759, 45067 Orléans Cedex 2, France.
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methane [1-6]. Moreover, insufficient volatility of
certain components such as triglycerides requires
working at high temperatures, adding the risk of
degradating certain thermally labile compounds.

Different synthetic mixtures of waxes have been
analysed by supercritical fluid chromatography
(SFC) using packed columns, the first objective
being to obtain the chromatographic “fingerprint”
whereby each family of solutes is represented by a
single signal, the total representing the bulk charac-
teristics. For this reason, the system had to be
capable of resolving the functional groups and not
the methylene groups.

Constituent waxes are either slightly UV absorb-
ing or do not absorb at all. It is also necessary to use
universal detection in order to avoid the preliminary
derivatization steps. Evaporative light-scattering
detection (ELSD) seemed to be suitable for this type
of study because of its compatibility with SFC [7-9].
Also, contrary to the frequently used flame ioniza-
tion detection (FID), it is possible to add one or
several polar modifiers to the supercritical carbon
dioxide to elute all wax compounds without any
residue problems.

1992 Elsevier Science Publishers B.V. All rights reserved
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This paper discusses the influence of different
parameters such as stationary phases, temperature
and chromatographic column pressure on the elu-
tion of synthetic wax mixtures.

EXPERIMENTAL

Two sets of apparatus were used, as described
below.

First apparatus
The SFC apparatus was set up as follows. Carbon
dioxide was pumped with a Waters (Milford, MA,
USA) Model M 501 pump. An ethanol cooling bath
was used to cool the pump head in order to increase
the pump-down efficiency. A polar modifier was
added using a Jasco (Tokyo, Japan) Model 2510
pump. The two solvents were mixed at a controlled
temperature (Jasco 860-CO oven) in a dynamic mix-
ing chamber (Knauer, Berlin, Germany). A Rheo-
dyne (Touzart et Matignon, France) Model 7125
injection valve, with a 20-ul loop, and the column
~were placed in the Jasco oven. A Touzart et Matig-
non Model 45 evaporative light-scattering detector
with the interface adjusted to SFC was used.

Second apparatus

Carbon dioxide was pumped with a Gilson (Vil-
liers-le-Bel, France) Model 305 piston pump. An
ethanol cooling bath was used to cool the pump
head. The polar modifier was added using a Gilson
Model 306 piston pump. The two solvents were mix-
ed at ambient temperature in a Gilson Model 811
mixer. A Gilson Model 821 pressure regulator,
controlled by the Model 305 pump, was placed
between the column and the restrictor. A Rheodyne
Model 7125 injection valve with a 20-ul loop and the
column were placed on the outside of the Knauer
oven. A Touzart et Matignon Model 45 evaporative
light-scattering detector was used.

Chromatographic column

Various stationary phases and columns were
used: 7-um LiChrosorb diol 250 mm x 7mm I.D.);
S-um LiChrosorb diol (150 mm x 4.6 mm 1.D.);
5-um LiChrospher 100 diol (125 mm x 4 mm 1.D.)
(Merck, Darmstadt, Germany); and 5-um Zorbax
diol (250 mm x 9.4 mm I.D.) (DuPont, Wilmington,
DE, USA).
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Chemicals and reagents

Carbon dioxide was of B 50 grade purchased from
Air Liquide (Paris, France). 2-Propanol (SDS, Pey-
pin, France) and acetone (Fisons, Loughborough,
UK) were of HPLC grade and other polar modifiers
were of analytical-reagent grade. Triglyceride (tri-
palmitine and tristearine in mixture) and stearic acid
solutes were purchased from Fluka (Buchs, Switzer-
land), stearic alcohol from Baker (Deventer, Nether-
lands) and cetyl myristate from Fluka.

RESULTS AND DISCUSSION

The initial analysis and characterization of waxes
were limited to determining the main components
according to each chemical group rather than its
alkyl chain length. Polar stationary phases were
chosen even when the amount of the apolar solutes
remained predominant in each family because selec-
tivity, according to the apolar function, is poor on
these phases, and therefore advantageous in the
analysis of the more polar groups. Using bare silica
columns involved long equilibrium times, so diol-
bonded silicas (Zorbax, LiChrosorb, LiChrospher)
were employed.

The first studies were carried out using carbon
dioxide at a constant flow-rate of 3 ml/min (see
Experimental, first apparatus). Working pressure
was maintained by a specially made outlet restrictor
of fused silica placed between the chromatographic
column and the detector which nebulizes the fluid at
its end. This system, recently employed in several
studies, was preferred to Guthrie tubing [10], which
is brittle, tends to clog and often requires replace-
ment. The addition of an organic modifier to the
carbon dioxide (acetone, 2-propanol, formic acid)
permitted the elution of less polar compounds such
as esters, triglycerides and the more polar com-
pounds such as alcohols and acids. In spite of this
and because of weak retentions of esters and tri-
glycerides on an analytical-size column, wider diam-
eter columns were necessary for better resolutions.
The greater phase volume of these columns made it
possible to vary the amount (x%) of organic modi-
fier within a close range, thus avoiding large reten-
tions of the more polar compounds where x was too
low and too rapid elution where x was very high.
Consequently, small variations in the organic modi-
fier content help to avoid major variations in
pressure and eluent density.
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As shown in Fig. 1a and b, on the Zorbax diol
column, an increase in 2-propanol content of the
mobile phase was necessary to elute the esters,
triglycerides and alcohols. On the other hand, too
much 2-propanol, ieeded to elute the organic acid in
isocratic elution, brought the risk of mixing the
other three components with too rapid elution.
Moreover, the peak shape of this acid was asym-
metric, indicating strong adsorption. Berger and
Deye [11] have recently shown that polar organic
acids, such as certain basic solutés such as amines,
were difficult to elute by packed-column SFC. By
adding a small amount of a strong acid such as
formic acid to the mobile phase, the interactions of
the residual silanol groups of the stationary phase
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0240 ¢10c uw 192022 20 26 min

Fig. 1. Separation of () cetyl myristate, () triglycerides (cetyl
and octadecyl chain in mixture), ((J) stearylic alcohol, (O ) steatic
acid and (x) chloroform (injection solvent). Chromatographic
conditions: column, Zorbax diol (250 mm x 9.4 mm LD.);
mobile phase, (a) carbon dioxide-2-propanol (96.8:3.2, w/w), (b)
carbon dioxide~2-propanol (91:9, w/w) and (c) carbon dioxide-
2-propanol-{formic acid (90.9:8.8:0.3, w/w/w); flow-rate, 3.3 ml
min~!; pressure, 130 bar; detection, ELSD.
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with the analytes were decreased, resulting in their
elution with a good peak shape without eluting the
other solutes too rapidly (Fig. Ic).

Selectivity between the four probe solutes had to
be improved so that each chromatographic peak
could represent a family having any hydrocarbon
chain length. Therefore, acetone was tried as modi-
fier instead of 2-propanol because of its lowest
hydrogen bond solubility parameter (5, = 3.4 [12])
than that of 2-propanol (8.0) and its higher dipole-
dipole solubility parameter (6, = 5.1) than that of
2-propanol (3.0). From a comparison of Figs. 2a and
1b, it can be concluded that acetone had a lower
eluent strength than 2-propanol and the acid solute
was not eluted. In the same way, as shown in Fig. Ic,
this modifier necessitated adding a small amount of
formic acid (Fig. 2b). In thisinstance, the same effect
was obtained as with 2-propanol and the acid was
eluted without changing the selectivity of the other
three solutes.

In addition, if we compare the selectivities o
(Table 1) relating to the ester from Figs. 1c and 2b,
the following observations can be made: acetone as a
polar modifier eluted the carbonyl derivatives such

- - o
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Fig. 2. Separation of (M) cetyl myristate, (#) triglycerides (cety
and octadecyl chain in mixture), () stearylic alcohol, (¢ ) stearic
acid and (x) chloroform (injection solvent). Chromatographic
conditions: column, Zorbax diol (250 mm x 9.4 mm 1.D.);
mobile phase, (a) carbon dioxide-acetone (91:9, w/w), (b) carbon
dioxide-acetone—formic acid  (90.9:8.8:0.3, w/w/w); flow-
rate, 3.3 ml min~?; pressure, 130 bar; detection, ELSD.
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TABLE 1
SELECTIVITY RELATING TO THE ESTER

For chromatographic conditions, see Figs. 1c and 2b.

Organic Content o
modifier (%)

Triglycerides  Alcohol  Acid
2-Propanol  8.80 2.13 2.72 3.42
Acetone 8.80 2.66 3.60 7.70

as 2-propanol (see Table I, Girigiyceridesiester DAVE
similar values) and 2-propanol eluted the hydroxyl
derivatives (alcohol and acid) more easily than
acetone (see Table I). These remarks have to be
considered in relation to the aforementioned com-
ponents of the solubility parameters.

To avoid adding formic acid in the mobile phase,
a few other diol-bonded silicas phases were tried,
especially LiChrosorb in a wide-diameter column.
As shown in Fig. 3, the four components were eluted
with the carbon dioxide-2-propanol binary mixture
and the retention decreased with an increase in
2-propanol content. With a 4.68% 2-propanol con-
tent an excellent separation was efficiently obtained

317 468 6.14 894
2-propanol percent

Fig. 3. Graph of k' versus percentage of 2-propanol. B = Cetyl
myristate; # = triglycerides (cetyl and octadecyl chain in mix-
ture); [] = stearylicalcohol; © = stearic acid. Chromatographic
conditions: column, LiChrosorb diol (250 mm x 7 mm 1LD.);
mobile phase, carbon dioxide-2-propanol; flow-rate, 3.3 ml
min~?!; pressure, 130 bar; detection, ELSD.
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(Fig. 4) in about 11 min with a reduced plate height
(h/d,) of 5 (where h and d, are the plate height and
particle size, respectively). The asymmetry factor,
A,, measuring the tailing band at 10% of the acid
peak height decreases from 5 to 3 when the 2-
propanol content varies from 3.17 to 4.68%.

In certain waxes where the more polar com-
pounds such as triglycerides, alcohols and acids are
in the minority, it is difficult to determine their
concentrations when the less apolar components
such as hydrocarbons and esters are predominant.
For this reason, it is advisable to isolate the less polar
derivatives in order to obtain a richer mixture. This
extraction must be carried out with carbon dioxide
in order to circumvent contamination by the sol-
vents.

The following two modifications were made to
avoid too long retention times on these diol-bonded
silicas using carbon dioxide: wider diameter col-
umns (250 mm x 9.4 or 7 mm §.D.) were replaced
with analytical-size columns (150 mm x 4.6 mm
1.D.or 125mm x 4 mm 1.D.); and a programmable
Gilson pressure regulator (see Experimental, second
apparatus) ensuring mobile phase flow and a con-
stant pressure was placed at the column outlet just

U

Oz2s6 81024 % wmin

Fig. 4. Separation of (M) cetyl myristate, (®) triglycerides (cetyl
and octadecyl chain in mixture), ((J) stearylic alcohol, (O) stearic
acid and ( x ) chloroform. Chromatographic conditions: column,
LiChrosorb diol (250 mm x 7 mm 1.D.); mobile phase, carbon
dioxide-2-propanol (95.3:4.7, wjw); flow-rate, 3 ml min™";
pressure, 140 bar; detection, ELSD.
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)V
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0246 810 emin

Fig. 5. Separation of (M) cetyl myristate, (#) triglycerides (cetyl
and octadecyl chain in mixture), ((J) stearylic alcohol and (x)
chloroform. Chromatographic conditions: column. LiChrosorb
diol (150 mm x 4.6 mm 1.D.); mobile phase, pressure gradient
from 150 bar carbon dioxide (flow-rate 3 ml min~*') to 250 bar
carbon dioxide (flow-rate 4 ml min~") in 25 min; detection,
ELSD.

ahead of the restrictor; because of this regulator, the
carbon dioxide density and therefore its polarity
could vary within wide ranges.

After a preliminary study on the satisfactory
LiChrosorb diol support, we observed (Fig. 5) poor
selectivities of the triglycerides and alcohols, and the

Column head pressure

Fig. 6. Graph of k’ versus pressure (bar). B = Myristyl myristate;
@ = triglycerides (cetyl and octadecyl chain in mixture); [ =
stearylicalcohol; & = stearic acid. Chromatographic conditions:
column, LiChrospher diol (125 mm x 4 mm I.D.); mobile phase,
carbon dioxide; flow-rate, 3 ml min~!; detection, ELSD.
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acids were not eluted. However, the beginning of a
triglyceride separation according to its alkyl chain
length was noted. LiChrospher diol, a similar but
spherical support, was chosen with seemingly more
success because all four families of the components
could be eluted. Fig. 6, showing the effect of the
pressure on the capacity factor (k') variation, indi-
cates that, at low pressure (166 bar), the ester was
casily eluted whereas the triglycerides and acids were
not fully separated. Their retentions were high and
their asymmetry factor, A, too great. Note here the
retention inversion in Fig. 4. At high pressure
(290 bar), retentions decreased and no alcohols or
triglycerides were separated. By programming the
pressure regulator (Fig. 7), it was possible to elute
the ester at low pressure and the other three polar
components under higher pressures with good reso-
lutions.

Temperature was the final parameter to be stud-
ied. Similarly to liquids, a solute at any given
temperature is more soluble in a supercritical fluid
than in a gas. What we observed here is different
from the aforementioned effects of temperature on
retentions. Huston and Berhard [13] explained that

et

— It

02 46310 1 16 1w820min

Fig. 7. Separation of (M) myristyl myristate, (1) stearylic
alcohol, (#) triglycerides (cetyl and octadecyl chain in mixture),
(O) stearic acid and (x ) chloroform. Chromatographic condi-
tions: column, LiChrospher diol (125 mm x 4 mm 1.D.); mobile
phase, pressure gradient from 140 to 275 bar in 10 min; flow-rate,
3 ml min~'; detection, ELSD.
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Fig. 8. Graph of k' versus temperature. B = Cetyl myristate;
(O = stearylic alcohol; 4 = triglycerides (cetyl and octadecyl
chain in mixture); < = stearic acid. Chromatographic condi-
tions: column, LiChrospher diol (125 mm x 4 mm 1.D.); mobile
phase, carbon dioxide; flow-rate, 3 ml min™!; column head
pressure, 166 bar; detection, ELSD.

such a curve shows a maximum. When the tempera-
ture increases, the mobile phase density decreases. In
the first part of the curve, increased retention was
caused by a decrease in the solubility of the solute in
the mobile phase. In the second part of the curve,
beyond the retention maximum temperature, while
solubility continued to decrease, a higher tempera-
ture caused an increase in volatility and so the
solutes were not retained as much. A smaller
variation in selectivity for the triglycerides—stearic
acid solute pair could be observed from 65°C
upwards (Fig. 8). None of the previous temperature
effects were noted, with the only difference being
that these studies were carried out with capillary
columns. In conclusion, a slight evolution of the k'
values indicates that temperature has less influence
than pressure. The best selectivities may be obtained
by working at temperatures lower than 60°C or
higher than 90°C. As high temperatures are not
desirable for long-term column stability and because
of thermal degradation of the solutes, all subsequent
experiments were performed at 45°C.

CONCLUSIONS

From these preliminary studies on polar station-
ary phases, chromatographic systems have been
developed that make it possible to identify the main
component types encountered in waxes.
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The two systems employed were as follows:
without pressure programming, 7-um LiChrosorb
diol column (250 mm x 7 mm 1.D.), mobile phase
carbon dioxide-2-propanol (96.83:3.17, w/w), flow-
rate 3.1 ml min~! and pressure 124 bar; and with
pressure programming, 5-um LiChrospher 100 diol
column (125 mm x 4 mm 1.D.), mobile phase
carbon dioxide pressure initially 165 bar and flow-
rate 3 ml min~! to 10 min pressure 290 bar and
flow-rate 3 ml min !, The latter system appears to
be the most advantageous owing to a shortened
column equilibrium time and the fact that FID can
be used.

The application of the above method to the
analysis of commercial waxes is in progress but it
will probably require supercritical extraction of the
major components of waxes such as hydrocarbons
(not treated here) and esters in order to achieve the
preconcentration of the minor species, namely tri-
glycerides, alcohols and acids.
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ABSTRACT

The subcritical fluid chromatographic separation of three enantiomeric pairs of phosphine oxides (two phosphanorbornadienes and
1,2,5-triphenylphospholane-1-oxide) was performed on a pilot plant equiped with a 60-mm axial compression column packed with
Pirkle-type phases, the mobile phase being carbon dioxide—ethanol mixtures. With selectivities ranging from 1.1 to 1.3, both
enantiomers were obtained with an optical purity greater than 95%. The resolution of one phosphanorbornadiene pair was optimized

with a production rate reaching 510 mg/h with a good yield (80%).

INTRODUCTION

Traditionally, chromatography has been used to
separate compounds having distinctly different
chemical and physical properties. Only relatively re-
cently has attention-been focused on chiral chroma-
tography, where selective adsorption is used to sep-
arate enantiomeric mixtures into optically pure
compounds. Most investigations have been directed
towards the development of highly enantioselective
and broadly applicable chiral stationary phases
(CSPs) [1-3). Among the numerous classes of chiral
stationary phases, those developed from Pirkle’s
concept are probably the best known and most
widely used, essentially on an analytical scale [3,4].

The principle of chromatographic separation is
based on the formation of labile diastereoisomeric
complexes with a chiral complexing agent (selector)
bonded on a silica support. The different stabilities

Correspondence to: Dr. D. Barth, LPCI-ENSIC, 1 Rue Grand-
ville, B.P. 451, F-54001 Nancy Cédex, France.
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of these diastereoisomers lead to selectivity. In oth-
er words, the enantioselectivity factor, a, is related
to the difference in free energies of binding (44G) to
the CSP for two enantiomers by the equation

AAG = AAH — TAAS = —RTIn« (1)

where 44H and A4S are bonding enthalpy and en-
tropy differences, respectively. Consequently, the
chiral recognition ability of the CSP decreases with
increasing column temperature [5,6]. We have to
operate at the lowest temperature possible (20°C)
on our pilot plant in order to maximize selectivity.
Several workers [7,8] have reported enantiomer
resolutions on a wide variety of CSP using carbon
dioxide enriched with different alcohols as a sub-
critical eluent for analytical purposes. However, no
preparative resolution has been published so far.
In this work, preparative subcritical fluid chro-
matography (SubFC) was used for the resolution of
three tertiary phosphine oxides which play a promi-
nent role in asymmetric catalysis, e.g., the pure
enantiomer of 1,2,5-triphenylphospholane 1-oxide

1992 Elsevier Science Publishers B.V. All rights reserved
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Fig. 1. Chiral stationary phases.

(compound 2) is used as a ligand for transition met-
al complexes in enantioselective catalytic organic
reactions [9]. Moreover, in addition, high-perform-
ance liquid chromatography (HPLC) and SubFC
were compared. '

Two chiral n-acceptor stationary phases derived
from (8)-N-(3,5-dinitrobenzoyl)tyrosine (DNBTyr)
covalently bonded to a y-mercaptopropyl sitica gel
were used (Fig. 1). The mobile phase in SubFC was
a classical mixture for a Pirkle-type phase, carbon
dioxide—ethanol [8]. The three enantiomeric pairs of
compounds considered were phosphine oxides (Fig.
2). Compound 1la was fractionated on (S)-thio-
DNBTyr A and compounds 1b and 2 on (S)-thio-
DNBTyr E.

EXPERIMENTAL

Analytical chromatography

HPLC. The analytical liquid chromatography
consisted of a pump (Isochrom LC, Spectra-phys-
ics, Les Ulis, France) and a spectrophotometer

Ph Ph
/ ;
0 0 COOEt

H,0H Ph
compound la compound 1b

phosphanorbornadiene 1a phosphanorbornadiene 1b

O ,
=,
~0
@

compound 2
1,2,5-triphenylphospholane 1-oxide

Fig. 2. Phosphine oxides.
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(Model 481, Waters, Montigny-le-Bretonneux,
France) connected with a computer—integrator (SP
4270, Spectra-physics).

SubFC. Liquid carbon dioxide was pumped
through a cooled head metering pump (Minipump,
Dosapro Milton Roy, Pont Saint-Pierre, France).
Polar modifier was added through a pump (Model
510, Waters) and mixed with carbon dioxide prior
to a heat exchanger. An HPLC valve (Rheodyne
Model 7125, Touzart et Matignon, Vitry-sur-Seine,
France) was used as an injector. The column tem-
perature was controlled by a heat exchanger. A
variable-wavelength UV detector (Spectra 100,
Spectra-physics) was connected with an integrator
(SP 4270, Spectra-Physics). The pressure was con-
trolled by two manually adjustable back-pressure
regulators (LTH 400, Alphagaz, Bois D’Arcy,
France). Finally, the gaseous carbon dioxide was
released to the atmosphere after flow-rate measure-
ment using a rotameter (Teflinox, Wasselone,
France).
Preparative  subcritical fluid  chromatography
(PSubFC)

The PSubFC pilot plant, with total recycle of the
eluent, has been under development in our labora-
tory since 1982 [10,11] (Fig. 3). It should be noted
that eluent-product separation is performed
through high-performance separators [12] and the
axial compression technique is used to increase col-
umn efficiency. The column efficiencies are now at
least similar to those obtained in analytical SubFC
[13]. An original set-up called a saturator permits

CO—SOLVENT

Fig. 3. PSubFC pilot plant.
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TABLE I
RESOLUTION OF THREE RACEMIC PHOSPHINE OXID

ES
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Mobile phase: n-hexane—ethanol for HPLC; CO,—ethanol, pressure 20 MPa, for SubFC. UV detection at 230 nm. Column temperature,

293 K.
Compound  Stationary phase HPLC Sub FC Ethanol in
mobile phase
0y 5 k' o, kY (% v/v)
la (S)-Thio-DNBTyr A 1.27 12 1.35 32 8
1b (S)-Thio-DNBTyr E 1.19 17 1.19 17 12
2 (S)-Thio-DNBTyr E 1.11 22 1.15 41 8

both polar modifier addition to the mobile phase
and recycled eluent cleaning [14]. The pilot plant is
fully controlled by a computer which ensures peri-
odical injection of the feed and the recovery of the
different fractions.

Apparatus

Melting points (m.p.) were measured on a Kofler
hot-stage apparatus (OSI, Paris, France) and are
given without correction.

Optical purities were obtained using a Model 141
micropolarimeter with a 1-dm length quartz cell
(Perkin-Elmer, St.Quentin en Yvelines, France).

Solvents

HPLC-grade hexane and absolute ethanol were
purchased from Prolabo (Paris, France). Technical-
grade carbon dioxide for preparative SubFC was
supplied by Carboxyque Francaise (Puteaux,
France) and  high-purity carbon dioxide
(>99.9995%) for analytical SubFC from Air Gaz
(Mitry-Mory, France).

Stationary phases

The phases (S)thio-DNBTyr A bonded on Li-
Chroprep Si-60 silica (10 um, irregular) (Merck)
and (S)-thio-DNBTyr E on LiChroprep Si-60 silica
(7 pm, irregular) (Merck) have been developed re-
cently by Tambute and Begos [15]. The stationary
phase (S)-thio-DNBTyr A is now commercially
available as ChyRoSyne A from Touzart et Matig-
non.

Racemic mixtures
Phosphanorbornadienes 1a and 1b were supplied
by Le Goff (SNPE, Vert-le-Petit, France) and 1,2,5-

triphenylphospholane 1-oxide by Fiaud (Institut de
Chimie Moléculaire, Orsay, France). The products
were dissolved in ethanol for the injection.

RESULTS AND DISCUSSION

Analytical study

The chromatographic results obtained for the di-
rect resolution of racemic compounds under HPLC
and SubFC conditions are reported in Tables I and
II. For SubFC the temperature (7) was 293 K and
the pressure (P) 20 MPa. The selectivity, o5, is
greater with the subcritical eluent than with the
liquid. The capacity factor, k', is much higher in
SubFC than HPLC, especially for 1a, but the low
viscosity of carbon dioxide (n = 10.3 - 1073 Pa s,

TABLE 11

OVERLOADING TESTS FOR THREE RACEMIC PHOS-
PHINE OXIDES IN SubFC

(A) Stationary phase, (S)-Thio-DNBTyr A; column, 250 x 4.6
mm [.D.; mobile phasc, CO,~cthanol (92:8, v/v); flow-rate, 4.42
mi/min; pressure, 20 MPa; temperature, 293 K; UV detection at
230 nm. (B) Stationary phase, (S)-Thio-DNBTyr E; column, 150
mm X 4.6 mm [.D.; mobile phase, CO,—ethanol (88:12, v/v);
flow-rate, 2.53 mi/min; other conditions as in (A). (C) Stationary
phase, (S)-Thio-DNBTyr E; column, 150 mm X 4.6 mm I.D.;
mobile phase, CO,—ethanol (92:8, v/v); flow-rate, 3.88 ml/min;
other conditions as in (A).

Compound  Conditions  Mass injected Ry
(mg)

la A 4.00 1.2

1b B 0.32 0.9

2 C 0.15 1.0
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TABLE 111
PREPARATIVE SCALE COLUMN EFFICIENCIES
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Column Phase TP/m* h (reduced HETP) Column length (mm)
[ (8)-Thio-DNBTyr A 45000 2.2 76
2 (S)-Thio-DNBTyr E 56 000 2.5 100

¢ Theoretical plates per metre.

T = 293 K, P = 20 MPa) [16] permits much higher
flow-rates to be used than those classicaly used in
HPLC. Consequently, in SubFC the retention times
are shorter (Fig. 4). It is noteworthy that the maxi-
mum amount injected in order to obtain a resolu-
tion of 1 is very low. In fact, only 19% of the initial
mercaptopropyl groups have reacted with the chiral
selector, which results in a small number of chiral

sites and hence in a low stationary phase capacity
[15].

Preparative study

The chiral stationary phases [146 g of (S)-thio-
DNBTyr A and 184 g of (S)-thio-DNBTyr E] were
packed successively into the column (60 mm 1.D.)
by axial compression (2 MPa) (Table III). The other

A
uv
---- HPLC
~—— SubFC \

n

(L

oy

o

[

[T

P

LYl II

i

afr ol

i oo

iy o

ink

vy L} A

Ju AR !
_ ”n ) o A
) 10 20 30 min

Fig. 4. Resolution of 1,2,5-triphenylphospholane 1-oxide under
HPLC and SubFC conditions. HPLC conditions: stationary
phase, (S)-thio-DNBTyr E; column, 150 mm %X 4.6 mm LD
mobile phase, n-hexane—ethanol (92:8, v/v); flow-rate, 2 ml/min;
column temperature, 293 K; UV detection at 230 nm. SubFC
conditions: stationary phase, (S)-thio-DNBTyr E; column, 150
mm X 4.6 mm 1.D.; pressure, 20 MPa; column temperature, 293
K; mobile phase, CO,—ethanol (92:8, v/v); flow-rate, 3.88 ml/
min; UV detection at 230 nm.

operating conditions were as follows: column pres-
sure 20 MPa; separator pressure, 5 MPa; column
temperature, 293 K; separator temperature, 338 K;
eluent, carbon dioxide—ethanol (for 1a 92:8, for 1b
88:12 and for 2 92:8 v/v); and flow-rate, 10-16 I/h.

The extrapolation rules are complex and several
parameters have to be taken in to account: number
of theoretical plates, injection shape and peak
asymmetry [17]. As a first choice, the amounts in-
jected were linearly extrapolated with the volume of
stationary phase as shown in Table IV; we shall
now present the results for the three fractionations
in order of increasing difficulty (1a, = 1.3,1b, a0 =
1.2;2, 00 = 1.1).

Resolution of phosphanorbornadiene 1a enantiomers

For the first enantiomer fractionation, the condi-
tions of preparative separation were not optimized
and small amounts of solute (100 mg) were injected
in order to obtain the first and second enantiomers
with purities of 100% and 97%, respectively (by
HPLC). The resolution was correct (R, = 1.1). The
optical purity of each enantiomer was also mea-
sured in order to confirm the purity attainable by
preparative chromatography: (+)-phosphanorbor-
nadiene (1a) m.p. = 117°C, [¢]3> = +192.26° (¢ =
1, CHCIls); (—)-phosphanorbornadiene (1a) m.p.

TABLE IV

EXTRAPOLATION OF AMOUNT INJECTED FROM
ANALYTICAL TO PREPARATIVE SubFC

Compound Mass injected (mg)

Analytical SubFC Preparative SubFC
1a 4.00 207
1b 0.32 36
2 0.15 17
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= 123°C, [¢]3* = —173.53° (¢ = 1, CHCl;). The
absolute configurations are not given in the litera-
ture.

Resolution of phosphanorbornadiene 1b enantiomers
For the second enantiomer fractionation, the pre-
parative separation parameters (flow-rate, amount
injected, particle size, column length and diameter,
injection frequency, cut point position) can be opti-
mized. In fact, some parameters are imposed (col-
umn geometry, particle size). This study was per-
formed as follows. The recovery ratio of pure
enantiomer at two different flow-rates 12 and 16 1/h)
was reported versus the injected mass, and the pro-
duction rate (Tables V and VI) was quantified by

QL (mgfs) =

solute recovery at each injection (mg)
retention times of first-eluted enantiomer (s)

From 70 injections, the optimum Q; value was
determined for each flow-rate. It could be related to
the fact that it is difficult to choose good cut-point
positions which change with amount injected owing
to non-linear adsorption isotherms. As the amount
injected is increased, the band of the profile moves
toward shorter retentions (Table V) owing to the
non-linear elution conditions.

The fractions are considered to be correct if they
reach the following enantiomeric purities: first
enantiomer (+), enantiomeric excess (e.€.) = 96%;
second enantiomer (—), ee. = 94%. The
enantiomeric purity and solute recovery were deter-

TABLE V
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mined by comparing individual fractions with a
standard solution containing 0.5 mg/ml of solute on
an analytical column by HPLC.

According to our analytical work, the optimum
amount injected is 36 mg (see Table I'V). In fact, we
found that the amount injected ranged from 40 to
100 mg. Consequently, direct extrapolation must be
considered cautiously. This could be related to the
fact that the plate number N is higher in the prepar-
ative column than in the analytical column (N,
~ 25000 theoretical plates (TP)/m, [ = 25 cm;
Nprep. & 50000 TP/m, [ = 10 cm), owing to the
excellent performance of the axial compression
technique.

For a flow-rate of 12 I/h, the mass injected is opti-
mum around 80 mg for a recovery ratio of 90%.
However, for a flow-rate of 16 1/h, the recovery ra-
tio is lower than 90% for the same optimum mass
injected.

The curves of Qy, versus mass injected show that
higher flow-rates may lead to higher production
rates (Table VI). Indeed, for a flow-rate of 16 1/h,
the delay between each injection can be decreased to
7 min under such conditions, and production rate
can reach 510 mg/h higher than that obtained by
HPLC (250 mg/h) with a ternary mixture as eluent
[18].

Although experiments with other flow-rates
might lead to a better optimization, it seems that the
best results are obtained at higher flow-rates. The
low viscosity of carbon dioxide permits high flow-
rates to be used without too high a pressure drop,
which is the main advantage in PSubFC.

Q, VERSUS MASS INJECTED FOR RESOLUTION OF PHOSPHANORBORNADIENE 1b

Flow-rate, 12 1/h; stationary phase, (S)-Thio-DNBTyr E; column, 100 mm x 60 mm 1.D.; mobile phase, CO, —ethanol (88:12, v/v);
pressure, 20 MPa; column temperature, 293 K; UV detection at 230 nm.

First-eluted enantiomer

First- + second-
eluted enantiomers

Second-eluted enantiomer

Mass Mass Retention time Q. oL Mass Mass Retention time (o8
injected  recovered  of first-eluted injected  recovered of first-eluted
(mg) (mg) enantiomer (s) (mg) (mg) enantiomer (s)
40 16 950 0.017 0.035 40 17 950 0.018
40 19 950 0.020 0.039 40 19 950 0.019
60 25 900 0.028 0.056 60 25 900 0.028
80 33 850 0.039 0.076 80 32 850 0.037
100 38 750 0.050 0.098 100 36 750 0.048
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TABLE VI
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Q, VERSUS MASS INJECTED FOR RESOLUTION OF PHOSPHANORBORNADIENE 1b

Flow-rate, 16 l/h; other operating conditions as in Table V.

First-eluted enantiomer

First- + second-
eluted enantiomers

Second-eluted enantiomer

Mass Mass Retention time @ 0. Mass Mass Retention time 0.
injected  recovered  of first-cluted injected  recovered  of first-eluted

(mg) (mg) enantiomer (s) (mg) (mg) enantiomer (s)

60 18 520 0.036 0.065 60 i5 520 0.029
70 28 600 0.046 0.090 70 26 600 0.044
80 32 590 0.054 0.102 80 28 590 0.048

The purified enantiomers were obtained as fol-
lows: (R,R)-(+)-phosphanorbornadiene (1b), m.p.
= 120°C, [¢]3? = +162.6° (c = 1, CHCL); (S.S)-
(—)-phosphanorbornadiene (1b), m.p. = 118°C,
[«]3% = —154.1° (¢ = 1, CHClIs). Literature data
[19] are as follows: (R,R)-(+) -1b, m.p. = 139-
141°C, [e]3®> = +178° (¢ = 1, CHCly); (S.,5)-
(—)-1b, m.p. = 138-140°C, [0)3* = —172.3° (¢ =
1, CHCl,).

Resolution of 1,2,5-triphenylphospholane 1-oxide
enantiomers

Regarding the resolution of trans-1,2,5-triphenyl-
phospholane 1-oxide, the separation of enantiomers
with good enantiomeric purity is a challenge as the
selectivity factor is very low (¢« = 1.1). The feed

TABLE VI

contains two cis/trans isomers (ratio 14:83 and 3%
of unknown impurities); the trans isomer is chiral
and gives the absolute configurations R,R/S,S,
which were separated on the (S)-thio-DNBTyr-E
stationary phase. The mass injected was fixed at 38
mg with an eluent flow-rate of 15 1/h, leading to a
resolution of 1.16.

The total amount of compound fractionated on a
preparative scale was ca. 3 g and the recovery ratios
were low (ca. 50%) (Table VII). This result can be
explained by two factors: on the one hand, the size
of the pilot unit is too large in comparison with the
mass injected, and on the other, the initial feed con-
tains 17% of impurities (14% cis isomer + 3% im-
purities). Although the separation factor is low (o
= 1.1), each enantiomer is obtained with high opti-

RECOVERED MASS AND OPTICAL PURITIES FOR EACH INJECTION SERIES OF 1,2,5-TRIPHENYLPHOSPHOLANE

I-OXIDE

Operating conditions as in Fig. 5.

Y mass injected First fraction

Second fraction

Third fraction

for each series

(mg) Mass recovered % of first Mass recovered % of first Mass recovered % of first
(mg) enantiomer (mg) enantiomer (mg)
304 64 96 49 39 52 15
342 80 99 17 42 60 11
190 32 100 3 24 28 6
266 31 100 33 11 25 11
418 125 98 37 33 11 7
380 87 98 16 35 133 8
152 32 99 1 35 32 5
380 84 100 14 48 87 7
456 81 100 79 40 94 6
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cal purity, as checked by HPLC (Fig. 5) (Table
VII): first enantiomer (—), 100% e.e.; second
enantiomer (+), 90% e.e. The enantiomeric purity
of the second fraction is slightly reduced by tailing
of the first band. Moreover, enantiomeric purity
(>99% e.e.) could be obtained by a single recrystal-
lization from ethanol-water (60:40) from a fraction
showing 84% e.e. [9]. The (—)-enantiomer was ob-
tained as with m.p. = 204°C and [«]§Z = —150° (¢

= 1, CH;0OH).
The absolute configurations of the enantiomers
are unknown. The racemate has m.p. = 170°C,

which is lower than that measured for the (—)-
enantiomer. Consequently, the enantiomer mixture
gives a conglomerate; this is of particular interest
because conglomerates are far easier to resolve than
are racemic compounds by crystallization [20].

CONCLUSIONS

The separation of three enantiomer pairs with a
production rate of a few hundred milligrams per
hour demonstrates the great potential of PSubFC
with short cycle times for difficult separations (¢ =
1.1) of molecules that can be eluted using subcritical
carbon dioxide with a polar modifier. Moreover,
preparative chromatography will become more at-
tractive with the developement of new chiral sta-
tionary phases of greater capacity.

uw
P/o
w -)
¢ HPLC \@
100 7% e.e.
uv trans
0 10 2o min
ofs
PSFC
) 20 40 ,;m

Fig. 5. Separation of trans-1,2,5-triphenylphospholane 1-oxide.
Stationary phase. (S)-thio-DNBTyr E; column, 100 mm x 60
mm I1.D.; mobile phase, CO,—ethanol (92:8, v/v); flow-rate, 15
I/h; pressure, 20 MPa; column temperature, 293 K; UV detection
at 230 nm; mass injected, 38 mg.
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SYMBOLS

o; = kifki Selectivity

ki Capacity factor
[R] — [S] - -

e.e. = ——>—— = Enantiomeric excess for R
[R] + [R]

h = H/d, Reduced height equivalent to

a theoretical plate
d, Particle size

H = L/N Height equivalent to a theo-
retical plate

L Column length

N Theoretical plates per meter
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ABSTRACT

A mathematical model describing the electrophoretic migration of strong electrolytes in the presence of a neutral complexing agent
(e.g., cyclodextrin) is formulated. The model allows computer simulation of the dynamics of the electrophoretic separation in general
and the calculation of the isotachophoretic steady state. The approach for the determination of stability constants and mobilities of
complex compounds from the experimental isotachophoretic data is described.

INTRODUCTION

The effective mobilities of compounds in electro-
migration methods, i.e., isotachophoresis or zone
electrophoresis, can be controlled by changes in the
pH of the electrolytes used or by complex formation
between a separated compound and a buffering
counter ion acting as a charged complexing agent.
The utilization of a neutral complexing agent (NCA)
is another possibility of using complex formation for
separation in elcctromigration methods. Tazaki et
al.[1]and Stover [2] suggested the use of cyclic crown
ethers and cyclodextrins. The ability to form inclu-
sion complexes and the chiral character of cyclo-
dextrins allow the separation of structurally related
and isomeric compounds, including enantiomers
[3.4].

Neutral complexing agents have some advantages
over ionic agents. They do not substantially influ-

Correspondence to: Dr. B. Ga§, Faculty of Science, Charles
University, Albertov 2030, 128 40 Prague 2, Czechoslovakia.

0021-9673/92/805.00 ©

ence the conductivity of the separation system and
their molecules are not transported by migration
unless they are not bound to the separated ions.
These agents can be therefore used in high concen-
tration and hence are able to influence the mobility
and provide successful separations even when the
stability constant is very low.

Although separations using NCAs are often uti-
lized in analytical practice, the theoretical descrip-
tion of such separations has not yet been fully
formulated.

Tazaki et al. [5] derived a relationship for the
effective mobility of a compound interacting with an
NCA. They also determined the stability constants
of some quaternary ammonium salts with a-cyclo-
dextrin from isotachophoretic measurements. Ionic
mobilities of these complexes were not determined
from experimental data, but calculated using the
equation suggested by Jokl [6]. Jelinek et al. [7]
presented the concept of effective and non-effective
inclusion and also showed [8] the influence of
interaction of the counter ion on separation in
isotachophoresis. In our recent studies [9] some

1992 Elsevier Science Publishers B.V. All rights reserved
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general ideas-about the electromigraton of cyclo-
dextrin complexes of azo compounds were consid-
ered.

The purpose of this paper is to present a model of
the electromigration of compounds in the presence
of a neutral: complexing agent. In continuation of
our previous work [10] we describe the-dynamics of
séparations in electrophoretic methods in general.
The model also allows the calculation of compound
concentrations in all zones in the isotachophoretic
steady state. In addition, stability constants and
mobilities of complex compounds can be deter-
mined from the experimental isotachophoretic data.

MATHEMATICAL MODEL

Electromigration

Let-us consider » ions of strong univalent electro-
lytés and a neutral complexing agent present in the
solution. This agent can form a complex compound
with any of the ions in a-1:1 ratio. Let us assume a
negligible concentration of H* or OH" ions pro-
duced by ionization of water. The ionic electro-
phoretic mobilities are presumed to be positive
numbers. The total concentration of an ion j with a
relative charge z; (i.e.,. the concentration of free and
complex ions) is dendted by ¢; and the concentration
of free ion is denoted by ¢i. The relative charge of the
ion can be +1 or — 1. Further, the total concentra-
tion of the NCA (i.e., the concentration of the free
neutral form and charged bound form) is ¢, and the
concentration of the free NCA is ¢2. It is evident that

el = C. — Z (¢, — ¢f). The formulation of electro-
d=1

migration'equations has the same basis as previously

[10]. The continuity equatiofis, which describe the

one-dimensional mass-flow of an ion j in an electric

field in a capillary tube, have the form

Oc; . 9 [uci +my(e;— ci)

ar = T 6):[ K | @
where

k=FY [ciu+ (¢ — ci)m) @

=1

andj=1,2, ..., n, nis the number of ions, ¢ is the
time, / is the current density in a capillary tube; x is
the specific conductivity, u; is the ionic mobility of

E: Dubrovéikova et al.’| J. Chromatogr. 623 (1992) 337-344

theion j, m;is the ionic mobility of the ion jbound on
an NCA, x is the length coordinate along a capillary
tube and F is the Faraday constant.

The continuity equation describing the transpofrt
of NCA can be written in a similar way. In this
instance we have to remember that the agent can
migrate only when it is bound to an ion and forms a
complex compouna:

n

oc, 8 1=Z1 zimi(e; — ¢f) ,
o ! dox K @

We assume that the ionic mobilities «; and m;
depend neither on the viscosity nor on the ionic
strength of solution and therefore can be approxi-
mated by the limiting ionic mobilities. We also do
not consider the electroosmotic flow and the effect
of temperature.

Reaction of an ion with a ligand is mostly
reversible and fast and, consequently, the rate of the
reaction is controlled only by diffusion, especially
when the reaction of small molecules without steric
hindrance [11] is considered. Yoshida et al. [12,13]
have studied the dynamic aspects of the inclusion
reactions between alkyl-substituted hydroxyphenyl-
azo compounds and cyclodextrins and found that
the inclusion reaction is very fast when the alkyl
groups are small. They have also determined the
stability constants of these complexes spectroscopi-
cally. '

In our model, we assumeé that the kinetics of
complex formation do not play a-considerable role
in migration and the concentrations of the com-
pounds in the system are determined by complexa-
tion equilibria. The equations describing the equi-
libria are of the form R

cj— ¢
_ J
K; =

4
;e ‘ _ ()
where K; is the stability constant of the com'plex
between the ion j.and the agent.

The electroneutrality. condition:

iclzl=0 s (5)

=1

can. replace: one of- the equations from the set 1,
preferably that which describes the migration of the

counter ion.
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The terms of diffusion flow can be added to the
right-hand sides of the continuity equations. Values
of diffusion coefficients are available only for a small
number of compounds. For this reason we used the
Nernst-FEinstein equation, D = uRT/(| z| F), which
describes the relationship between the mobility u
and the diffusion coefficient D of an ion with charge
z (R is the gas constant and T is absolute tempera-
ture).

The Nernst—Einstein equation cannot be used for
neutral compounds. Therefore, the diffusion coeffi-
cient of NCAs was interpolated from available
tables of data for structurally related compounds
(e.g., the value of 5- 1071 m? s~ ! was estimated for
B-cyclodextrin). The final form of the continuity
equations (disregarding terms describing the diffu-
sion potential gradient resulting as a cross-effect of
the diffusion of ions with different mobilities [14]) is

- F o [use; + mic; — ¢l —

ot F ox?
L [uij e Cf)] ©
and
% = % : —;xiz L; my(c; — cf)] +
Do . 9

The model defined by egns. 4-7 enables the main
features of the separation process to be described.

Isotachophoretic steady state

Calculation of the isotachophoretic steady state
(i.e., the determination of concentrations of all
compounds in isotachophoretic zones) is analogous
to the calculation of the steady state in the migration
of weak electrolytes describe earlier [15].

Let us consider an isotachophoretic system of two
zones 1 and 2. Let the first zone contain ion 1 and the
second zone contain ion 2 and there is a common
counter ion 3 and the NCA (which can form a
complex compound with any of the ions) in both
zones 1 and 2. The notation of the concentrations
and mobilities of ions below consists of two sub-
scripts, one representing a compound and the other
a 7zone.
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Our aim is to determine the parameters of the
second zone in the isotachophoretic steady state,
assuming we know the physico-chemical character-
istics of all the compounds (the ionic mobilities and
the stability constants). Let the first zone be the zone
of a leading electrolyte where the concentration of a
leading ion and the total concentration of an NCA
are known (and as a result of the electroneutrality
condition, the total concentration of the counter ion
is also known). All necessary concentrations in the
zone 1 can be calculated by eqns. 10 and 12, which
describe the complexation equilibria.

The following five unknown parameters of zone 2
should be determined: concentrations c3, and ¢3,
(the concentration of the free form of the ion 2 and
the concentration of the free counter ion 3, respec-
tively), concentrations ¢, and ¢3, (the total concen-
trations of the free and bound forms of the ion 2 and
the counter ion 3, respectively) and concentration
¢, (the concentration of the free complexing agent).

The following equations hold:

(1) the electroneutrality condition:

Ci1 = C3y ®
Caz2 = C32 )]

(2) the equations describing complexation equi-
libria:

Ky = (c11 — ci)/(ciicdy) (10)
K; = (22 — €52)/(c32¢22) (11)
K3 = (c33 — c3)/(c31¢dy) (12)
Ky = (c32 — 52)/(c52¢8) (13)

(3) the equation describing the isotachophoretic
condition (the form of the equation is written in
terms of the effective mobilities):

Uy11/K1 = Uaa/K2 (14)

where i, is the effective mobility of compound 1 in
zone 1, #,, is the effective mobility of compound 2 in
zone 2 and x; and x, are the specific conductivities
of zone 1 and zone 2, respectively.

The conductivities of both zones can be deter-
mined from eqn. 2.

The effective mobility @; (i = 1, 2) is expressed as

ch)l/ci (15)

iy = [uicl; + milcu —
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For the last equation one can use, e.g., the mass
balance of the NCA, which has the form

Cer(llyy ~ Uey)[Ky = Cop(lan — Wea) K2 (16)

where c.; and ¢, are the total concentrations of the
NCA and #,; and i, are the effective mobilities of
the NCA in zones 1 and 2, respectively. These
effective mobilities are determined by the following
equations:

Uoy = [my(cyy — ¢fy) — ma(eay — c30))/ce (17)

Uy = [ma(cay — €5,) — m3(c3z — ¢5,)]/cca (18)

The five unknown concentrations ¢3,, c3,, ¢;2,
c32 and ¢ can obviously be determined from
eqns. 9, 11, 13, 14 and 16.

The dependence of the resistance of the sample
zone on the concentration of the NCA in the leading
electrolyte can be easily obtained experimentally. It
permits the determination of the stability constants
and the mobilities of the free and complex com-
pounds. For this purpose, a computational program
was written which iterativelly fits the experimental
isotachophoretic data by a simulated curve using the
least-squares method.

NUMERIC METHODS

The partial differential eqns. 6 and 7 describing
the electromigration was solved by the CTDS meth-
od of lines (continuous time, discrete space). The
CTDS method consists in discretizing the spatial
derivatives at a set of grid points to generate a set of
ordinary differential equations with time as the
independent variable. The finite-difference approxi-
mation is based on the first-order symmetrical
difference approximation for either first and second
derivatives.

Hamming’s modification of the fourth-order pre-
dictor—corrector method [16] was used for the
solution of the resulting set of ordinary differential
equations. Simultaneously, the set of non-linear
algebraic eqns. 4 must be solved at every time
increment together with the sets of eqns. 6 and 7.
This set of non-linear algebraic equations was solved
by the Newton—Raphson iterative method [16].

For solution of the isotachophoretic steady state,
the set of eqns. 9, 11, 13, 14 and 16 was solved by the
Newton—Raphson method [16], instead of using of
the RFQ method [17].
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The algorithm for solving the dynamics of electro-
migration and the isotachophoretic steady state was
programmed in Pascal and runs on an IBM PC
computer or compatible types. The results can be
presented in graphical form.

Theisotachophoretic measurements were made on
a one-column isotachophoretic analyser consisting
of the preseparation hydraulic part from a ZKI 01
instrument (Labeco, Spi§ska Nova Ves, Czecho-
slovakia) and a high-frequency contactless detector
[18]. The leading ion was chloride (0.0111 M) and
the counter ion ¢-amino caproic acid; the pH of the
leading electrolyte was 4.21. The terminating elec-
trolyte was caproic acid. Chemicals used for the
preparation of the leading and terminating electro-
lytes were of analytical-reagent grade and used
without further purification. No additives were
applied to decrease the electroosmotic flow. 4-Hy-
droxyphenylazobenzenesulphonic acid was synthe-
sized in the Research Institute of Organic Syntheses
(Pardubice, Czechoslovakia) and purified on a cel-
lulose packed column. The complexing agent was
p-cyclodextrin (Chinoin, Budapest, Hungary).

RESULTS AND DISCUSSION

NCAs are often used in capillary electromigration
methods for the separation of structurally similar
compounds. Compounds that originally had the
same migration characteristics (e.g., optical anti-
podes) can be separated assuming that their com-
plexation with NCA is different.

Molecules of the NCA can migrate in an electric
field only when they are bound on charged particles.
In isotachophoresis, neutral complexing agents,
especially cyclodextrins, are used as additives to the
leading electrolyte. Fig. 1 simulates such an iso-
tachophoretic migration where the sample contains
only one ion interacting with cyclodextrin while the
leading ion, the counter ion and the terminating ion
do not form any complexes. In this case, the
concentration of cyclodextrin remaining during mi-
gration in the terminating electrolyte is the same as
in the leading electrolyte. Cyclodextrin as a whole
does not move in the capillary, only the sample zone
creates ‘“‘a migrating bulge” on the concentration
profile of cyclodextrin.
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Fig. 1. Simulation of isotachophoretic migration. 1 = Leading anion; 2 = total sample; 3 = terminating anion; 4 = total cyclodextrin,;
5 = free sample; 6 = specific resistance. Mobility of leading anion, 80 - 107° m? V! s~%; mobility of sample, 60 - 107 m? V=1 s~ 1;
mobility of complexed sample, 30 - 10 ~® m? V™1 s~ 1; mobility of terminating anion, 40 - 10~®m? V~ ! s~ !; mobility of counter cation, 70 -
107° m? V=1 s7/; stability constant of sample, 100. L = Length coordinate of the capillary tube; C = concentration; ro = specific

resistance.

When both the sample and the terminating ions
interact with cyclodextrin (Fig. 2), the cyclodextrin
zone moves in the zone of the terminating electrolyte
in the same direction as the sample and has a higher
concentration than that in the leading electrolyte.

In some instances both the counter ion and the
sample can interact with a complexing agent [8]. The
concentration profiles corresponding to such a
situation are presented in Fig. 3. Now the cyclo-
dextrin zone migrates in the opposite direction and
has a lower concentration. The leading (Fig. 2) or
trailing (Fig. 3) edge of the cyclodextrin boundary in
the terminating electrolyte has interesting sharpen-
ing properties and is the subject of further studies.

Let us analyse in detail the isotachophoretic
migration in a system of two migrating adjacent

zones, | and 2. The first zone belongs toion 1 and the
second zone to ion 2 and in both zones the common
counter ion 3 and NCA are present. We assume that
zone 1 is the zone of the leading electrolyte with all
parameters known and zone 2 is the zone of the
sample. The NCA is able to interact only with ion 2.
The effective mobility of the ion interacting with
NCA is determined by eqn. 15. The dependence of
the specific resistance p, of zone 2 (p, = 1/x,) on the
total concentration of the NCA, c.,, in zone 2 for the
different values of the stability constants are pre-
sented in Fig. 4a.

The concentration c., of the agent in zone 2 is not
experimentally available. However, it can be calcu-
lated using the model of the isotachophoretic steady
state described above. Fig. 4b shows the dependence

20 20 20 20 20 20
c t =0.00s ro ] t=0.79s ro (] ro
nM ohn.n "M ohmen "M ohm.n
15 15 15
4 4
[—— 1

10 2.5 n 10 1 10

3,6 3,6 3
5 S 3

|\
8% a7 o306 08 1.0° 8o o7 0.4 06 0.8 T.0° 8 o7 07 v.¢ 08 T.0°
L/mn L/t /nn

Fig. 2. Simulation of isotachophoretic migration. 1 = Leading anion; 2 = total sample; 3 = terminating anion; 4 = total cyclodextrin;
5 = free sample; 6 = free terminating anion; 7 = specific resistance. Mobility of the complexed terminating anion, 20 - 10" °m2 V=151,
stability constant of the terminating anion, 100. Other mobilities, stability constants and symbols as in Fig. 1.
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Fig. 3. Simulation of isotachophoretic migration. 1 = Leading anion; 2 = total sample: 3 = terminating anion; 4 = total cyclodextrin;

5 = free sample: 6 = total counter cation: 7 = free counter cation; 8 = specificresistance. Mobility of the complexed counter cation, 35 -

107% m2 V~* ™1, stability constant of the couriter cation, 100. Other mobilities, stability constants and symbols as in Fig. [.

of the specific resistance of zone 2 on concentration
¢,y of the agent in the zone of the leading electrolyte
for different stability constants. The existence of
inflection points on the curves for higher stability
constants is an interesting feature.

Let us assume that there are now two compounds
A and B in the sample, both of which have the same
mobilities and can interact with NCA. K, anid K are
the stability constants of compounds A and B. The
ratio r = @ /ity (s and g are the effective mobili-
ties) is the criterion of the separation ability. This
ratio is alsothe ratio of the specific resistances of the
zones, r'= pg/pa, because of the validity of the iso-
tachophoretic condition. Fig. 5a shows the graph-
ical dependences of the ratio r on the concentration

of NCA in the leading electrolyte ‘for the same
stability constants as in Fig. 4b (for curves 1 and 2, 2
and 3, ..., 6 and 7). Each curve has a maximum that
corresponds to the maximum separation efficiency
for the given pair of compounds and that gives the
optimum concentration of NCA in the leading
electrolyte. If the counter ion also interacts with the
NCA, these maxima are shifted to higher concentra-
tions (Fig. 5b).

The basic validity of the described model was
verified by determination of the stability constant
of the inclusion complex betweén 4-hydroxyazoben-
zenesulphonic acid and f-cyclodextrin and by the
determination of the mobilities of free and complex
compounds. The system with g-aminocaproic acid as

80 80
(b)
roz roz
ohn-n ohnn
60 60
a0 a0
20y 5 o 15 20 2% 5 16 15 20

ce2 /nM

cel /MM

Fig. 4. Dependence of the specific resistance of the sample zone on the total concentration of complexing agent. ro; = Specilic resistance
of the sample zone. Concentration of the leading ion, 10 mM. Mobility of the leading ion, 79.1 - 107°m? V™! s~ 1 mobility of the sample,
30 . 10-%m? V=" s~1; mobility of the complexed sample, 10 - 10~% m2 V<! s~ !; mobility of the counter ion, 30 - 107° m* V™! s~
Stability constant of the sample: (1} 50; (2) 100; (3) 200; (4)400; (5) 800; (6) 1600; (7) 3200. (a) ¢, = Total concentration of cyclodextrin in
the sample zone; (b) ¢.; = total concentration of cyclodextrin in the leading zone.
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Fig. 5. Dependence of the ratio r = pg/p, on total concentration of complexing agent in the leading zone. ¢.; = Total concentration of
cyclodextrin in the leading zone. Concentration of the leading ion, 10 mM. Mobility of the leading ion, 79.1 - 107°m? V™' s ™!, mobility
of the samples A and B, 30 - 1072 m? V™! s~'; mobility of the complexed samples, 10 - 107 m? V™' s™*; mobility of the counter ion,
30107 m2 V™! s™1. Curves: (1) Kx = 50, Ky = 100; (2) K5 = 100, K3 = 200; (3) Ka = 200, K = 400; (4) K, = 400, Kg = 800; (5)
K, = 800, Ky = 1600; (6) Ka = 1600, K3 = 3200. (a) Only samples A and B interact with cyclodextrin; (b) the counter ion also interacts
with cyclodextrin. Mobility of the complexed counter cation, 15 - 107 m? V™1 s7!; stability constant of the counter cation, 500.

the weak buffering counter ion (pH = 4.21) with
chloride as the leading ion was used. The specific
resistance of the leading electrolyte is not influenced
by addition of f-cyclodextrin, which implies.that
neither the counter ion nor the leading ion interacts
with S-cyclodextrin. We can expect that 4-hydroxy-
azobenzenesulphonic acid will be almost totally
dissociated at this pH, but e-aminocaproic acid only
ca. half dissociated. The model was developed for
strong electrolytes only and, for this reason, we

65
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Fig. 6. Experimental data and fitting curve of the isotacho-
phoretic measurement of 4-hydroxyphenylazobenzenesulphonic
acid. Leading electrolyte, 0.0111 M. Cl™—s-aminocaproic acid
(pH 4.21); terminating electrolyte, 0.005 M caproic acid. p, =
Specific resistance of the sample zone; c.; = total concentration
of cyclodextrin in the leading electrolyte. Circles = experimental
data; full line = fitting curve.

assume that the mobility of the counter ion is equal
to its effective mobility. The computer simulation
program [10] of the isotachophoretic separation
gave 17.92 - 107° m? V~! s~ for this effective
mobility value. The limiting mobility of the leading
Cl~ ion was assumed to be 79.1 - 1072 m? V™1 s 1,
The measured dependence of the specific resistance
of the sample zone on the concentration of ff-cyclo-
dextrin in the leading electrolyte is shown in Fig. 6.
The experimental points were fitted by a theoretical
curve and the stability constant and the mobilities of
the free and complex form of 4-hydroxyazobenzene-
sulphonic acid with B-cyclodextrin were iterativelly
determined. We obtained the following values: limit-
ing mobility of the free anion, 21.4 - 1072 m? V™!
s~1; limiting mobility of the complex anion, 10.3 -
1072 m? V™! s71; and stability constant, 2040.
Yoshida et al. [13] spectroscopically determined the
stability constant for this compound to be 2000,
which corresponds well with our result.

CONCLUSION

The model presented in this paper describes all the
basic features of the migration of strong monovalent
electrolytes in the presence of a neutral complexing
agent. It allows the determination of mobilities and
stability constants and the prediction of the opti-
mum separation conditions. In the future work this
model should be extended to weak electrolytes and
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their interaction with the neutral complexing agent
and further it should also include the Debye-
Hiickel-Onsager theory of the dependence of mobil-
ities on the ionic strength of the solution.
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ABSTRACT

The tiny injection volumes that are usually necessary to maintain the high efficiency of capillary zone electrophoresis present a major
problem if only limited sample amounts are available. To increase the sample load, discontinuous buffer systems were developed that
allow the on-column concentration of dilute samples. Injection volumes can be increased in this way by at least a factor of 30. These
stacking systems were applied to the analysis of tryptic peptides, to the purity checking of high-performance liquid chromatographic
fractions and for the micropreparative separation of peptides with subsequent amino acid sequence analysis.

INTRODUCTION

Owing to its high efficiency and ease of automa-
tion, capillary zone electrophoresis (CZE) has
found much interest in the field of biochemistry. In
capillary gel electrophoresis of oligonucleotides
more than 107 theoretical plates have been reported
[1]. In the analysis of peptides, owing to its lower
charge [2], the theoretical plates obtained are of the
order of several hundred thousand. To maintain the
extremely high efficiency of CZE, care has to be
taken that extra-column effects do not contribute to
peak dispersion. For the injection volume it follows
that it may not exceed a few nanolitres for a capil-
lary of 100 um 1.D. Although these very tiny sample
volumes can be of advantage in specific applica-
tions, e.g., single cell analysis [3], in most instances
the limited sample load presents a major drawback
as high sample concentrations are required. Using a
UV detector the detection limit for, e.g., peptides, is

Correspondence to: Dr. C. Schwer, Department of Protein
Chemistry, Max-Planck-Institute for Biochemistry, D(W)-8033
Martinsried, Germany.
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of the order of several tens of femtomoles. As the
volume necessary for injection is usually 5-10 ul, a
sample amount of several tens of picomoles is need-
ed for an analytical separation. The detection limit
can be improved by several orders of magnitude by
using a laser-induced fluorescence detector, but as
only a small number of analytes exhibit native fluo-
rescence, derivatization has to be carried out. This
leads to all the problems already known from high-
performance liquid chromatography (HPLC) such
as derivatization of highly diluted samples or the
formation of more than one defined product.

In peptide and protein chemistry, in most in-
stances further structural information on the sep-
arated components, such as amino acid sequence or
amino acid composition, is desired, i.e., a micro-
preparative separation has to be carried out. To be
able to separate 10 pmol of a peptide, the initial
sample amount has to be about 10 nmol dissolved
in 5-10 pl under the usual injection conditions. This
presents no problem with synthetic peptides, but in
the analysis of biological samples such high concen-
trations are unrealistic.

If CZE is to be coupled with mass spectrometry

1992 Elsevier Science Publishers B.V. All rights reserved
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(MS), higher sample concentrations are also need-
ed. For a single ion electropherogram only several
tens of femtomoles are necessary, but if the whole
mass range is scanned or if even MS-MS experi-
ments are to be carried out, sample amounts of sev-
eral picomoles have to be separated.

Many of these problems can be overcome by
increasing the injection volume and performing a
concentration step prior to the separation. This can
be achieved by applying a gradient in the electric
field strength. The easiest approach for concentrat-
ing a sample zone is by injecting a sample that is
dissolved only in water without any ionic matrix
present [4-6]. Owing to the low conductivity in the
sample zone, the electrical field strength in this zone
is increased, which results in concentration of the
analytes at the front. However, the requirement
that the conductivity of the sample has to be much
lower than that of the carrier electrolyte also repre-
sents the major drawback of this concentration
technique, as realistic samples are very seldom free
from ionic contaminants. Therefore, in these in-
stances isotachophoresis can be used for sample
stacking. Experimentally this preconcentration can
be realised in a single- or a dual-coulmn mode. In
the coupled column arrangement the analytes are
isotachophoretically concentrated in the first col-
umn and are then transferred to the second column,
where they are separated zone electrophoretically
[7,8]. In this way a sample load of about 10 ul is
easily reached. As these systems are not available
commercially, discontinuous buffer systems may be
applied for sample stacking, as generally used in
classical sodium dodecyl sulphate polyacrylamide
gel electrophoresis (SDS-PAGE) [9,10]. So far these
systems have been described in CZE only for the
separation of proteins at high pH [11,12]. In this
work discontinuous buffer systems at low pH were
introduced for the analysis of peptides, but which
are also applicable for the separation of proteins
and many other substances at that pH.

The concentration of the dilute sample zone in a
discontinuous system is caused by the fact that the
buffer electrolytes are chosen such that at the begin-
ning of the separation isotachophoretic conditions
are created. In this way the concentration of the
sample zone is adapted to the concentration of the
preceding zone according to Kohlrausch’s regulat-
ing function [13]. After the concentration step the
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analytes are separated zone electrophoretically as
the buffer composition changes and the isotacho-
phoretic conditions no longer hold. for the sample
components.

EXPERIMENTAL

Instrumentation

CZE measurements were carried out on a P/ACE
System 2100 instrument (Beckman, Palo Alto, CA,
USA) equipped with a UV detector. The absor-
bance of the peptides was detected at 200 nm in all
instances. The separation capillary made of fused-
silica (CS, Chromatographie Service, Langerwehe,
Germany) had an 1.D. of 100 um and an effective
length of 50 cm (57 cm total length). The inner wall
of the capillary was coated with linear polyacryla-
mide according to the procedure described by Hjer-
tén [14] in order to suppress electroosmosis and ad-
sorption of the analytes. Injection was carried out
by pressure, an injection time of 1 s corresponding
to a volume of about 25 nl. Separation was carried
out at a constant voltage of 20 kV, the capillary
being thermostated at 30°C.

The different electrolyte solutions forming a dis-
continuous bufler system were filled into the capil-
lary by applying a low pressure in the same way as
hydrodynamic injection is carried out. A volume of
about 25 nl is introduced when a low pressure is
applied for 1 s at the inlet of a capillary of the above
dimensions. The different volumes of the individual
buffer solutions are shown in Fig. 1.

Fractions were collected electrophoretically by
changing the outlet vials, which were filled with 10
yl of the separation buffer. The time windows for
collecting the single fractions were calculated from
the migration velocities determined in a previous
run as described [15].

N-Terminal amino acid sequence analysis was
carried out on a Model 477A gas-phase sequencer
(Applied Biosystems, Foster City, CA, USA) as
published [16].-

Chemicals

All reagents were of analytical-reagent grade ex-
cept f-alanine (for biochemistry) and e-aminoca-
proic acid (for synthesis) (E. Merck, Darmstadt,
Germany). f-Casein (from bovine milk) was ob-
tained from Sigma (Deisenhofen, Germany). the
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five standard peptides from Bachem (Heidelberg,
Germany) and trypsin (sequencing grade) from
Boehringer (Mannheim, Germany). As standard
peptides the following basic, neutral and acidic pep-
tides were used: (1) Leu-Trp—Met-Arg; (2) Leu—
Trp—Met-Arg—Phe; (3) Leu-Trp—Met—Arg—Phe-
Ala; (4) Tyr—Gly—Gly-Phe—Leu; and (5) Val-Leu—
Ser—Glu-Gly. They were dissolved in water or the
corresponding buffer electrolyte at concentrations
ranging from 1 to 50 ng/ml.

The tryptic digest of ff-casein was carried out in
50 mM Tris—HCI (pH 8.5). Water was purified in a
Milli-Q Plus system (Millipore, Bedford, MA,
USA). The buffer solutions in the electrode vessels
were refilled after every 2-3 runs.

RESULTS AND DISCUSSION

“Three-buffer” stacking system

The classical stacking system used in SDS-PAGE
applies a pH gradient and an amphoteric buffer
component [9], which first acts as a terminating
electrolyte but then overtakes the sample ions as the
pH changes. Analogously a stacking system was de-
veloped for CZE for the separation of cationic pep-
tides at an acidic pH of about 4.8. Its composition
and arrangement of the electrolytes in the separa-
tion system is shown in Fig. la. It consists of three
buffer electrolytes: a leading electrolyte and a stack-
ing electrolyte, having the same constituents but
different pH, and a terminating electrolyte. In this
system tris(hydroxyethyl)aminomethane (Tris) acts
as the leading ion whereas e-aminocaproic acid
(EACA) acts as the terminating ion when it is in a
zone of high pH (>6), as formed by the stacking
electrolyte. Under these conditions the mobility of
EACA is very low, as it is almost a zwitterion at this
pH. Hence, if the sample ions have a mobility be-
tween those of the leading and terminating electro-
lytes, its concentration is adapted to the concentra-
tion of the leading electrolyte, that is, concentration
of the dilute sample occurs. As EACA enters a zone
of lower pH, the dissociation of the carboxylic
group is suppressed and it gains a higher positive
charge and therefore a higher electrophoretic mo-
bility. Hence it can overtake the analytes, which are
then separated by zone electrophoresis in the EA-
CA buffer.

In Fig. 2a and b the separation of three basic
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LE

LE: 0.05M TRIS/citrate, pH=4.8

STE: 0.05M TRIS/citrate, pH=6.5 ( 750nl )
TE: 0.05M EACA/citrate, pH=4.8

A,B: sample solution ( 750nl )

LE: 0.05M TRIS/citrate, pH=5.3 ( 500nl )

TE: 0.05M B-alanine/citrate, pH=4.8
A.B: sample solution ( 500nl )

B\\\\\\

Q\QA

CE: 0.02M sodium/phosphate, pH=2.5
H* 0.1M phosphoric acid ( 650n! )
OH™: 0.1M sodium hydroxide ( 300nl )
A,B: sample solution ( 500nl )

CE N CE

Fig. 1. Composition and arrangement of the bufler solutions ol
the different discontinuous systems in the separation unit. In
parentheses the approximate volumes of the different zones for a
100-um capillary, having a volume of about 4.5 ul, are given.
LE = Leading electrolyte; STE = stacking electrolyte; TE =
terminating electrolyte; CE = carrier electrolyte. (a) “Three-
buffer” stacking system; (b) “two-buffer” stacking system; (c)
“one-buffer” stacking system.

peptides dissolved in buffer electrolyte is shown
without stacking and in the above stacking system.
In the discontinuous system the sample is diluted
tenfold, but at the same time the injection time is
increased by a factor of ten compared with the non-
stacking system, where injection was carried out for
only 3 s. It can be clearly seen that in the discontin-
uous system, in spite of the high injection volume of
750 nl, a higher efficiency and a higher sensitivity
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Fig. 2. Separation of three basic peptides: (a) without stacking in the EACA buffer of pH 4.8: (b) under stacking conditions in a
three-buffer system. Concentrations of the peptides that were dissolved in the EACA buffer: (a) 10 ng/ul; (b) I ng/ul. Injection time: (a) 3
s; (b) 30 s. The sequence of the peptides is given under Experimental. For details of the electrolyte system, see Fig. la.

are obtained compared with the system without
stacking.

The precision of the quantification under stack-
ing conditions is comparable to that without stack-
ing. The migration times obviously change in the
discontinuous systems and are dependent on the
length and conductivity of the injection zone.

To compare the different modes of injection, in
Fig. 3 the peak width, expressed by the standard
deviation, a,, based on length, is shown as a func-
tion of the injection time for the above separation of
the three basic peptides. If a sample dissolved in
buffer electrolyte is injected without stacking for 1 s,
corresponding to a volume of about 25 nl, the maxi-
mum efficiency is not reached, i.e., the contribution
of injection to peak broadening is not negligible.
For even higher injection times a steep increase in

peak width, that is, a tremendous loss of efficiency,
is observed. If injection is carried out from a sample
dissolved only in water, about ten times the volume
can be loaded without a decrease in efficiency. With
the sample dissolved in buffer and using a discontin-
uous system, at least a 30 times higher sample load
can be achieved compared with the non-stacking
system. It can be seen that the peak widths remain
constant over the whole injection range studied. In
this way about 750 nl of sample can be introduced
into the capillary, the volume being mainly limited
by the dimensions of the capillary.,

This kind of classical stacking system has the
slight disadvantage that the choice of the terminat-
ing electrolyte sometimes presents a problem, as its
mobility has to be lower than that of all the analytes
at one pH and at the other pH it has to be higher, so
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Fig. 3. Dependence of the peak width, expressed by the standard deviation based on length, o_, on the injection time for the different

modes of injection. @ = Injection of a sample dissolved in buffer electrolyte without stacking; A
injection of a sample dissolved in buffer electrolyte under stacking conditions. The peak widths were calculated from the

water; @
separation of basic peptides as shown in Fig. 2.

it can overtake the analytes. Especially with pep-
tides, covering a wide range of mobilities, some
problems may arise if other pH values are chosen.
However, for the separation of basic peptides in the
above system good stacking and destacking are ob-
served.

“Two-buffer” stacking system

To facilitate the buffer selection, a stacking sys-
tem, that requires no pH gradient, consisting of on-
ly two electrolytes, was developed as shown in Fig.
1b. The capillary is filled with an electrolyte of very
low mobility, acting as a terminator; and just in
front of the sample is placed a zone having a very
high mobility, which will act as a leading electro-
lyte. The sample concentration is now increased as
it is adapted to the concentration of the leading
zone. Because this leading electrolyte is placed be-
hind an electrolyte of lower mobility, it itself mi-
grates zone electrophoretically in the terminating
electrolyte and moves away from the sample ions.

injection of a sample dissolved in

The analytes then are also separated by zone elec-
trophoresis in the terminating electrolyte. In Fig. 4a
and b the separations of three basic peptides with-
out a leading electrolyte and in the presence of a
leading electrolyte placed in front of the sample
zone are shown. Injection was carried out for 20 s
(ca. 500 nl). Without stacking the efficiency is lost
and no resolution is observed. With the stacking
system, high efficiency, sensitivity and resolution
are obtained.

This stacking effect is also observed if a sample
containing a high concentration of a mobile salt is
separated in a buffer of very low mobility. Under
these conditions the highly mobile salt ions may act
as a leading electrolyte, resulting in sample concen-
tration [17].

The reverse arrangement of the two electrolytes,
the capillary being filled with leading electrolyte and
a zone of a terminating electrolyte being placed be-
hind the sample zone, may also lead to concentra-
tion of the analytes.
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“One-buffer” stacking system

A disadvantage of the above stacking systems is
that they do not work at extreme pH values. If pep-
tides are to be analysed at a very low pH of about
2.5, so that all peptides migrate cationically, anoth-
er stacking method has to be developed. Stacking of
the analytes is achieved by sandwiching the sample
between a zone of OH™ and H* as shown in Fig.
Ic. As OH™ and H* are migrating towards each
other, a zone of low conductivity is formed, as can
be observed by a decrease in the electric current for
a certain time at the beginning of the separation.
Further OH™ and H* may act as a terminator.
leading to isotachophoretic concentration of the
analytes. Care has to be taken that the OH™ and
H™ zones are not too long, as overheating due to
the high electric field strength in the low-conductiv-
ity zone formed may become a problem. In Fig. 5a
and b the separation of four standard peptides (two
basic, one neutral and one acidic) is shown in phos-
phate buffer of pH 2.5. Stacking leads to highly in-
creased sensitivity and efficiency compared with a
separation without stacking conditions.

This stacking system is not only applicable for
the concentration of selected standard peptides but
also for realistic samples, e.g., a tryptic digest of
B-casein as shown in Fig. 6. Injection was carried
out for 20 s (ca. 500 nl) from a solution containing
about 10 pmol/ul of digested protein. The peptide
pattern obtained under stacking conditions is iden-
tical with that observed when a smaller volume of a
more concentrated sample is injected without stack-
ing. This means that with the described stacking
system all peptides are recorded and none are lost.

With this system peptide fractions collected from
HPLC can also be checked for purity with increased
sensitivity. Fig. 7 shows an electropherogram ob-
tained under stacking conditions of an HPLC frac-
tion collected from a separation of tryptic peptides
of f-casein. The fractions obtained from the RP-
HPLC separation of 100 pmol of digested protein in
an acetonitrile gradient containing 0.1% trifluoro-
acetic acid were directly injected into the CZE sys-
tem without any preconcentration. Owing to the or-
thogonal separation principles of HPLC and CZE,
a single peak in the chromatogram is resolved by
CZE into several components.

A further aim with these stacking systems is to
increase the sample load such that micropreparative
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Fig. 7. Electropherogram of an HPLC fraction collected from
the separation of digested fS-casein. About 100 pmol of digest
were separated by HPLC. Injection was carried out for 20 s. For
details of the electrolyte system, see Fig. lc.

separations also become possible with limited sam-
ple amounts. In Fig. 8 the separation of four stan-
dard peptides in phosphate buffer of pH 2.5 under
stacking conditions is shown. The concentration of
the analytes was 50 ng/ul (less than 100 pmol/ul).
Injection was carried out for 20 s. From this electro-
pherogram time windows were calculated for frac-
tion collection of the four peptides. During the two
following separation runs fractionation of the four
peptides was carried out. To check the purity, the
single fractions were reinjected also under stacking
conditions as shown in Fig. 9. It can be seen that the
first three peptide fractions were obtained almost
pure, whereas the last fraction still contained a sig-
nificant amount of the preceding peptide. This is
probably caused by the fact that the calculation of
the migration time from the detector to the end of
the capillary is impeded by gradients in the electric
field strength present in the separation system. This
is the case when stacking systems are used for sam-
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Fig. 8. Micropreparative separation of four standard peptides in phosphate buffer of pH 2.5 under stacking conditions. Injection was
carried out for 20 s; the concentration of the peptides was 50 ng/ul. The peptide code is explained under Experimental. For details of the

clectrolyte system, see Fig. lc.

ple concentration, or even if larger volumes of a
low-conductivity sample are injected. More exact
mobility values could be obtained using a double-
detector system [18]. The purity of the single frac-
tioris may also be improved using other.methods of
collection [19].

From the re-injection, the sample-amount collect-
ed was determined. It corresponded to a concentra-
tion of about 5 ng/ul, that is, about 50 ng of the
single peptides were collected. The three pure pep-
tide fractions were used for amino acid sequence
analysis. An initial yield of about 40 pmol was
found, corresponding well with the amount collect-
ed.

CONCLUSIONS

Discontinuous systems were introduced that al-
low the analysis of peptides and other analytes with
an increased sample load of at least a factor of 30.
These stacking systems can be applied for the con-
centration of dilute samples in commercially avail-
able instruments, making a micropreparative sep-
aration of moderately concentrated samples possi-
ble. Fractions can be collected from these separa-
tions and can be further characterized, e.g.; by ami-
no acid sequence analysis, as was successfully
demonstrated.
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conditions were the same as for the micropreparative run.
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ABSTRACT

Three new types of capillary coatings for capillary isoelectric focusing that avoid siloxane chemistry, resulting in hydrolytically stable
coatings, are described and tested: phenyl-silica, acrylamide-reacted vinyl-silica, and pure PTFE. Capillaries of these three types were
compared using standard proteins and a biological mixture of proteins similar to what might be encountered in actual use. Of these, the
acrylamide-coated capillary produced the highest-quality results. In contrast to capillaries prepared using siloxane reactions, the
capillaries described herein exhibited greatly enhanced stability at high pH.

INTRODUCTION

Capillary zone electrophoresis (CZE) and capil-
lary isoelectric focusing (cIEF) are high-resolution
analytical techniques that can be used for separa-
tion of proteins [1,2], peptides [3,4], DNA [5], and
other biological materials. Because of its high speed
compared with slab gel electrophoresis, CZE is ide-
ally suited for rapid analysis of proteins in their na-
tive state. One promising use is as a rapid assay at
intermediate stages during purification for proteins
which do not exhibit a specific measurable enzymat-
ic activity. One limitation of CZE is that, although
very minute quantities of solute molecules can be
detected, in terms of concentration sensitivity, the
current generation of UV detectors produces results
slightly inferior to those achieved by high-perform-
ance liquid chromatography (HPLC). Additionally,
injection of large sample volumes without stacking,
or with dilute buffer stacking, reduces the plate

Correspondence to: Dr. T. J. Nelson, Neural Systems Section,
National Institute of Neurological Disorders and Stroke,
Park-5/435, National Institutes of Health, Bethesda, MD 20892,
USA.

count [6]. Thus, for free solution CZE it is necessary
to concentrate dilute samples to very small volumes
(=1 pl). For proteins, this can cause sample precip-
itation or aggregation which cause loss of sample,
clogging of the capillary, and spurious spikes in the
electropherogram caused by particulates.

In principle, cIEF is not subject to this limitation,
because the focusing process automatically concen-
trates the sample during the analysis. Thus, the en-
tire capillary can be filled with sample at a low con-
centration. In addition, cIEF can provide an indica-
tion of a useful physical parameter, the protein’s
isoelectric point.

To date, however, only relatively few studies have
used cIEF to analyze proteins [7-11]. In cIEF, a
coated capillary is generally used in order to reduce
or eliminate electroosmotic flow (EOF). Alterna-
tively, polymer additives can be added to reduce
EOF and wall adsorption by shielding interactions
with the capillary wall or increasing solvent viscos-
ity [12,13]. EOF acts to physically pump solvent to-
ward the cathode, and thus interferes with the es-
tablishment of a stable pH gradient. Unfortunately,
most of the coatings currently in use for CZE of
proteins either do not sufficiently reduce EOF, or



358

utilize silane derivatives lo covalently attach an un-
charged organic compound to the silanol groups of
the silica capillary. These siloxane linkages, which
involve a Si-O-Si—C bond, are slowly hydrolyzed
by the high-pH solution used in cIEF. After 5-10
uses, the coating is hydrolyzed away to such an ex-
tent that IEF is no longer possible. Therefore, a new
type of coating process to eliminate this effect is
desired.

This paper describes three types of capillary coat-
ings that avoid siloxane chemistry, resulting in hy-
drolytically stable coatings: phenyl-silica, acryl-
amide-reacted vinyl-silica, and pure poly(tetrafluo-
roethylene), PTFE. Capillaries of these three types
were compared using standard proteins and a bi-
ological mixture of proteins similar to what might
be encountered in actual use. Of these, the acryla-
mide-coated capillary produced the highest-quality
results.

MATERIALS AND METHODS

Coating of capillaries

Acrylamide—vinyl-silica capillaries. An 0.7-m
length of 200 ym, 100 ym, or 75 um L.D. silica capil-
lary tubing was rinsed for 10 min with 1 A NaOH,
then rinsed with water and dried for at least 2 h in
an oven at 150°C with a flow of nitrogen under 5
p.s.i. through the capillary. During all oven treat-
ments, the capillary was kept as straight as possible
to prevent the formation of slight permanent bends
in the capillary which caused breakage when the
Beckman P/ACE autosampler was used. The PTFE
septum in a bottle of SiCl, (Aldrich) was punctured
with a 25-gauge needle and one end of the capillary
was inserted through the hole. A second 25-gauge
needle was inserted through the septum and nitro-
gen pressure (5 p.s.i.) was applied. Eflux of SiCl,
vapor was verified by pointing the outlet end of the
capillary onto a piece of pH paper. The end of the
capillary inside the bottle was lowered under the
surface and the capillary was filled with SiCl, . The
nitrogen pressure was released, the capillary was
rapidly removed and its ends connected together by
a small piece of silicone tubing (Manostat, 0.015 in.
I.D. x 1/32 in. wall). The ends of the capillary were
scaled with a small torch and the capillary was in-
cubated overnight at 65°C in an oven. The next day
one end was broken and rapidly inserted through a

T. J. Nelson | J. Chromatogr. 623 (1992) 357-365

hole in the septum of a bottle of I M vinyl-MgBr in
tetrahydrofuran. The bottle was pressurized with
nitrogen as before, and the SiCl, was blown out.
The capillary was flushed with nitrogen for at least
5 min, until the pH paper test indicated that all trac-
es of SiCl, were removed. The end of the capillary
was then submerged in the vinyl-MgBr solution
and the solution was forced through the capillary
for ca. S min. The ends of the capillary were sealed
as before and the capillary was incubated for 1-2 h
at 65°C. The capillary was then flushed with an-
hydrous THF and treated with SiCly and vinyl-
MgBr a second time using the same conditions and
incubation times. The capillary was then rinsed
with tetrahydrofuran, ethanol, water, 0.01 M
H;PO, and 0.01 M NaOH to remove any residual
salts or organic compounds, and installed in a car-
tridge before coating with acrylamide. The final
capillary length was 50-55 cm.

The washed capillary was then filled with a solu-
tion of 6% acrylamide, 0.4% N,N,N’,N'-tetrameth-
ylethylenediamine (TEMED), and 0.04% ammoni-
um persulfate. When the acrylamide solution start-
ed to become viscous, the acrylamide was removed
by applying pressure to the capillary and the coated
capillary was rinsed with water for 10 min and in-
cubated for 1 h at room temperature before use.

For comparison, some acrylamide-coated capil-
laries were also prepared by the method of Hjertén
involving  y-methacryloxypropyltrimethoxysilane
[8,14], except that excess silane reagent was re-
moved by washing with ethanol before coating with
acrylamide.

PTFE capillaries. A 0.5-m piece of PTFE tubing
(0.304 mm 1.D. x 0.76 mm O.D.) was flushed with
hexane, chloroform, dimethylformamide, then eth-
anol for 20 min each in a bath of refluxing chloro-
form to remove any impurities. The tubing was
straightened and inserted into a Beckman cartridge.
In some cases, the PTFE was surface-dehydrofiuor-
inated [15] by filling the tubing with 4 M NaOH
containing 10% tetrabutylammonium phosphate
solution (Alltech Low UV IPC-A) and incubating
at room temperature overnight,

Phenyl-coated silica capillaries. A capillary was
chlorinated with SiCl, as described above, and the
chlorinated capillary was filled with phenyllithium
(using the same procedure as used to fill the capil-
lary with vinyl-MgBr) and reacted at 65°C for 1 h.
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The SiCl, /phenyllithium treatment was repeated.
The phenyllithium was removed by pressurizing the
capillary with nitrogen and the capillary was rinsed
sequentially with toluene, chloroform, ethanol, and
water. Organolithium compounds react with Si—Cl
bonds more vigorously than MgBr-containing
Grignard reagents [16-18].

Capillary electrophoresis procedure. The coated
capillary was installed in a cartridge and filled with
a solution containing the protein sample, 2-5%
Pharmalytes (pH 3-10), and in some samples, 1%
Tween-20. The sample was focused at 10 or 30 kV
in a Beckman P/ACE System 2050 with the anode
in the inlet solution. The anolyte was 0.01 M
H,PO, and catholyte was 0.01 M NaOH. Absor-
bance was measured at 280 nm. For PTFE capil-
laries and 200 um capillaries, the voltage was re-
duced to 4 and 5 kV, respectively.

359
RESULTS AND DISCUSSION

For analysis of protein mixtures from biological
samples, isoelectric focusing is an idedl analytical
method. Because the entire capillary can be filled
with sample (as much as 0.01 ml in a large capil-
lary), sample preconcentration, which results in ag-
gregation and precipitation, is not necessary. In
IEF, the proteins are concentrated automatically
and can be easily filtered or centrifuged in these
larger volumes. Another advantage is that capillary
length and diameter are less of a factor in determin-
ing resolution, so shorter capillaries with attendant
shorter elution times, or larger capillaries with
larger sample capacities can be used. Finally, be-
cause lyophilization can be avoided, high salt con-
centrations are less of a problem. High salt concen-
trations in the sample can modify the-appearance of
the electropherogram [19,20].

0.08 |
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Fig. 1. Focusing of a mixture of bovine hemoglobin and bovine serum albumin in 2% ampholytes (Pharmalytes 3-10) in a 50 cm x 305
um 1.D. PTFE capillary focused for 45.0 min at 4 kV. The anolyte and catholyte contained 0.01 M H,PO, in ethanol and 0.01 M
NaOH in ethanol, respectively. The current decreased from 31 to 1.4 uA during focusing. After 45 min of focusing, the focused proteins
were eluted using 0.5 p.s.i. pressure. Only a small degree of focusing is evident.
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Fig. 2. (A) Focusing of a mixture of bovine hemoglobin and bovine serum albumin in 2% ampholytes (Pharmalytes 3-10) in a freshly
prepared 50 cm x 100 um 1.D. capillary coated with acrylamide using the silanol method [8]. Focusing was carried out at 10 kV. During
focusing, the current decreased from 8.2 to 4 pA in 6 min. The large peak at 4.95 min is albumin, and the small peak following albumin
is an albumin contaminant. (B) Focusing of the protein mixture in the same capillary after 20 sample injections. (C) Focusing of the
hemoglobin—-serum albumin mixture in 2% ampholytes in a freshly prepared 50 cm x 100 um 1.D. capillary coated with acrylamide
using the SiCl, method. Focusing was carried out at 10 kV. The current decreased from 8.0 to 3.7 A in 6 min. (D) Focusing of the
protein mixture in the same capillary after 30 sample injections.
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Polymeric capillaries

Since electroosmotic flow is regarded as the pre-
dominant factor interfering with IEF, a variety of
hydrophobic capillaries were tried, including
PTFE, polyethylene (PE-10), and phenyl-coated sil-
ica. Both polyethylene and PTFE required low volt-
ages (<5 kV) in order to prevent thermally induced
erratic increases in current. At higher voltages,

heating also caused bubble formation, although this’

could be prevented by prior degassing of the sam-
ple. For PTFE capillaries, resolution and speed of
focusing were improved by substuting 0.01 M
H;PO, and 0.02 M NaOH in 98% ethanol for
aqueous electrode solutions. PTFE capillaries were
sufficiently UV-transparent at 280 nm for direct use
without modification. Both PTFE and surface-
modified PTFE capillaries had unmeasurably low
EOF, and a rapid decline in current occurred in-
dicating that focusing of ampholytes was occurring.
Because of the absence of EOF, the focused peaks
did not elute spontaneously, but were eluted by
pressure or replacement of anolyte with 0.02 M
NaOH. Despite the lower EOF compared to acryl-
amide-coated capillaries of similar I.D., the focused
proteins were incompletely resolved both with and
without Tween-20 in the buffer (Fig. 1). No focus-
ing was observed with phenyl-coated capillaries.
These results with hydrophobic coatings suggest
that the hydrophilicity of the surface coating is an
important factor in IEF. However, these hydropho-
bic capillaries may be useful in separating other
more hydrophilic substances, such as lipids.

Acrylamide-coated capillary

Acrylamide coated capillaries can be convenient-
ly produced by silanization with y-methacryloxy-
propyltrimethoxysilane followed by polymerization
of acrylamide on the methacrylate moiety [8]. With
acrylamide-coated capillaries, in contrast to poly-
meric capillaries, focusing occurred rapidly. In ini-
tial tests, the focusing was allowed to proceed for 3
min, after which the anolyte was replaced with 0.01
M NaOH to mobilize the focused proteins [21].
However, the mobilization procedure was found to
be unnecessary, since these capillaries had sufficient
EOF that the focused proteins eluted spontaneously
even in the absence of mobilizing agent (Fig. 2A).

To test the efficiency of the coating procedure,
the electroosmotic flow was measured in uncoated
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and acrylamide-coated capillaries. In uncoated cap-
illaries filled with 20 mM sodium phosphate pH 7.0,
the EOF was 4.63 - 10™* c¢cm? V™! s, In the acry-
lamide-coated capillaries, EOF at pH 7 was reduced
below measurable limits (<6.94 - 107 ¢cm? V™!
s™1). However, the acrylamide-coated capillaries
coated with the siloxane method exhibited measur-
able EOF after a few hours of exposure to high pH
solution, presumably due to base hydrolysis of the
Si—O-Si~C bonds. After a 4-h separation at pH 8.5,
the EOF had risen to 1/3 that of an uncoated capil-
lary.

This effect limited the usefulness for IEF of acryl-
amide-coated capillaries coated with the siloxane
method. Fig. 2B shows a cIEF electropherogram of
such a capillary after 20 IEF sample injections.
Some separation is still evident, but all the peaks
eluted by 2.0 min. Eventually, after more samples
are analyzed, all peak resolution was lost. Thus, an
improved coating technique was sought. An alter-
native reaction to link organic modifying groups to
silica using the hydrolytically stable Si-C bond in-
stead of a Si~O-Si-C bond has been suggested for
creating stable stationary phases for liquid chroma-
tography [22,23]. This method involves chlorinating
the silica with SOCI, . The chlorinated silicon then
reacts avidly with Grignard reagents [17,18,23]. Pre-
vious workers showed that capillaries produced by
reacting the chlorinated capillary with a Grignard
reagent on which acrylamide could be polymerized
exhibited reduced EOF [24]. However, these capil-
laries proved unsuitable for IEF (data not shown).
The limiting step in creating this coating is chlor-
ination of the surface silanols, while the Grignard
reagent is believed to react instantaneously with the
chlorinated silicon [17,23]. Therefore, a more agres-
sive chlorination procedure was tried, using SiCly
[25]. At least two treatments with SiCly were re-
quired to achieve measured EOF levels as low as
those achievable with the silanol method. EOF can
also be evaluated by comparing the current at equi-
librium, i.e., after the ampholytes have focused. Us-
ing this criterion, the SiCly capillaries were also
comparable to freshly coated capillaries prepared
with the siloxane method (Fig. 2, legend).

Fig. 2C illustrates an electropherogram obtained
with a SiCl, capillary. Acrylamide-coated capillar-
ies coated using the SiCl, method produced results
identical with acrylamide-coated capillaries pro-
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duced using siloxane chemistry, but were consid-
erably more stable. Fig. 2D shows an electrophe-
rogram of a mixture of standard proteins in the
same capillary as in Fig. 2C after injection of 30
samples, some of which contained detergents, high
salt, and high pH. Even after 30 runs, no deteriora-
tion of the SiCl, capillary was apparent. In fact, the
proteins are retained longer, suggesting that addi-
tional residual EOF-inducing substances had been
removed.

Fig. 3 shows an IEF pattern from Hermissenda
tentacle supernatant in an 0.3-m acrylamide-coated
capillary. Most of the proteins focused and eluted
before the current had reached a plateau value. The
entire electropherogram was produced within 3.0
min after sample was applied. Very sharp focusing
was observed, with a peak width of ca. 0.5 s for the
largest peak, while the later, more acidic proteins,
were somewhat broader. At least 60 protein-compo-
nents are visible altogether.
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Addition of non-ionic detergent (Tween-20) im-
proved resolution for the Hermissenda samples,
probably by reducing the interaction with uncoated
silanols or by increasing the effective size of the pro-
teins. However, for other samples, addition of de-
tergent had little effect (data not shown).

The residence time of the proteins in the capillary
could be increased by adding NaCl to the catholyte.
However, this did not improve resolution or affect
the relative elution order of the peaks (Fig. 4). In-
creasing the NaCl in the catholyte to 0.04 M pro-
longed the elution period to 10 min. Altering the
H3PO, and NaOH concentrations also had little
effect on the separation (not shown). Because the
proteins tended to elute spontaneously from the
capillary, the retention times of the proteins were
not a simple function of isoelectric point. .

Fig. 5 shows an electropherogram of rabbit cere-
bral cortex supernatant. Because this sample con-
tained a higher salt concentration than the sample

0.02 . , ,

0.01 |-

A 280

min

Fig. 3. Focusing of Hermissenda tentacle proteins in an acrylamide-coated capillary at 10 kV. The capillary was filled with ca. 50 ug/ml
total cytoplasmic proteins containing 10% Pharmalytes 3-10 and 1% Tween-20 before focusing. The current decreased from 92 to 32

H#A in 4.0 min.
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min
Fig. 4. Focusing of a mixture of bovine hemoglobin and bovine serum albumin in an acrylamide-coated capillary. Conditions were the
same as in Fig. 2C except that 0.01 M NaCl was added to the catholyte solution. The elution pattern is similar to the pattern in Fig.2C
except that the proteins are retamed for a longer period.

0.02 e e P e

0.01 |- -

A 280

0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4
min
Fig. 5. Focusing of rabbit brain proteins in an acrylamide-coated capillary produced with the SiCl, method. A sample of rabbit cerebral

cortex was homogenized in 10 volumes of water and centrifuged (10000 ¢ % I min). A 20-u1 aliquot of the supernatant fraction was
diluted to 100 yl, and 2 ul of ampholines were added before focusing at 10 kV. Most proteins eluted between 0.6 and 1.4 min.
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in Fig. 3, the entire sample was eluted in under 1.5
min. Peaks were also extremely sharp, with mini-
mum peak widths on the order of 0.15-0.25 s. Effi-
ciency calculation was difficult, however, because at
the maximum obtainable 10 Hz data acquisition
rate, many of the peaks were only 1-2 data points
wide. The decrease in absorbance to below baseline
values at 1.25 min is caused by displacement of the
ampholytes with buffer, and can be eliminated by
addition of ampholytes to the anolyte and catholyte
solutions.

The rapid elution of focused peaks in Fig. 5 in-
dicates that focusing had occurred within the first
20.8 min. Since initially the capillary was uniform-
ly filled with sample, this means that the earliest
peaks represented proteins that must have travelled
at up to 0.5 m/min. It is apparent that some EOF
still remains in acrylamide-coated capillaries coated
with both methods. This may be caused by a few
remaining silanols at the high pH end of the capil-
lary. EOF due to silanol ionization is known to be
strongly pH dependent. To test whether focusing
was complete, an IEF sample was tested with the
proteins only filling the first 1/10 of the capillary
nearest the anode or the cathode, with the remain-
der of the capillary filled with ampholytes alone. In
both cases, resolution was greatly reduced.

Although the coated capillaries described here
exhibited greater stability than other coatings at
high pH, one would expect that after prolonged ex-
posure, the Si—-C bonds eventually would begin to
hydrolyze. Polyacrylamide could also be hydro-
lyzed to acrylic acid by high pH, particularly at
higher temperatures. Thus, the capillaries should be
rinsed with water after use.

The above results demonstrate that cIEF carried
out in the hydrolytically stable capillaries results in
a rapid, highly reproducible, and high-resolution
separation of complex protein mixtures.
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ABSTRACT

Based on an exponentially modified Gaussian model, a new approach for the area determination of an overlapped pair of peaks was
developed. Empirical equations for the accurate calculation of the area ratio are presented. Individual peak areas can be calculated from
the area ratio and the total area of an overlapped pair. This method can be applied over a wide range provided that there is a clear and
precise valley except for shoulder peaks. The relative error of the peak area determiantion is less than £5%.

INTRODUCTION

The occurrence of unresolved or overlapped chro-
matographic peaks is a commonly encountered
practical problem. The perpendicular-drop method
is generally employed for the measurement of over-
lapped peaks. Foley [1] reported that the error due to
a combination of peak tailing and differences in
peak size can be exceed 200% for peak area mea-
surement by this method. Jeansonne and Foley [2]
reported a method with an accuracy of +4% for the
first peak area of an overlapped pair when the
relative valley is less than 45%. Lin and Lu. {3]
reported a table of correction factors for the quanti-
tative area determination of overlapped peaks. In
previous papers [4,5] we reported two methods for
the measurement of the areas of an overlapped pair
of peaks. These methods were all based on the

Correspondence to: Dr. N. S. Wu, Department of Applied
Chemistry, University of Science and Technology of China,
Hefei, Anhui 230026, China.

0021-9673/92/305.00 ©

calculation of the first peak area of an overlapped
pair, the second peak area being obtained by
subtraction of the first peak area from the total area

measured by an electronic integrator. In this paper,

we report an approach for area determination based
on the area ratio of an overlapped pair of peaks.

THEORY

The following exponentially modified Gaussian
(EMG) peak-shape model is used:

h(r) = <%> exp<2"—:2 _i- ’g> [l +erf(Z/\/2)] (1)

T
where
z=12L 2 @
g T
2 [ _a
erf(x) = —Je ¥dy 3
T
o]

1992 Elsevier Science Publishers B.V. All rights reserved
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t, and ¢ are the retention time and standard
deviation of the parent Gaussian peak, respectively,
7 is the time constant of the exponential decay, A(t) is
the height at time ¢ and the peak asymmetry is
characterized by S = g/t.

According to McWilliam and Bolton [6], assum-
ing that the asymmetry and peak widths of two
peaks are equal, the profile of an overlapped pair
can be simulated by the following equation:

H(?) = h(t) + rh(t — d) 4

which represents an EMG function A(7) followed
after time d by another, A(t — d), of equal width,
where r is the area ratio of the second to the first
peak (r = A,/A;, where A, and A, are the areas of
the first and second of an overlapping pair of peaks)
and H(¢) is the superposed height at time .

From previous work [5] and ref. 2, the height of
the first peak of an overlapped pair is less affected by
the overlap (the increment of the height is usually
less than 5%), as shown in Fig. 1. Therefore, it is
reasonable to assume that the height of the first peak
remains almost unchanged after overlap, i.e., i; =
hyo, where h, and h,, are the heights of the first peak
after and before overlap, respectively.

The height of the second peak of an overlapped
pair can be expressed as

h2 = 1120 + hlZ (5)

where hyo and &, are the heights of the second peak
before and after overlap, respectively, and /1, is the
increment of the second peak height resulting from
the overlap with the first peak; k;, depends on the
asymmetry of the first peak and the degree of
overlap and, from eqn. 1, it can be expressed as

0'2 Iy — lg

)[1 + erf(Zy2/1/2)]
6)
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where
to—1, O
Ziy= 2 2~ (7)
c T
tr2 = trl + d (8)

and ¢,; and ¢, are the retention times of the first and
the second peak, respectively, before overlap.
Dividing each term of eqn. 5 by 4,, we obtain

hy hye hiz  hao | i
T2 _fao | Mz M2 Tz 9
hl hl h1 h]() + hl ( )

From eqns. 1, 6 and 9, the following form can be
obtained:

ha_hao o < £1>1+erf(212/\/§) a0

h1 N th —T

1 + erf(Z1,//2)
where
tq — 1
Zy, =t 2 (10
g T

and y is the apparent height ratio of an overlapped
pair of peaks.

The parameters in the last term of eqn. 10 are
unknown in practice and eqn. 10 is inconvenient to
use. In order to make eqn. 10 practicable, we
arbitrarily substituted exp[ — ¢4t/ Wy 1) for the last
term in eqn. 10. Thus, eqn. 10 becomes

, . cAt
~y—exp|l —
y p WO.l(r)

where Wy, 1, is the rear half-width at 10% height, 4¢
is the distance of an overlapped pair and c is a
coefficient. The general expression can be obtained
as follows. First, by using linear regression of the
theoretical value of the last term in eqn. 10 and the
calculated value of A1/ Wy (), the regression coeffi-
cient was taken as the initial value of ¢ in eqn. 10a.

(10a)

d

Fig. 1. Effect of the second peak of an overlapped pair on the height of the first peak. (a) S =0.2,r = 1:1;(b) S= L,r = 1:5, () S = 1,

r=11;(d)S=02r=51
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Then, an iteration multiple regression program, i.e.,
simplex algorithm, was used to adjust the residual
sum of squares about the empirical regression
equation (eqn. 20 or 21) to a minimum. Finally,
eqns. 20 and 21 were obtained. The error resulting
from the approximation we made can be reduced by
this regression treatment.

The area of the first and second peak can be
calculated by eqn. 12 or 13:

4,
A, =
YT 4 (12)
and
F A,
Ay =——
2T 1+ a3

where A, is total area of overlapping peaks.

The expressions for the relative error of the first
and second peak area (% RE,;, % RE,) can be
deduced as below. In general, the relative error
(%RE) is

%RE=Q;—T~ 100 (14)

where O and T are the calculated and real values,
respectively. For the first peak area,

4,
T+ rew (13)
A4,
T =—-
1 +r (16)

where r and r.,; are the real area ratio and the area
ratio calculated from eqn. 20 or 21, respectively.

Substituting -eqns. 15 and 16 into eqn. 14, we
obtain

) 1 2
%REn, =< tro_ 1> 100

1 + Veal
7 — Fea
=—-"1 17
1 + Feal 00 ( )
Similarly,
Feat — F
Y%REN, =———— - 100 18
R = T (9

Obviously, the relative error of area ratio (% RE,) is

%RE, ="' 100 (19)

r
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EXPERIMENTAL

All calculations were run on an IBM-PC com-
puter using a BASIC program. In this paper, the
area ratio is restricted to 4:1 to 1:4, and the
asymmetry (¢/7) varied from 0.2 to 2, corresponding
to fo.4 from 1.003 to 4.147 (the definition of fy ; is
shown below).

Gas chromatographic experiments were per-
formed on a Model 102 G gas chromatograph
(Shanghai Analytical Instrument Factory), con-
nected with a Shimadzu C-R1B data processor. The
column used was 2 m x 3 mm I.D. and contained
15% dinony! phthalate as the stationary phase
coated on 60-80-mesh white diatomite support
(Shanghai Reagent Plant). The chromatograms were
recorded at a chart speed of 120 mm/min. Over-
lapped peak pairs were generated according to the
literature [2]. By consecutive injections of test solu-
tions consisting of toluene-benzene or toluene—
ethylbenzene at short time intervals, the overlapped
profiles of two toluene peaks were obtained. Ben-
zene and ethylbenzene were used as internal stan-
dards. From the princple of the internal standard
method, the real r value of overlapped toluene peaks
can be accurately determined.

High-performance liquid chromatographic exper-
iments were performed on a Model 5060 instrument
(Varian, Palo Alto, CA, USA) equipped with a
UV-VIS detector. The mobile phase was 75%
methanol-deionized water (75:25). The flow-rate
was 0.8 ml/min and the UV detector was set at
275 nm. A 150 x 4.6 mm I.D. MCH-5 (ODS) col-
umn was used isothermally at 30°C. p-Chloro-
toluene and m-chlorotoluene were taken as test
materials. Under the conditions described above,
p-chlorotoluene was eluted first. The chromato-
grams were recorded at a chart speed of 30 cm/min.
Working solutions of p- and m-chlorotoluene of
0.1% and 0.2% in methanol, respectively, were used.
The different mixing solutions were made by mixing
different volumes of the two working solutions and
diluting to 1 ml. The degree of overlap and the area
ratio of an overlapped pair of peaks are dependent
on the mixed solution. Dilute solutions of the two
test compounds were prepared by taking the same
volume of each working solution as that in the
preparing mixed solution separately and diluting to
1 ml with methanol. The true area of either peak of
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Fig. 2. Schematic diagram of parameters. y = hiy/hy; fou =
Wo.l(r)/Wo.l(f)~

an overlapped pair can be determined by injecting
each diluted solution three times and taking the
mean. The overlapping chromatograms of phenan-
threne and n-butylbenzene obtained in previous
work [5] were also used.

The data needed were measured manually except
that the total area and the area of the internal
standard were provided by a data processor.

RESULTS AND DISCUSSION
The following two equations were obtained from

200 and 160 data sets calculated from eqn. 4,
respectively:

- 2.62 At
r=0.0052 + 1.0007 y — 1.1473 exp|:— ]
i 0.1(r)
fo1=1399 —4.147 (20)
2.45 At
r= —0.0152 4 1.0150 y — 0.3300 eXp[— ]
0.1(r)
Sfo.1 = 1.003 — 1.445 (21

where fo.1 = Wo.1m/Wo.1ie and Wo 1y and Wi 1y
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TABLE 1

THEORETICAL RELATIVE ERROR OF AREA RATIO
CALCULATED FROM EQN. 20 OR 21

S Ayd,

4:1 1:1 1:4

%1 %RE, %V*° Y%RE, %V Y% RE,

02 9977 -2.29 90.59 0.63 93.83 0.44
04 9972 4.02 99.16 0.21 97.08 0.82
0.6 9577 -—-282 97.26 0.01 98.12 —0.50
08 9747 2.69 95.17 0.98 96.44 —0.96
1.0 93.08 2.03 94.50 —2.73 9591 —1.50
1.2 92,69 4.65 99.04 3.24 98.70 —0.40
1.4 9736 2.16 93.78 2.70 94.11 —0.38
1.6 9713 0.22 97.84 —0.25 9202 —0.48
1.8 99.86 0.60 96.61 —0.74 90.20 —0.41
20 9933 —042 9550 —1.13 98.30 —2.44

4 %V = (hy/hmin) - 100, where h, and h,,;, are the height of the
valley and the smallest height between two peaks of an
overlapped pair, respectively; see also Fig. 1.

are the rear and front half-widths at- 10% height, as
shown in Fig. 2. The correlation coefficients of
eqns. 20 and 21 are 0.9999 and 0.9998, respectively.
The precisions of eqns. 20 and 21 are 2.13 x 1072
and 2.68 x 1072, respectively.

Table I and 11 list the theoretical relative errors of
the area ratio and the relative error of the area ratio
for the experimental overlapped peak pair calcu-
lated from eqn. 20 or 21, respectively. Overall, the
value of % RE, listed in Table II is greater than that
in Table I. This mainly results from the error in
measurement. The greater is RE,, the greater are
RE,; and RE,,. The sign of RE,; is opposite to that
of RE, and RE,,, which can be explained as follows:

A4z
r=—
A4y
A, 1
dr = — -dA — . dA
’ (4,)? ! +A1 2
ﬂz _AAl + AA,
A, A,
Therefore,

YRE, %~ —%REx; + %REa, (22)
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TABLE Il

RELATIVE ERRORS OF AREA RATIO OF THE EXPER-
IMENTAL OVERLAPPED PAIR CALCULATED FROM
EQNS. 20 AND 21

Experimental conditions: see text unless stated otherwise.

r=AyA4; %V JSo1 %RE,, YRE,, YRE,

0.3237:1 9893  1.590 —0.24 0.73 097 GC
0.5938:1  93.69  1.898 1.64 —2.76 —433 GC
0.6384:1  89.36 1919 -1.70 270 4.50 GC
0.6955:1  90.79  1.878 0.54 —0.78 —-1.31 GC
1.1984:1  86.63 1413 —1.66 1.39 3.10 GC
1.5434:1  91.14- 1.362 2.79 —1.81 —4.47 GC
1.6958:1 9370  1.380 0.54 —0.31 —-0.85 GC
2.1000:1  74.67 1.420 0.82 —-0.39 —-1.21 GC
0.4241:1 9395  1.940 0.33 -0.77 —-1.10 LC
0.7234:1  97.31 1.964 2.21 —-3.05 —-5.15 LC
1.060 :1 7696  1.634 —0.65 0.62 1.28 LC
1.6964:1  84.02  1.757 0.26 —0.15 —041 LC
1.852 :1  91.18 1432 . 2.10 -1.13 —-3.16 LC*
1.869 :1 8194 1376 —0.18 0.09 0.28 LC*
0.9346:1  84.58 1.279 0.68 -0.73 —1.40 LC"
2.804 :1 86.05 1.354 1.34 —0.48 —1.80 LC"
2778 :1  88.85 1.337 3.84 —1.38 —5.03 LC*
0.4673:1  89.49 1.498 1.56 —3.34 —4.83 LC*
0.9259:1 7793 1486 —1.27 1.38 2.68 LC*

¢ Experimental conditions: see ref. 5.
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This new approach for the determination of peak
area based on area ratios is more accurate and
simple than methods reported in the literature [2-5].
Eqns. 20 and 21 can be used for calculating the area
ratio of two overlapping EMG peaks with an
accuracy of + 5% provided that there is a clear and
precise valley except for shoulder peaks. Further, it
can be easily programmed. If a data acquisition
system is used, the accuracy will be improved.
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ABSTRACT

In analytical chromatography, both peak heights and peak areas are proportional to the mass of compound injected. However, it is
not possible to calculate the ratio of enantiomers from the respective peak heights without calibration. In isocratic or isothermal
chromatography, the second peak of a pair is wider than the first and therefore its relative height is smaller; this effect is described here
in mathematical form. With solvent gradients or temperature programming, peak-height ratios are influenced to a non-predictable
extent and therefore calculations (without calibration) are not appropriate.

INTRODUCTION

It is well known that either peak areas or peak
heights can be used for quantitative analysis by
chromatography. Usually peak areas are used for
this purpose, but peak heights can give more accu-
rate results in the case of low signal-to-noise ratios, if
the peaks of interest are very different in size or if the
constancy of the mobile phase flow-rate cannot be
guaranteed in studies where a concentration-depen-
dent detector is used [1].

A special situation arises if enantiomeric ratios
need to be determined by direct “chiral” chromatog-
raphy (the formation of diastereomers before or
after chromatographic separation is not discussed

Correspondence to: Dr. V. R. Meyer, Institute of Organic
Chemistry, University of Berne, Freiestrasse 3, CH-3012 Berne,
Switzerland.
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here). Then the detector properties of the two
compounds are identical and peak areas can be used
directly for quantification, i.e., calibration is not
needed (at least in principle, because the manner in
which electronic integrators operate can be the
reason for deviations form a “true” value [2]). In the
author’s experience this approach is in widespread
use in laboratories which need to determine ratios of
enantiomers. However, there are some laboratories
which obtain “better” results if the peak-height ratio
is used. This paper shows that such a procedure
without calibration is not allowed in gas or liquid
chromatography with isothermal, isocratic or pro-
grammed elution and with concentration-sensitive
(e.g., UV) or mass-sensitive (e.g., flame ionization)
detectors.
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PEAK-HEIGHT RATIO IN ISOCRATIC OR ISOTHERMAL
CHROMATOGRAPHY

Calculations

In the following calculations it is assumed that the
plate numbers for the two peaks 1 and 2 of a pair of
enantiomers are identical, i.e., N; = N,. It is calcu-
lated from the retention time #z and baseline peak
width w:

tr\?
N=16 <;> )

By solving for w and using the expression tz =
k'ty + to, i.e., replacing the retention time by the
capacity factor &’ and breakthrough time z,, we
obtain

4 (Ko + to)
(i @

This equation is valid for both peaks, and there-
fore the ratio of the two peak widths is given by

wi k3 +1
wy ki +1

€)

To obtain an expression for peak-height ratios we
can use the relationship between peak height £, peak
area A and standard deviation g, with ¢ = w/4 as is
valid for peaks of Gaussian shape [3]:

A

o./2n

h=

=0.3989 - 4_ 1.596 - 4 4
I3 w

Therefore, eqn. 3 becomes
hy Ak + 1)

= 5
hy Axki+1) ©)
or, if A, = A4,, as applies with a racemate,
hy h+1
bt 6
hy 1+1 ©

Eqn. 5 shows why the ratio of peak heights is not
proportional to the ratio of the peak areas. There-
fore, an uncalibrated peak-height ratio must not be
used for quantitative analysis.

Eqns. 5 and 6 are also valid for tailed peaks which
can be described by the exponentially modified
Gaussian function if their asymmetry, described as
b/a (width of the trailing “half” of the peak to the
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width of the leading “half”) at a given fraction of
peak height, is equal; the area of this type of peak is
described by equations of the type [4]

A = xhw, <é>z @)
a

where x is a constant factor, depending on y, y is the
fraction of peak height where w, b and a are
measured (w =a + b) and z is an exponent de-
pending on y.

Cases where eqns. 5 and 6 are not valid

As shown above, the given relationship between
peak-height ratio and capacity factor is valid if the
plate numbers of the two peaks are identical and if
they have the same degree, or absence of, asymmetry.
Programmed elution is not allowed. Eqns. 5 and 6
are not valid in the following cases:

(1) If Ny # N,. This occurs if the retention
mechanisms for the two compounds of the peak pair
differ, as is often the case in enantioselective liquid
chromatography.

(2) If the detector properties of the two peaks are
not equal or if the detector is overloaded. Enantio-
mers have identical properties if the detector itself is
non-chiral (an enzyme reactor is chiral) and if they
are not derivatized to give diastereomers. If such
derivatization is performed before or after the
separation, the detector properties of the diastereo-
mers need to be checked. They can be identical, but
there is no guarantee. In the case of detector
overload a large peak will give too small a signal.

(3) If a liquid chromatographic mobile phase is
used which gives system peaks. Many additives to
the liquid mobile phase can give rise to positive or
negative, or even invisible, system (extra) peaks. In
this event any peak area depends on the separation
factor of (or distance between) the system and solute
peaks. This effect was described by Schill and
Crommen [5].

(4) In liquid chromatography if the composition
of the mobile phase is not constant and in gas
chromatography if the temperature is not constant.
Both cases are an unwanted programmed elution.
The effect on peak height is shown below.

All four effects lead to a non-predictable influence
on peak heights, and calibration is more needed than
ever.



V. R. Meyer | J. Chromatogr. 623 (1992) 371-374

b G-y
- ]

e

2

1081

0 5 10 15 min

Fig. 1. Isocratic separation of racemic |-(I-naphthylethyl)pro-
pionamide on R-DNBPG. Column, 125 mm x 2.1 mm 1D,
stationary phase, Nucleosil 5 NH, with ionically bound N-(3,5-
dinitrobenzoyl)-p-phenylglycine; mobile phase, hexane~2-propa-
nol (95:5); flow-rate, 0.5 ml/min; detection, UV (254 nm);
integrator, Hewlett-Packard Model 3390 A. The first peak is
toluene. Capacity factors: 10.8 for the R enantiomer, 14.2 for the
S enantiomer.

Examples

Fig. 1 shows the liquid chromatographic separa-
tion of racemic 1-(1-naphthylethyl)propionamide
on a Pirkle-type stationary phase. The peak-height
ratio as obtained by the integrator (in the peak-
height mode) is 1.35 and as calculated by eqn. 6 it is
1.29. The difference could be due to slightly different
plate numbers of the two peaks.

| | | |
0 10 20 30 min

Fig. 2. Isothermal separation of racemic erythro- and threo-4-
methyl-3-heptanol on perpropylated f-cyclodextrin. Erythro and
threo isomers are present in slightly differing amounts, but the
respective mixtures are racemic. Column, 10 m x 0.2 mm 1.D;
stationary phase, 40% per-n-propyl-f-cyclodextrin in OV-1701;
film thickness, 0.15 um; mobile phase, helium, 42 kPa inlet
pressure, 7, was 0.58 min; temperature, 40°C.
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Fig. 2'shows the gas chromatographic separation
[6] of erythro- and threo-4-methyl-3-heptanol on
perpropylated S-cyclodextrin [7]. The diastereomers
are not present in equal amounts, but they are both
racemates. The peak-height ratios are as follows: for
the erythro enantiomers, by integrator 1.12, and by
eqn. 6 1.13; and for the threo enantiomers, 1.41 and
1.22, respectively.

PEAK-HEIGHT RATIO IN PROGRAMMED CHROMA-
TOGRAPHY

1t was mentioned before and it is well known from
experience that solvent gradients in liquid chroma-
tography and temperature programmes in gas chro-
matography compress the peaks and thereby make

%B

: \ 1

%B

80
60
40

20

%B
80
60 -
40 4

20 /

0

T | I |

0 1.2 23 35 47 min

Fig. 3. Computer simulations of the separation of a hypothetical
racemate. Software: DryLab G plus. Starting data: increase of the
amount of strong solvent from 5% to 100% B in 15 min or 45 min,
retention times 8.5 and 9 min or 14 and 15 min. The peak areas are
equal in all instances (but the time axes are different), gradient
profiles are overlaid. Top, isocratic separation, 35% B, peak-
height ratio 1.30; middle, gradient from 5% to 40% B, peak-
height ratio 1.10; bottom, gradient from 31% to 43% B,
peak-height ratio 0.85.
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Fig. 4. Programmed separation of racemic 1-(1-naphthylethyl)-
propionamide on R-DNBPG. Conditions as in Fig. 1 with the
exception of a step gradient from 5 to 10% 2-propanol in hexane
after 10 min.

them narrower and higher. It is difficult to predict
these effects from theory. Empirical predictions by
using the data obtained by two gradient runs with
differing pogramme times are possible [8] and the

effects can be studied easily by applying appropriate

software (e.g., DryLab from LC Resources, La-
fayette, CA, USA). Programmes are available for
gas and liquid chromatographic separations and
were developed for the computer-assisted optimiza-
tion of difficult separations. Fig. 3 shows the
influence of various gradients on the separation of a
hypothetical racemate.

Figs. 4 and 5 show the same separations as in
Figs. 1 and 2 but now with solvent and temperature
gradients, respectively. Often the effects of (stepwise
or continuous) programmed elution are so distinct
that the later eluted peaks are higher than the earlier
eluted peaks if their aras are equal. Although
programmed chromatography could be used to
“optimize” peak heights, this is nonsense, but these
techniques are a powerful help in improving the
resolution of complex sample mixtures. It is clear
that with programmed elution peak heights give no
quantitative information without calibration.

"CONCLUSIONS

It is not possible to use peak-height ratios for
quantitative analysis without calibration. In isocrat-
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Fig. 5. Programmed separation of racemic erythro- and threo-4-
methyl-3-heptanol on perpropylated f-cyclodextrin. Conditions
asin Fig. 2 with the exception of a linear temperature programme
of 1°C/min beginning at 24 min.

ic or isothermal chromatography the second-eluted
peak is lower (in absolute or relative terms) than the
first-eluted peak; an equation describing this effect
has been given. In programmed chromatography
the effect on peak heights is not predictable without
assumptions or experiments.
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ABSTRACT

A high-performance liquid chromatographic method has been developed for the separation of chlorhexidine and its known degrada-
tion product, p-chloroaniline. These amine-containing compounds can be separated without the addition of ion-pairing reagents and/or
amine modifiers if the proper specialty column is selected. A photodiode-array detector was used to acquire spectral data and.demon-
strate the importance of the mobile phase pH when optimizing the response of p-chloroaniline.

INTRODUCTION

Chlorhexidine (CH) exhibits a high level of anti-
bacterial activity and is often used as a skin disin-
fectant in various surgical handscrubs, patient pre-
operative skin preparation products, healthcare
personnel handwashing products, and wound
cleansing products [1]. p-Chloroaniline (PCA) is a
known degradation product which must be assayed
in any skin care product which contains chlorhexi-
dine. An assay which can quantitate both com-
pounds is essential for product stability studies.

Since CH and PCA each contain amine function-
alities, previous high-performance liquid chroma-
tography (HPLC) analyses have used ion-pairing
reagents and/or amine modifiers to minimize peak
tailing and enact a separation with conventional re-

Correspondence to: Dr. W. K. Gavlick, Calgon Vestal Laborato-
ries, P.O. Box 147, St. Louis, MO 63166-0147, USA.

versed-phase columns [2-9]. Recent advances ‘in
column technology have resulted in commercially
available columns which minimize residual silanol
interactions and are well suited for the analysis of
basic type compounds. In this work, this type of
column was used to separate CH and PCA without
the addition of these types of mobile phase mod-
ifiers, and a photodiode-array detector was used to
optimize the mobile phase pH in order to best de-
tect PCA.

EXPERIMENTAL

Apparatus

The HPLC system consisted of a Varian (Walnut
Creek, CA, USA) 9095 autosampler with a 50-ul
injection loop, a Varian 9010 gradient pump, and a
Varian 9065 photodiode-array detector. The data
were collected and analyzed with a Varian Star
workstation.

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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The HPLC columns used in this study were a Su-
pelco (Bellefonte, PA, USA) Suplex pkb-100 (25 cm
x 4.6 mm LD., 5-um packing) with a Suplex
pkb-100 guard cartridge (2 cm x 4.6 mm 1.D.) and
holder and a Polymer Labs. (Amherst, MA, USA)
PLRP-S (25c¢m x 4.6 mm I.D., 5-um, 100-A pack-
ing) with a PLRP-S guard cartridge (5.0 mm x 3.0
mm I.D.) and holder.

Reagents

The mobile phase was prepared with HPLC-
grade reagents only. Fisher (Pittsburgh, PA, USA)
Optima water, Fisher Optima acetonitrile, Fisher
Scientific glacial acetic acid, Fisher Scientific trifluo-
roacetic acid (TFA), and Fisher Scientific sodium
acetate trihydrate were used. PCA (Fisher Scien-
tific, 98% purity) and CH (99.9+ % purity, Al-
drich, Milwaukee, WI, USA) were used to prepare
standards. Chlorhexidine digluconate (CHG)
(20%, w/v, Sigma, St. Louis, MO, USA) was used
in the preparation of the spiked-sample recovery
studies. The CH-containing handwash product was
prepared by the Calgon Vestal Laboratories Skin
Care Product Development group (St. Louis, MO,
USA).

Mobile phase preparation

Reservoir A contained HPLC-grade acetonitrile
which had been degassed by vacuum filtration
through a 0.45-um nylon filter (Gelman Sciences,
Ann Arbor, MI, USA). Reservoir B contained vari-
ous acetate and TFA buffers. The acetate buffers
were prepared by dissolving HPLC-grade sodium
acetate trihydrate in HPLC-grade water to produce
a 50 mM acetate solution. The pH was then ad-
justed to a final value through the addition of gla-
cial acetic acid, and the solution was vacuum-fil-
tered through a 0.45-um nylon filter. The TFA buff-
er was prepared by adding TFA to HPLC-grade
water to produce a 0.1% (v/v) TFA solution. When
the TFA buffer was used, 0.1% TFA was also add-
ed to the acetonitrile.

Standard and sample preparation

PCA standards were prepared by dissolving an
appropriate amount of PCA in 1.0 ml of acetoni-
trile and then diluting to a final weight with buffer.
The CH standards were prepared by adding ap-
proximately 1.5 ml of buffer to an appropriate
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amount of CH followed by three drops of glacial
acetic acid. The resultant solution was then briefly
shaken to dissolve the CH before the sample was
diluted to its final weight by the addition of buffer.
Placebo handwash product samples were spiked
to a 1% CHG concentration and then diluted with
buffer for analysis. Placebo handwash product sam-
ples were also spiked to a low-ppm PCA concentra-
tion and then diluted with buffer for analysis. All
handwash product samples were syringe-filtered
with a 0.45-um Gelman Acrodisc LC13 PVDF filter
after dilution before being analyzed by HPLC.

RESULTS AND DISCUSSION

Effect of pH on the CH/PCA separation using the
PLRP-S column

The PLRP-S column consists of cross-linked po-
lystyrene. The column was chosen for the analysis
of amine-containing compounds such as CH and
PCA because the absence of silanol groups would
prevent the residual silanol interactions which are
known to occur when silica-based columns are used
to chromatograph amine-containing compounds
[10]. The mobile phase buffer pH was changed in a
series of analyses in order to determine the effect of
pH on the separation of CH and PCA. The chro-
matograms in Fig. 1 demonstrate the improved sep-
aration and peak shape of each compound that was
found as the mobile phase pH was lowered from 5.8
to 2. It was also noted that the elution order of the
two compounds changed under the pH 2 conditions
since PCA (pK, 4.15 [11]) is ionized at this pH.

Effect of pH on the CH and PCA UV spectra

Just as the mobile phase pH had a dramatic effect
on peak shape and resolution, it also affects the UV
spectrum of the compounds. The photodiode-array
detector was used to optimize mobile phase pH for
detection of the compounds in terms of the best
absorbance wavelengths. The UV spectrum of CH
is similar at all of the different pH mobile phases
that were examined. The UV spectrum of PCA at
pH 2, however, is noticeably different from that at
5.8, and Fig. 2 demonstrates the pH effect on the
spectra. It is important that the analysis is opti-
mized with respect to PCA detection since it must
be quantitated in the low ppm range. The low-pH
mobile phase results in poor PCA absorbance at the
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Fig. 1. Effect of the mobile phase pH on the CH/PCA separation. Column, PLRP-S, 25 cm x 4.6 mm 1.D.; flow-rate, 1.0 ml/min;
gradient elution, from 30 to 80% A in 15 min, hold at 80% A for 5 min; detection, 244 nin. (A) Mobile phase component A =
acetonitrile, B= 50 mA acetate buffer, pH 5.8. (B) Mobile phase component A= acetonitrile, B= 50 mM acetate buffer, pH 4.8. (C)
Mobile phase component A= acetonitrile, B= 50 mM acetate buffer, pH 3.8. (D) Mobile phase component A= 0.1% TFA in
acetonitrile, B= 0.1% TFA buffer, pH 2.

higher UV wavelengths so the higher-pH mobile spectrum for PCA. If the pH is raised to improve
phase is needed to maximize the sensitivity of the the spectral characteristics of PCA, then the chro-
assay for low levels of PCA. matography suffers. In order to optimize both the

The PLRP-S column produces the best chroma- chromatographic and spectral aspects of the analy-
tography when the pH 2 buffer is used in the mobile sis, another column which is often used for the anal-
phase, but this does not produce the optimum UV ysis of basic compounds was investigated.
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Fig. 2. Effect of the mobile phase pH on the CH and PCA photodiode array-generated UV spectra. (A) CH in pH 2, 0.1% TFA-
containing mobile phase. (B) CH in pH 5.8, 50 mM acetate buffer-containing mobile phase: (C) PCA in pH 2, 0.1% TFA-containing
mobile phase. (D) PCA in.pH 5.8, 50 mM acetate buffer-containing mobile phase.

CH|PCA separation using the Suplex pkb-100 col-
wmn

The Suplex pkb-100 is a silica based column
which is used for the analysis of amine-containing
(i.e. basic) compounds. The proprietary chemistry
of the column allows for the analysis of such com-
pounds without the addition of ion-pairing reagents
and/or amine modifiers. A pH 5.8, 50 mM acetate
buffer was used in the mobile phase to enact base-
line resolution of CH and PCA with minimal tailing
of the two peaks (Fig. 3). The pH 4.8 and 3.8 mobile
phases also enacted a baseline separation of CH
and PCA with minimal tailing of the'two peaks, but

were not considered to be the optimum mobile
phase conditions since the spiked sample recovery
studies of the handwash product yielded inconsis-
tent results-at these pH values relative to those ob-
tained at pH 5.8. The pH 2 mobile phase separation
was similar to that found with the PLRP-S column.
The high mobile phase pH allows for optimum
PCA sensitivity at a high (239 nm) UV wavelength.
CH and PCA can thus be analyzed by HPLC with-
out the addition of ion-pairing agents and/or amine
modifiers to the mobile phase if the Suplex pkb-100
column is.used. The column also allows for the opti-
mum mobile phase pH to be used.
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Fig. 3. Chromatograms of (A) CH and PCA standards and (B)
CH and PCA separation in a dilute handwash product sample.
Column, Suplex pkb-100, 25 cm x 4.6 mm 1.D. ; flow-rate, 1.5
ml/min; gradient elution, from 20 10 55% A in 15 min; A: aceto-
nitrile; B: 50 mM acetate buffer, pH 5.8; detection, 239 nm.

Calibration curve dala

Calibration curve data were generated for CH
and PCA standards. Two runs (analyses) of CH
standards were performed but no detection limit
was established since this is usually not an issue for
CH analysis. The run 1 calibration curve consisted
of standards ranging from 23.8 to 152 ppm CH, and
the run 2 CH calibration curve consisted of stan-
dards ranging from 19.1 to 146 ppm CH with a
linear response found over each standard concen-
tration range.

Three PCA calibration curves were generated,
and a limit of quantitation was established. The run
1 PCA calibration curve consisted of standards
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ranging from 1.58 to 177 ppm PCA, the run 2 stan-
dards ranged from 0.10 to 13 ppm PCA, and the
run 3 standards ranged from 0.043 to 26.0 ppm

PCA with a linear response found over each stan-

dard concentration range. The 0.043 ppm standard
could be quantitated and lower amounts could be
detected but not quantitated. Table I contains a
summary of the CH and PCA calibration curve da-
ta.

Analysis of formulated handwash product

The HPLC assay was developed for CH and PCA
analysis of a Calgon Vestal Laboratories (C.V.L)
handwash product. In order to test the accuracy of
the assay, spiked samples were prepared with re-
spect to CHG and PCA. CHG is the CH salt form
commonly used in this type of handwash product,
and it was spiked into a placebo to yield an approxi-
mately 1% (w/w) sample. PCA was also spiked into
a placebo to yield a low ppm range sample in an
effort to duplicate a typical product sample. The
spike recovery data generated from four separate
spiked sample preparations for each compound
were 103.5 + 2.4% for CH and 96.2 + 2.2% for
PCA. The spiked sample recovery data indicate that
the method provides accurate quantitation of both
CH and PCA in the handwash product. Fig. 3 con-
tains a chromatogram of a dilute handwash product
sample. Photodiode array generated purity correla-
tion data indicate that the CH and PCA peaks are
homogeneous. These results are obtained by com-
paring spectra which are taken at different points
across the chromatographic peak. When the spectra
were compared, the best correlation value for the
CH peak was 1.000000 and the worst was 0.999996.
The best correlation value for the PCA peak was
0.999926 and the worst was 0.999643. The more
similar the spectra, the closer the correlation value
is to one and the greater the probability that the
peak is a one component peak and no matrix com-
ponents coelute.

In summary, an HPLC method has been devel-
oped in which a Suplex pkb-100 column is used to
enact a separation of CH and PCA without the ad-
dition of ion-pairing reagents and/or amine mod-
ifiers to-the mobile phase. The analysis is performed
under pH conditions which optimize the PCA re-
sponse. The method was demonstrated to be effec-
tive in the quantitation of CH and PCA in a hand-
wash product.
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Run  Number of  Correlation Slope y-Intercept ization, and Preservation, Lea and Febiger, Philadelphia,
standards coefficient London, 4th ed., 1991, Ch. 16, p. 274.
2 P. Wainwright and M. Cooke, Analyst-(London), 111 (1986)

Chlorhexidine 1343.
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3 6 1.000 11948 =69 6 A. Richard, M. Elbaz and G. Andermann, J. Chromatogr.,
S.D. 132 2292 298 (1984) 356.

7 B. Wyhowski De Bukanski and M. O. Masse, Int. J. Cosmet.
Sci., 6 (1984) 283.
R. L. Perez, J. Chromatogr. Sci., 19 (1981) 570.
ACKNOWLEDGEMENT 9 J. Bachner, G. Heinisch and H. Matous, J. High Resolut.
Chromatogr. Chromatogr. Commun.,-4 (1981) 132.
) 10 J. W. Dolan, LC - GC, 7 (1989) 476.

A part of this work was presented at the 7992 11 R.C. Weast (Editor), CRC Handbook of Chemistry and Phys-

Pittsburgh Conference. ics, CRC Press, Boca Raton, FL, 3rd ed., 1982, p. D-168.

[}



Journal of Chromatography, 623 (1992) 381-385
Flsevier Science Publishers B.V., Amsterdam

CHROM. 24 528

Short Communication

Determination of phenylethylamines in hallucinogenic
cactus species by high-performance liquid
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ABSTRACT

A high-performance liquid chromatographic procedure with photodiode-array detection has been developed to create phytochemical
profiles of phenylalkylamine-containing cactus species. The basic methanolic cactus extracts with methoxamine as internal standard
were separated on a 3-um ODS column with acetonitrile-water—phosphoric acid—hexylamine as the mobile phase. Peak assignation was
performed by on-line UV detection (190-300 nm) and by gas chromatography—mass spectrometry of the isolated compounds. The
quantitation of mescaline was done at 205 nm. The excellent sensitivity (the detection limit of mescaline was 500 pg, corresponding to
0.002% in cactus material) allowed the analysis of milligram amounts of cactus material taken from living plants. The mescaline content
of the psychotropic Peyote cactus Lophophora williamsii (Lem. ex Salm-Dyck) Coult. ranged from 680 to 1010 mg per 100 g. The
morphologically very similar Lophophora diffusa (Croizat) Bravo could be differentiated by the absence of mescaline and the dominant

alkaloid pellotine.

INTRODUCTION

In the USA, Mexico and several countries in
South America, different species of the Cactaceae
family are known for their hallucinogenic proper-
ties. The most popular species are Lophophora wil-
liamsii (Lem. ex Salm-Dyck) Coult. and L. diffusa
(Croizat) Bravo, both called Peyote and often con-
fused because of their very similar morphology. L.
williamsii grows on limestone soils of low hills and
flatlands, mainly in the Chihuahua Desert of Cen-
tral and Northern Mexico and in the adjacent parts
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of the United States, especially in the Rio Grande
Valley. L. diffusa occurs only in a restricted area in
the State of Queretaro, Mexico [1,2]. Today, Peyote .
is still used by several Indian tribes of northern
Mexico. The use of Peyote has also spread to the
United States and Canada, where members of the
American Native Church still use the cactus in reli-
gious ceremonies. The main psychotropic principle
of L. williamsii is the alkaloid mescaline, a phenyl-
ethylamine derivative. The internationally con-
trolled mescaline can easily be synthesized by clan-
destine laboratories and appears from time to time
on the illegal drug markets in the United States and
in Europe. Minor alkaloids belong to the group of
phenylethylamines (e.g. N-methylmescaline, horde-
nine) or tetrahydroisoquinolines (e.g. anhalamine,
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anhalonidine, anhalonine, isopellotine, pellotine).
L. diffusa contains pellotine as the main atkaloid,
with virtually no mescaline [2]. In Switzerland and
other European countries Lophophora species are
sold without legal restrictions in garden centres,
flower shops and at flower markets.

Because these cactus species are morphologically
very similar, and because of the potential for abuse,
it was the aim of the present work to develop a
selective, specific, accurate and sensitive analytical
procedure using high-performance liquid chroma-
tography with photodiode-array detection (HPLC-
DAD) that would allow chemical differentiation of
the two Lophophora species and rapid estimation of
their psychotropic potency. Because wild Peyote
has become endangered and is under international
control [3], the sensitivity of the method should also
allow the sampling of living cactus specimens with-
out sacrificing the whole plant. To our knowledge
this is the first HPLC-DAD procedure suitable for
profiling Lophophora species. The efficiency of
HPLC-DAD in the field of drug analysis, analytical
toxicology, forensic chemistry and phytochemistry
of psychotropic drugs has been shown previously
[4-12]. Other methods for the determination of cac-
tus alkaloids, such as normal phase HPLC [13], gas
chromatography (GC) [14,15] and thin-layer chro-
matography (TLC) [2,15,16], use time-consuming
extraction procedures or show poor resolution or
low sensitivity.

EXPERIMENTAL

Instrumentation

The HPLC system consisted of a Hewlett-Pack-
ard (HP) 1090M liquid chromatograph (Hewlett-
Packard, Waldbronn, Germany), a HP 1090L auto-
sampler, a HP 1040M photodiode-array detector, a
HP 79994A Chemstation (software version 1.05), a
HP 7470A x/y plotter and a HP 2225A Thinkjet
printer. The separation was performed isocratically
at 25°C on a 150 x 4.6 mm L.D. column with a 20
x 4.0 mm I.D. precolumn, packed with 3-um Sphe-
risorb ODS-1 (Phase Separations), filled by Stagro-
ma (Wallisellen, Switzerland). The mobile phase
was acetonitrile-water (108:892) containing 5.0 ml
(8.5 g) of orthophosphoric acid (85%) and 0.28 ml
(0.22 g) of hexylamine per 1000 ml. The flow-rate
was 1 ml/min. The eluent was filtered through a
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membrane filter (regenerated cellulose, 0.45 um,
Schleicher and Schuell) and degassed by sonication
and during use with a constant flow of helium.
Methanol was used for washing the column.

The absorption coefficients (¢) of mescaline (2~
250 pg/ml mobile phase) were measured on a HP
8452A UV-VIS-diode-array spectrophotometer
with a HP Vectra ES/12 PC (HP 89530 MS/DOS
UV-VIS software).

The preparative work was done on a Waters
HPLC system, consisting of an M 6000-A pump, a
U6K injector, a 440 absorbance detector and a Shi-
madzu Chromatopac C-R1A data processor. Peak
isolation was performed on a 250 x 10 mm I.D.
column, packed with 5-um Spherisorb ODS-1 using
a slurry technique [17]. The mobile phase was aceto-
nitrile-water (125:875), containing 5.0 m! (8.5 g) of
orthophosphoric acid (85%) and 0.28 m! (0.22 g) of
hexylamine per 1000 ml at a flow-rate of 4 ml/min.
The detection wavelength was set at 254 nm.

The GC-MS system used for peak identification
was a Hewlett-Packard HP 5990 gas chromato-
graph with a HP 5970 mass selective detector, a HP
Chemstation (Pascal Rev. 3.1), a HP 2225A Think-
jet printer and a HP 7470A x/y plotter. A J&W
DB-5 bonded-phase capillary column (20 m x 0.18
mm I.D. and 0.40-um coating) was inserted directly
into the ion source. The injector and transfer line
temperatures were 250 and 260°C, respectively. The
oven temperature was programmed from 70 to
250°C at 10°C/min. The scan range was m/z 33-400,
and the scan-rate was set at 1.17 scans/s. Helium
was used as carrier gas at a flow-rate of 0.7 mi/min
(49 cm/s).

Chemicals and reagents

Hexylamine 99% (purum) was provided by Flu-
ka (Buchs, Switzerland). Water used for HPLC was
bidistilled. All other chemicals and solvents were of
analytical or HPLC grade, purchased from Merck
(Darmstadt, Germany). Mescaline hydrochloride
was supplied by Laboratoires Plan (Geneva, Swit-
zerland), and N-methylmescaline hydrochloride
and methoxamine hydrochloride were provided by
Sigma (St. Louis, MO, USA). Anhalamine, anhalo-
nidine, anhalonine, isopellotine and pellotine were
gifts from Hoffmann-LaRoche (Basle, Switzerland/
Nutley, USA).
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Cactus samples

The specimens of Lophophora williamsii (Lem. ex
Salm-Dyck) Coult. and L. diffusa (Croizat) Bravo
(Cactaceae) were bought at flower shops and shop-
ping centres in Switzerland or obtained from pri-
vate collections.

Methods

For the differentiation of living cactus specimens,
cubic pieces with a fresh weight of ca. 0.8 g were
lyophilized and stored in a desiccator under vacu-
um. After pulverization with a grinder, an accurate-
ly weighed amount of the powdered sample (ca. 10
mg) was washed with four 1-ml volumes of diethyl
ether by sonication for 5 min and filtration through
a 0.2-um regenerated cellulose filter (Spartan 13/30,
Schleicher and Schuell). The defatted sample was
extracted with four 0.5-ml volumes of methanol-
ammonia 33% (99:1), containing 150.0 mg/l meth-
oxamine hydrochloride as the internal standard
(1.S.) by sonication for 5 min and filtration through
a 0.2-um regenerated cellulose filter. Aliquots of 5
ul were injected into the HPLC-DAD system.

Mescaline was quantitated by measuring the
peak areas of mescaline and the 1.S. at 205 nm. The
calibration graph was obtained by measuring five
standard solutions in the concentration range 3.8-
15.3 ug/ml mescaline with the addition of 25.6 ug/
ml 1.S. (aqueous solution, calculated as base).

The inter-day precision of the method was deter-
mined by analysing a dried and pulverized cactus
specimen. The analyses were repeated three times
on two different days at an interval of 1 week using
the procedure described above.

The recovery of mescaline from cactus material
was determined by analysing a dried and pulverized
mescaline-free L. diffusa specimen spiked with a
methanolic solution of 1 mg/ml mescaline, corre-
sponding to 10 mg/g dried material. The solvent
was evaporated before analysis. The analyses were
repeated four times using the procedure described
above.

Peaks were assigned by spiking cactus extracts
with solutions of reference compounds. For the
GC-MS confirmation of the correct peak identifica-
tion, 100 mg of dried cactus material (L. williamsii)
were extracted as described above; ten 100-ul vol-
umes of this extract were injected in the semi-pre-
parative HPLC system, and the main constituents
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were isolated by peak collection. The combined
fractions were then reduced to about half volume
under a stream of nitrogen, alkalized with ammonia
33% to pH 10-11, and extracted with four 5-ml
volumes of chloroform. After evaporation under a
stream of nitrogen, the residue was dissolved in 1 ml
of methanol and 1 ul was injected splitless into the
GC-MS system.

RESULTS AND DISCUSSION

With alkalized methanol (solvent/sample, 200:1,
v/w) and sonication, mescaline is almost quantita-
tively extracted from the finely powdered and defat-
ted cactus matrix. The efficiency of the extraction
step has been demonstrated previously [11]. The re-
covery of mescaline was greater than 99%, showing
that the loss of mescaline during the defatting
process, which is necessary to remove interfering
lipids and waxes, is negligible.

Among the reversed-phase materials tested, only
the 3-um spherical C, g phase with a minimum plate
number of 120 000/m (calculated for the mescaline
peak) showed the efficiency necessary to obtain the
HPLC profiles of a complex cactus extract differ-
entiating major and minor alkaloids (Figs. 1 and 2).
It is well known that basic compounds may show a
pronounced tailing effect on certain reversed-phase
columns owing to interactions with the residual po-
lar silanol groups of the stationary phase [18,19].
The addition of an amine modifier to the mobile
phase as a masking agent for the silanol groups im-
proves the peak shape and changes the capacity fac-
tor (k') of basic substances [20,21]. It has to be
noted that the selectivity of the chromatographic
system can be widely influenced by changing not
only the ratio of acetonitrile to water but also the
concentration of hexylamine. With the addition of
orthophosphoric acid to the mobile phase, an acidic
eluent with a pH of ca. 2 is obtained, so that the
components of interest, such as mescaline and other
basic phenylalkylamine derivatives, are protonated
and eluted as associates with phosphate ions. The
described chromatographic system, with slight
modifications in the ratio of the four components, is
routinely used in our laboratory for the analysis of
a wide range of basic substances of toxicological
and forensic interest. For example, cocaine and co-
caine metabolites [9], ring-substituted ampheta-
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Fig. 1. (a) Chromatogram and (b) on-line UV spectra (DAD) of
an extract of L. williamsii recorded at 205 nm. Peaks: I = anha-
lamine; 2 = mescaline; 3 = anhalonidine; 4 = isopellotine; 5 =
methoxamine; 6 = N-methylmescaline; 7 = pellotine; 8 = anha-
lonine. Chromatographic conditions as described in Experimen-
tal.

mines (e.g. methylenedioxymethylamphetamine,
MDMA; methylenedioxyamphetamine, MDA)
[11,22], cathinone [10], norpseudoephedrine [10]
and methadone [8] can be analysed in different ma-
trices, e.g. biological fluids and pharmaceutical for-
mulations. Another advantage of this mobile phase
is the low UV cut-off, which allows the detection of
mescaline at its. major UV absorption maximum
(see Fig. 1: 205 nm, log ¢ 4.625) and thus to obtain a
sixty times higher sensitivity compared to the maxi-
mum at 268 nm (log ¢ 2.833) mentioned in the litera-
ture [23]. The detection limit for mescaline at 205
nm and a signal-to-noise ratio of 5:1 was 500 pg,
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Fig. 2. Chromatogram of an extract of L. diffusa.

corresponding to 0.002% mescaline in cactus mate-
rial. The excellent sensitivity makes it possible to
analyse milligram amounts of the tissue of living
cactus specimens, for example when studying the
distribution of alkaloids or the influence of the veg-
etation period on the alkaloid pattern of one single
plant. The linearity range for mescaline was 3.8~
15.3 ug/ml with a correlation coefficient (+) of 0.999.
The coefficient of variation of the inter-day preci-
sion was 3.3%. '
Peak detection and identification of the alkaloids
was performed by comparing retention times and
UV spectra against those of standards, and by peak
purity check (matching up-slope, apex and down-
slope spectra) using a photodiode-array detector.
Fig. 1a and b show the HPLC profile of an extract
of L. williamsii and the on-line UV spectra of the
main phenylethylamine and tetrahydroisoquinoline
alkaloids, respectively. The UV spectra of mescaline
and N-methylmescaline are identical and can be
characterized by the major absorption maximum at
205 nm, a shoulder at 226 nm and a minor maxi-
mum at 270 nm. Pellotine and anhalonidine also
have identical spectra, but can be differentiated
from mescaline and N-methylmescaline by a slight
bathochromic shift in the region of 190-230 nm.
Anhalonine shows a major UV maximum at 208
nm. The peak assignation of mescaline, N-methyl-
mescaline and pellotine was confirmed by isolation
with preparative HPLC followed by GC-MS analy-
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sis. The mass spectra were compared with those of
reference compounds and showed the characteristic
ions: for mescaline, m/z 211 (M *), 182 (base peak),
181, 167, 151 and 148; for N-methylmescaline, m/z
225 (M™), 182, 167, 151 and 44 (base peak); for
pellotine, m/z 222 (M*-15, base peak), 207, 206,
189, 178 and 161.

As demonstrated in Figs. la and 2, the typical
HPLC profile of L. williamsii is generally. more
complex than that of L. diffusa. The alkaloid pat-
tern of L. williamsii is dominated by mescaline, the
psychotropic principle. The mescaline content of six
specimens varied between 680 and 1010 mg per 100
g (calculated per dry weight). Other major alkaloids
are the tetrahydroisoquinoline derivatives anhala-
mine and anhalonidine. Minor alkaloids are N-
methylmescaline, isopellotine, pellotine and anha-
lonine. The very different alkaloid profile of L. dif-
Jusa is characterized by the dominant presence of
pellotine and the absence of mescaline, anhalamine
and anhalonine. The peak appearing at 4.5 min
could not be identified. The UV spectrum indicates
an alkaloid of the tetrahydroisoquinoline type
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Short Communication

Determination of synephrine from Chinese medicinal
drugs originating from Citrus species by ion-pair high-
performance liquid chromatography
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ABSTRACT

A simple and precise method was cstablished for the determnation of synephrine in Chinese crude drugs from Citrus plants using
high-performance liquid chromatography with sodium dodecyl sulphate (SDS) as ion-pair reagent. Synephrine is known as a sympa-
thomimetic drug contained in Chinese crude drugs from Citrus plants, namely Aurantii nobilis Pericarpium (Japanese name “Chinpi”),
Aurantii fructus Immaturus (“Kijitsu™), “Kikoku™ and “Seihi . The optimum conditions for extracting synephrine from these Chinese
crude drugs was a 15-min reflux with water—acetonitrile-SDS-H,PO, (65:35:0.5:0.1) as the mobile phase. Synephrine was eluted within
13 min without interference from co-existing components using an ODS column and SDS as an ion-pair reagent. The results revealed
that synephrine was present at levels of 0.174-0.566% in the Chinese crude drugs, which were 1.3-2.2 times higher than those reported

previously.

INTRODUCTION

Synephrine was developed originally as an orally
applicable synthetic synpathomimetic drug and has
been known to show actions such as vasoconstric-
tion, raising blood pressure and bronchial muscle
relaxation [1]. Since then, Stewart ez al. [2] isolated
synephrine as a hypertensive compound from the
leaves and juice of tangerine. Subsequently, Ki-
noshita et al. {3] isolated it from Aurantii nobilis
Pericarpium (Japanese name, “Chinpi”), Aurantii
fructus Immaturus (“Kijitsu”), “Kikoku’ and “Sei-
hi”* using bioassay for hot aqueous extracts of Chi-

Correspondence to: Dr. Keisuke Ohsawa, Tohoku College of
Pharmacy, 4-1 Komatsushima 4 chome, Aoba-ku, Sendai, Mi-
yagi 981, Japan.

0021-9673/92/305.00 ©

nese medicinal drugs with excised smooth muscle as
a guideline and pointed out that synephrine is a
common component found in Chinese Medicinal
drugs originating from Citrus species. Quantitative
analysis for synephrine revealed that the daily doses
of 3-10 g of “Chinpi”, “Kijitsu”, “Kikoku” and
“Seihi” contained 5-20 mg of synephrine, which
would be a sufficient amount for exhibiting phar-
macological effects. Further, Miyamoto and Furu-
kawa [4] showed that “Chinpi”* and synephrine had
adrenergic f, activity. Hence the synephrine con-
tent is extremely important when considering phar-
macological effects of these Chinese medicinal
drugs and it is also assigned as one of standard

.components for quality evaluation [5].

Reports on the determination of synephrine in-
clude thin-layer chromatography densitometric

1992 Elsevier Science Publishers B.V. All rights reserved
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analysis of hot aqueous extracts of Chinese crude
drugs from Citrus species after treatment with an
Amberlite column [3,6], high-performance liquid
chromatography (HPLC) for 50% methanol ex-
tracts of “Kijitsu” after treatment with a cellulose
ion-exchange column [5], HPLC with coulometric
detection [7,8] and gas chromatography-negative-
ion chemical ionization mass spectrometry [9].
However, these methods all employ complicated
sample pretreatment and require long times.

In this study, we employed ion-pair HPLC and
examined optimum conditions for extracting syn-
ephrine from “Chinpi”. We also developed a sim-
ple, rapid and precise method for the determination
of synephrine in Chinese crude drugs originating
from Citrus species.

EXPERIMENTAL

Plant materials

“Chinpi” was derived from Citrus unshiu Mar-
kovich produced in Shikoku and “Kijitsu” from C.
natsudaidai Hayata produced in China. “Kikoku”
and “Seihi” were products from China but their
original plants were unknown, as in a previous re-

port [3]. We also conducted experiments on Auran- .

tii Pericarpium (“Tohi”), derived from C. auranti-
um Linné var. daidai Makino, produced in China as
“Tohi”, which is an important crude drug although
not a Chinese medicinal drug.

“Chinpi”, “Kikoku”, “Seihi” and “Tohi” were
purchased from Matsuura Kanpo (Nagoya, Japan)
and “Kijjitsu” from Uchida Wakanyaku (Tokyo,
Japan).

Apparatus and HPLC conditions

The HPLC system consisted of a CCPD pump,
UV-8011 UV detector, CO-8010 column oven (To-
soh, Tokyo, Japan) and SIC Chromatocorder 12
integrator (System Instrument, Tokyo, Japan). A
TSK gel ODS-120 T (particle diameter 5 um) col-
umn (250 X 4.6 mm 1.D.) (Tosoh) was used with a
guard column (10 X 4.0 mm I.D.) (GL Sciences,
Tokyo, Japan) packed with the same material. A
Model M990 photodiode-array detector (Waters—
Millipore, Milford, MA, USA) was used. Water—
acetonitrile—sodium  dodecyl  sulphate-H;PO,
(65:45:0.5:0.1) adjusted to pH 2.6 was used as the
mobile phase. The column temperature was main-
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tained at 40°C and the flow-rate was 1.0 ml/min.
The substances eluted were detected at a wave-
length of 220 nm.

Reagents

DL-Synephrine [1-(4-hydroxyphenyl)-2-methyl-
aminoethanol] (Sigma, St. Louis, MO, USA) was
recrystallized from methanol. Sodium dodecyl sul-
phate (SDS) was purchased from Nacalai Tesque
(Kyoto, Japan) and acetonitrile of special grade
from Kanto Chemical (Tokyo, Japan).

Assay procedure

“Chinpi”, “Kijitsu”, “Kikoku”, “Seihi” and
“Tohi” were powdered and 500 mg of each drug
were weighed accurately and subjected to a 15-min
extraction by refluxing in 40 ml of the mobile phase
on a water-bath. After cooling, the extract was cen-
trifuged at 3000 g for 10 min and the supernatant
was reserved while the residue was washed twice
with 2 ml of the mobile phase. The supernatant to-
gether with the washings was made up to 50 ml with
the mobile phase to serve as the test sample. After
filtering this sample with a 0.45-ym membrane fil-
ter, a 10-ul volume was injected for HPLC. The
amount present was calculated according to the cal-
ibration regression equation (see below).

Calibration

A calibration graph was prepared from peak
areas obtained by injecting 10 ul of the compound
for HPLC over the concentration range 20-50 ug/
ml. The resulting calibration graph was linear. The
regression equation was y = 3.3160 - 10 8x +
2.61774 - 1073 (r = 0.999), where y is the concen-
tration (mg/ml) and x is the peak area.

Solvent and time of extraction

Amounts of 500 mg of “Chinpi’’ were subjected
to extraction with four solvents, namely methanol,
methanol-water (50:50), water and the mobile
phase, and the respective extracts were treated as
described under Assay procedure. For methanol and
methanol-water (50:50), each extract was made up
to 50 ml, 10 ml were taken and concentrated under
reduced pressure and a sample solution was pre-
pared by addition of 10 ml of the mobile phase.
Extraction was carried out for 15, 30, 45 and 60 min
in order to compare synephrine contents quantita-
tively.
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TABLE I
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EFFECT OF EXTRACTION TIME AND EXTRACTION SOLVENT

Sample: “Chinpi”.

Extraction Synephrine content (%)

time

(min) Mobile phase Methanol Methanol-water (50:50) Water

15 0.408 0.350 0.363 0.345

30 0.398 0.365 0.376 0.354

45 0.388 0.373 0.370 0.352

60 0.382 0.375 0.363 0.356

RESULTS AND DISCUSSION gle synephrine peak in the respective chromato-

It was found that a 15-min extraction of ““Chin-
pi”’ with the mobile phase showed the highest con-
tent of synephrine (Table I). The determination of
synephrine in the various Chinese crude drugs was
then carried out on the basis of the above extraction
conditions.

Fig. 1 shows the chromatograms obtained. The
peak for synephrine appeared at 13 min and there
were no interfering peaks. For examination of a sin-

Chinpi Kijitsu

S

N

20 O S 10 15 20

Time (min)

0 5 10 15
Time (min)

Seihi Tohi

S

5 10 15 20 O [3 10 15 20
Time (min) Time (min)

Fig. 1. Chromatograms of crude drugs. S = synephrine.

grams, we measured the three-dimensional chro-
matogram (contour chromatogram) using a photo-
diode-array detector. As shown in Fig. 2, syn-
ephrine in each Chinese crude drug exhibited maxi-
mum absorption at 222.5 and 274.5 nm, coinciding
with those of the standard. No peaks due to impuri-
ties were present.

Table II gives the synephrine contents in the Chi-
nese crude drugs as determined by the proposed
method, together with values reported in the litera-

Kikoku
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Time (min)
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Fig. 2. Three-dimensional chromatograms: (a) standard syn-
ephrine; (b) “Chinpi”. S = synephrine.

ture [3,5]. The highest content of synephrine was
0.566% in ““Seihi”’, followed by 0.408% in “Chin-
pi”’, and the lowest value was 0.122% in “Tohi”.
The order of concentrations was the same as report-
ed previously [3], but the individual concentrations
were 1.3-2.5 times higher than those reported.

TABLE II
SYNEPHRINE CONTENTS IN CHINESE CRUDE DRUGS

389

The daily consumption of synephrine calculated
from the results of quantitative analysis amounted
to 10-37 mg, the values at which pharmacological
effects could be expected, as being pointed out by
Kinoshita et al. [3], although the solvents used for
extraction from Chinese crude drugs differed. The
relative standard deviations were satisfactory (0.28—
1.86%) and the method was very reliable. Further,
the recovery rate of 93.0-107.0% after addition of a
standard compound in a known amount was also
satisfactory.

It is concluded that HPLC with SDS as the ion-
pair reagent provides a simple, rapid and precise
method for the determination of synephrine in Chi-
nese medicinal drugs originating from Citrus spe-
cies, giving higher quantitative values than those re-
ported previously.
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ABSTRACT

Preparative resolution and quantitative methodology for the optical purity determination of ['*C]Zileuton, N-[1-'*C]I-(benzo-
[b]thien-2-yl)ethyl-N-hydroxyurea, [!*C]Abbott-64077, a 5-lipoxygenase inhibitor with potential clinical applications in the treatment
of inflammatory diseases, is described. The method involves the use of a chiral stationary phase composed of amylose tris(3,5-
dimethylphenylcarbamate) chemically bonded to 3-aminopropyl silica gel (ChiralPak AD) and a mobile phase consisting of n-hexane—
ethanol (90:10). Optical and radiochemical purities of >99% were achieved for both.

INTRODUCTION

Zileuton (Abbott-64077, Fig. 1) is a 5-lipoxygenase
inhibitor with potential clinical applications in the
treatment of inflammatory diseases [1,2]. In order
to carry out absorption, distribution, metabolism
and elimination (ADME) studies with emphasis on
the fate of each enantiomer, several milligrams of
radiolabeled enantiomers of Zileuton of high opti-
cal purities were required. To achieve this goal, we
sought a chromatographic method that would sep-
arate these enantiomers which can be scaled up to
preparative scale without the need for derivatiza-

Correspondence to: Dr. S. B. Thomas, Drug Metabolism Depart-
ment, Abbott Laboratories, 1 Abbott Park, IL 60064-3500,
USA.
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tion. Zileuton was first separated on a Pirkle phen-
ylglycine covalent column [3]. Later, using a second
generation o;-acid-glycoprotein (x;-AGP) column,
the analytical resolution was greatly improved [4].
These and other chiral stationary phases (CSP’s)
(for an excellent discussion of the CSPs mentioned
here, see ref. 5) were investigated and the results of
this investigation and the successful resolution of
the labeled enantiomers are reported herein.

OH OH
N rll NH; p rla NH
. 2 - 2
s 7 \n/ s 2 Y
H H, O H YcH, O

R S

Fig. 1. ['*C]Zileuton: (left) ['*C]A-68967 (1,R), (right)
['*CJ]A-68968 (2.S). Asterisk denotes position of carbon-14 label.

1992 Elsevier Science Publishers B.V. All rights reserved
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EXPERIMENTAL

Chemicals

n-Hexane (C4H,4), methanol (CH3;OH), chloro-
form (CHCI;), isopropanol (2-PrOH), ethanol
(C,;HsOH), tert.-butanol (z-BuOH), acetonitrile
(CH;CN), glacial acetic acid (HOAc), copper(Il)
acetate monohydrate [Cu(OAc),], triethylamine
[(C;H5);N], ammonium acetate (NH,OAc), potas-
sium phosphate monobasic (KH,PQ,), acetohy-
droxamic acid and perchloric acid were purchased
from commercial vendors and used without puri-
fication. All solvents except the C,HsOH were
HPLC grade and the chemicals were ACS reagent
grade. The water used was from a Millipore Milli-Q
water purification system. Scintillation cocktail
(Flo-Scint IIT) was obtained from Radiomatic In-
strument and Chemical Co., (Meriden, CT, USA).
['*C]Zileuton was synthesized in our laboratory.
Zileuton, A-68967 and A-68968 ‘““cold” reference
materials were synthesized at Abbott Laboratories
and used as received.

Analytical high-performance liquid chromatography

The chromatography mobile phase was delivered
by a Perkin-Elmer Model 410 quaternary pump.
Samples were injected using a Rheodyne Model
7125 syringe-loading sample injector with a 200-ul
loop. Peaks were detected with an Applied Biosys-
tems Model 785A UV programmable detector set at
235 nm connected in series with a Flo-One Beta
Model 500 radioactivity detector (Radiomatic).
Chromatograms were obtained by a Gateway 2000
computer (Gateway, N. Sioux, SD, USA) and a Pa-
nasonic Model KX-P1124i printer. A FlAtron
CH-30 column heater was used for the high-temper-
ature experiments. Analysis of the optical purity
was performed using a ChiralPak AD (250 x 4.6
mm 1.D.) column (Chiral Technologies, Drawer I

van '
O g Ot =ti—C—~ )t )-h-C0
o7

OEt o,
of
CH,
me, Fo O—C—N—Q
"o
{ >_N_ -
) ﬁ o OH CH,
HyC H o

Fig. 2. Chiral stationary phase: cellulose tris(3,5-dimethylphen-
ylcarbamate) bonded to silica gel (ChiralPak AD).
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Exton, PA, USA). The following columns were also
investigated for enantiomeric resolution (Table I):
B-Cyclodextrin (250 x 4.6 mm 1.D.) (Advanced
Separation Technologies, Whippany, NJ, USA),
Pirkle’s phenylglycine covalent (250 x 4.6 mm
I.D.) (Regis, Morton Grove, IL, USA), Nucleosil
Chiral-1 (250 x 4.6 mm 1.D.) (Machery—Nagel,
Germany), o;-AGP (100 x 4.0 mm I.D.) (Chiral-
AGP ChromTech AB, Norsborg, Sweden) and
Merck cellulose triacetate (250 X 10 mm [.D.)
(Merck, Darmstadt, Germany).

Radiochemical purity determination was per-
formed using a Whatman Partisil 5 ODS 3 column
(250 x 4.6 mm L[.D.) (Whatman, Clifton, NJ,
USA).

The mobile phase used for the optical purity de-
termination consisted of n-hexane—ethanhol
(90:10). The flow-rate was set at 1.0 ml/min. The
mobile phase used for the radiochemical purity de-
termination consisted of 70% NH,OAc (0.1 M)
containing 0.02% acetohydroxamic acid and 30%
CH3CN with pH adjusted to 2.0 with perchloric
acid. The flow-rate was set at 1.0 ml/min.

Preparative high-performance liguid chromatogra-
phy

Separations were carried out using a Waters Del-
ta Prep 3000, a Perkin-Elmer auto sampler Model
ISS 200 and a Waters Model 484 variable-wave-
length absorbance detector operated at 235 nm. The
chromatograms were obtained using a Waters
Model 745B integrator. The chiral semi-preparative
HPLC column used was a ChiralPak AD (250 x 20
mm I.D.) (Chiral Technologies). The mobile phase
consisted of n-hexane—ethanol (90:10). The flow-
rate was set at 20.0 ml/min.

For sample preparation, a portion of [**C]Zileu-
ton (2.25 mCij, 0.119 mmol, 28.1 mg) was dissolved
in a mixture of C;HsOH and C¢H;4 and injected
onto the column at about 7 mg per injection.

Isolation of pure enantiomers

Fractions containing purified 1 were pooled and
the solvent was removed in vacuo. The residue (0.82
mCi, 75% yield) was dissolved in C,HsOH. Frac-
tions containing 2 were pooled, concentrated, dis-
solved in mobile phase and further repurified from
radiochemical impurities using a YMC-pack 5-um
silica (250 x 22 mm 1.D.) (YMC, Morris Plains,
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TABLE I

EFFECT OF CSP, MOBILE PHASE CONCENTRATION AND FLOW-RATE ON THE RESOLUTION AND ENANTIO-

SELECTIVITY OF ['“C)Zileuton

S. B. Thomas et al. | J. Chromatogr. 623.(1992) 390-394

Csp Mobile phase Flow- 1,° 1,° R of
rate (min) (min) X
(ml/min)
ChiralPak AD C:H,,-C,H,OH 1.0 11.2 19.3 1.7 2.01
(250 x 4.6 mm 1.D.) (90:10)
C,H,,-2-PrOH 1.0 9.8 15.7 5.0 1.92
(90:10)
Cyclobond 1 (C,H,);N (1%), pH 7 1.0 227 24.5 1.2 1.09
B-Cyclodextrin with HOAc-CH,0OH
(250 x 4.6 mm 1.D.) (60:40)
1.5 14.7 15.8 0.9 1.08
(C,H,);N (1%), pH 4 1.0 15.3 16.1 1.1 1.08
with HOAc-CH,OH
(60:40)
0.7 220 237 1.3 1.08
0.5 30.6 33.0 1.5 1.08
CH,OH-H,0 (45:55) 1.0 29.1 31.3 1.9 1.17
CH,OH-H,0 (40:60) 1.0 259 28.8 1.2 1.12
Cellulose triacetate C,H,OH-2-PrOH 0.5 49.5 65.5 11 1.42
(250 x 10 mm 1.D) (50:50)
Pirkle covalent CsH,,-C,H . OH- 2.0 43.7 47.0 0.7 1.08
phenylglycine .-BuOH
(250 x 4.6 mm 1.D.) (90:1.5:8.5)
o,-AGP KH,PO, (0.01 M), pH 3- 1.0 6.0 18.6 7.9 3.63
(100 x 4.6 mm 1.D.) 2-PrOH (97:3)
Nucleosil Chiral-1 Cu(OAc), (1 mAM)- 1.0 20.1 22.8 1.22 1.14
(250 x 4.0 mm I.D.) CH,CN (95:5)
Cu(OAc), (1 mM), pH 4.0- 1.0 13.8 13.8 0 1.0
CH,CN (55:5)
Cu(0AC), (1 mM)- 1.2 23.4 26.6 0.94 1.15
CH,CN (98:2)
Cu(OAg), (1 mM), pH 5.5- 1.0. 20.5 23.8 1.15 1.14
CH,CN (95:5)

@ 1, and 1, refer to the retention times of ['*CJA68967 (1) and [**C]A68968 (2), respectively.

b R, is the resolution factor.
o is the enantioselectivity factor.

NJ, USA) semi-preparative column. The mobile
phase consisted of CgH;4—2-PrOH—-C,H;)sN
(85:15:0.5). The flow-rate was set at 35.0 ml/min.
Fractions containing 2 were pooled and evaporated
to dryness in. vacuo. The residue {(0.62 mCi, 55%
yield) was dissolved in C;HsOH.

RESULTS AND DISCUSSION

Table I lists several different approaches to the LC
separation of the enantiomers of Zileuton. While all

of these CSPs resolve the enantiomers to-some ¢a-
tent, three of these, Nucleosil Chiral-1 [6], Pirkle’s
phenylglycine covalent and Merck cellulose triace-
tate .column [7], suffer from poor resolution and
long retention times. The drawback to the success-
ful separation that was achieved using an (a;-AGP)
column isthat o.;-AGP column has a very low load-
ing capacity (0.1 ug) which makes preparative work
using this stationary phase very impractical. The
initia! resolution achieved on the f-cyclodextrin
column [8] was suitable for our needs but we discov-
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Fig. 3 Enantiomeric separation and resolution of ['*C]Zileuton
on a Diacel ChiralPak AD, 250 X 20 mm I.D. column showing
cutoff points for fraction collection during preparative runs. The
mobile phase consisted of n-hexane-ethanol (90:10). Flow-rate
was set at 20.0 ml/min.

ered over time that this CSP was inconsistent and
unstable from one column to the other for the sep-
aration of Zileuton. Some batches achieved almost
baseline separation while some batches did not. Al-
so the retention time changed from one injection to
another which led us to abandon the use of this
column. Subsequently, we found that the ChiralPak
AD gave good enantiomeric resolution with reten-
tion times under 25 min consistently from column
to column. The CSP consists of tris(3,5-dimethyl-
phenylcarbamate) cellulose chemically bonded to 3-
aminopropyl silica gel via 4,4'-diphenylmethane dii-
socyanate (Fig. 2) [9,10]. Recently a preparative size
column was purchased to resolve gram quantities of
Zileuton and related compounds and it has dis-
played the same consistency and ruggedness shown
in the smaller versions.
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The chromatographic resolution of the optical
isomers of [#C]Zileuton using the semi-preparative
ChiralPak AD column is shown in Fig. 3. The first
of the two enantiomeric peaks was 1 identified by

a
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Fig. 4. Optical purity determination of (a) ['*C]A-68967 (1,
>99%), (b) ['*C]A-68968 (2, >99%) on a ChiralPak AD, 250
x 4.6 mm L.D. column. The mobile phase consisted of n-hex-
ane-ethanol (90:10). Flow-rate was set at 1.0 ml/min. s.f. = Sol-
vent front; imp. = impurity.
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comparison to authentic A-68967, followed by 2,
identified by comparison to authentic A-68968. The
semi-preparative resolution of these enantiomers
was uneventful owing to the excellent characteris-

a
19500 [1ecIa68967 (1)
”'c,
cpm
9750
i inp._
0. [} ¥ i
0 ! |L lg IL ‘ 1‘5
min
b
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L

T T T T T T T k] ': T T L T T LR T T T T
A 5 % 3
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Fig. 5. Radiochemical purity.determination of (a) ['*C]A-68967
(1, >99%), (b) [**CJA-68968 (2, >99%) on a Whatman Partisil
ODS 3. 5 um, 250 x 4.6 mm L.D. column. The mobile phase
consisted of ammonium acetate (0.1 M) containing 0.02% aceto-
hydroxamic acid-acetonitrile (70:30), pH adjusted to 2.0 with
perchloric acid. The flow-rate was set at 1.0 ml/min.
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tics of this CSP and the volatility of the mobile
phase. A yield of 75% for 1 and 55% for 2 is good
considering that 2 had to be purified further from
some radiochemical impurities not separated in the
chiral chromatography.

Optical purities of 1 and 2 were determined to be
greater than 99% (Fig. 4a and b). The radiochem-
ical purities of 1 and 2 were determined to be great-
er than 99% and the radioactive peaks correspond-
ed to-the UV peaks of A-68967 and A-68968; re-
spectively, at 8.7 min (Fig. 5a and b). Assays of the

~ effluents collected during the analyses of 1 and 2

showed that 101.6% and 98.8% of the radioactivity
were recovered from the column, respectively.

In conclusion, the effectiveness of the cellulose
tris(3,5-dimethylphenylcarbamate) CSP in the sep-
aration of the enantiomers of [**C]Zileuton has
been demonstrated. The preparative procedure de-
scribed above allowed the resolution of mg quanti-

ties of the enantiomers of the labeled Zileuton of

high optical purities.
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ABSTRACT

A capillary gas chromatographic assay is presented for the determination of benzocaine and benzyl esters of Balsam Peru in a
pharmaceutical preparation. The method is stability-indicating and allows for simultaneous assay of benzocaine in the presence of the

non-polar Balsam esters.

INTRODUCTION

Balsam Peru, a viscous brown exude collected
from trunks of the tree Myroxylon pereirae, has
been variously used in the treatment of skin wounds
and other dermatological ailments, and in the per-
fume and confectionery industries [1,2]. It is a com-
plex mixture of aromatic esters and alcohols includ-
ing benzyl and methyl benzoate and cinnamate, sty-
racin, nerolidal, vanillin, and benzoic and cinnamic
acids [3]. Balsam Peru levels in a sample can be con-
veniently monitored by quantitation of benzyl ben-
zoate and benzyl cinnamate esters. These esters
comprise the cinnamein content and include benzyl
benzoate, benzyl cinnamate, cinnamyl cinnamate

Correspondence to: T. A. Biemer, Consumer Products Division,
Warner-Lambert Co., 170 Tabor Road, Morris Plains, NJ
07950, USA.

and peruviol, and are generally around 50% (w/w)
of the balsam [1].

Literature reports have centered on packed-col-
umn gas chromatographic (GC) analysis of Balsam
Peru [4,5]. There have been no reports published
using wall-coated capillary GC columns. More re-
cently, a paper described high-performance liquid
chromatography (HPLC) of benzocaine and benzyl
benzoate in a topical preparation [6]. Our efforts
utilizing liquid chromatography to assay benzo-
caine in combination with Balsam Peru were un-
successful due to the plethora of small peaks arising
from the balsam that coelute with benzocaine. Res-
olution of benzocaine from these interfering peaks
would have resulted in a lengthy analysis time for
the non-polar benzyl esters and a corresponding
loss of efficiency. GC has the advantage of separa-
tion by boiling points, and GC capillary analysis
offers higher theoretical plate counts and efficien-

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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cies. The high resolving power obtained with capil-
lary columns is a distinct and powerful advantage
over packed-column GC and HPLC in resolving
components of complex mixtures.

This paper describes a capillary GC analysis of
the benzyl esters of Balsam Peru and benzocaine
(p-aminoethyl benzoate) in a topical ointment. The
high resolving power of capillary GC offers wide
application of the method to a variety of different
sample matrices containing these compounds.

EXPERIMENTAL

Apparatus

The gas chromatograph was a Hewlett-Packard
5890 with a flame ionization detector and was
equipped with a 7673A autosampler (Hewlett-
Packard, Paramus, NJ, USA). The column was a
Hewlett-Packard HP-1, 50 m x 0.2 mm 1.D., with
0.5 um film thickness of cross-linked methyl sili-
cone. Peaks areas were collected and measured us-
ing Beckman CALS PeakPro software (Beckman
Instruments, Allandale, NJ, USA).

Reagents

All the reagents used were ACS reagent grade.
Benzocaine and benzyl benzoate were USP refer-
ence standards (United States Pharmacopeia,
Rockville, MD, USA). Benzyl cinnamate and ben-
zophenone were purchased from Aldrich (Milwau-
kee, WI, USA). The purity of benzyl cinnamate was
established at 99.4% using three independent tech-
niques as follows: reversed-phase HPLC with area
normalization assay, differential scanning calorim-
etry and reversed-phase thin-layer chromatogra-
phy. The USP materials were used at 100% purity.

Chromatographic conditions

The injector temperature was 280°C, and the de-
tector was set at 250°C. The column temperature
was programmed at 140°C for 10 min then ramped
at 2°C/min to a final temperature of 240°C and held
for 15 min. The injection volume was 2 ul. The in-
jection port was equipped with a split—splitless glass
sleeve obtained from Hewlett-Packard containing
silanized glass wool. A split ratio of 20:1 was estab-
lished at 0.03 min following injection. Flow through
the capillary column was measured using an elec-
tronic flow meter and found to be 0.5 ml/min. The

T. A. Biemer et al. | J. Chromatogr. 623 (1992) 395-398

column head pressure was 28 p.s.i. The septum
purge flow-rate was set to approximately 2 ml/min
and the split vent flow-rate was determined to be ca.
10 ml/min. Helium, hydrogen and air used for the
carrier and flame were all zero grade to ensure ab-
sence of spurious peaks and baseline noise.

Standard preparation

The benzophenone internal standard solution
was prepared by dissolving 2.0 g in 200 ml of chlo-
roform. A working standard was made by accurate-
ly weighing approximately 15 mg of benzyl cinna-
mate, 30 mg of benzyl benzoate and 100 mg of ben-
zocaine into a 100-ml volumetric flask. Exactly 5 ml
of internal standard were pipetted into the flask,
then the standard was brought to volume using
chloroform.

Sample preparation

«Samples of ointment equivalent to approximately
15 mg of benzyl cinnamate, 30 mg of benzyl ben-
zoate and 100 mg of benzocaine were accurately
weighed into 250-ml Erlenmeyer flasks. About 95
ml of chloroform were added, then exactly 5 ml of
internal standard solution were added by transfer
pipet. The samples were shaken on a wrist shaker
until thoroughly dispersed. Portions of the samples
were filtered through 0.45-um PTFE filters prior to
injection into the gas chromatograph.

RESULTS AND DISCUSSION

Detector response linearity was ascertained by
making duplicate injections of six different standard
solutions prepared in the following concentration
ranges: benzyl benzoate, 0.1840-0.4906 mg/ml;
benzyl cinnamate, 0.0918-0.2449 mg/ml; and ben-
zocaine, 0.5996-1.5990 mg/ml. The correlation
coefficients for the three compounds were 0.9999,
0.9994 and 0.9997, respectively.

Reproducibility of the chromatographic system
was assessed by injecting a standard preparation six
times and measuring the peak area ratios. The mean
peak-area ratios were 0.734, 0.240 and 1.1198 for
benzyl benzoate, benzyl cinnamate, and benzo-
caine, with relative standard deviations of 0.1, 0.9
and 0.3%, respectively. Using the conditions de-
scribed, the column developed approximately
18 500 theoretical plates/m. The capacity factors
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(k") were 8.4,9.5, 11.4 and 16.0 for benzocaine, ben-
zophenone, benzyl benzoate, and benzyl cinnamate,
respectively.

Recovery studies were conducted-by spiking pla-
cebo ointment with benzyl benzoate, benzyl cinna-
mate and benzocaine at 80, 100 and 120% of the
label claim for each analyte. The amounts of anal-
yte added for each spiking level in the order benzyl
benzoate, benzyl cinnamate and benzocaine, were
as follows: 80% label claim, 4.8, 2.4 and 16 mg/g of
placebo ointment; 100% label claim, 6, 3 and 20
mg/g; 120% label claim, 7.2, 3.6 and 24 mg/g. The
average recovery for benzyl benzoate, benzyl cinna-
mate and benzocaine for the three spiking levels was
99.8, 100.1 and 99.7% with relative standard devia-
tions of 0.4, 0.8 and 0.8%, respectively.

A typical sample chromatogram, depicted in Fig.
1, clearly shows the separation of the sample com-
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ponents from small excipient peaks. This is a stabil-
ity-indicating method for the analytes and was dem-
onstrated in the following manner: Aliquots of the
analytes dissolved in methanol were treated with ei-
ther 10 mmol of sodium hydroxide or 10 ml of 30%
hydrogen peroxide. The solutions were then heated
at 50°C for 1 h. Chromatograms of the stressed
samples were compared to sample and standard
chromatograms. None of the degradation products
generated under these conditions interfered with the
analysis of the analytes. Quantitation of the result-
ing chromatograms confirmed the loss of the peaks
of interest.

The hydrolysis product of benzocaine is p-amino-
benzoate. The benzyl esters undoubtedly cleave at
the ester linkage. These resulting products would
have lower boiling points and would be expected to
elute much faster from this column. A typical alka-
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Fig. 1. Capillary gas chromatogram of an ointment sample preparation containing benzocaine and Balsam Peru. Peaks: A = ben-
zocaine; B = benzophenone; C = benzyl benzoate; D = benzyl cinnamate.
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Fig. 2. Capillary gas chromatogram of an alkali-stressed standard solution showing loss of benzocaine, benzyl benzoate and benzyl
cinnamate. Peaks: A = benzocaine; B = benzophenone; C = degradation product.

li-stressed standard solution is depicted in Fig. 2
which shows loss of the benzyl esters and the elution
of degradation products early in the chromato-
" gram. Quantitation of the remaining benzocaine
peak confirmed the loss of this analyte.

While the lengthy run time of the analysis may
appear unattractive for repetitive, routine sample
quantitation, the complex nature of the Balsam Pe-
ru dictated the conditions to achieve separation of
the analytes. Computer enlargement of the baseline
showed numerous small peaks from an injected
sample of Balsam Peru. The desired separation of
the peaks of interest could be obtained only by
choosing a system having high theoretical plate
counts and efficiency. The column temperature was

ramped slowly to achieve the desired resolution of
the peaks of interest.
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ABSTRACT

The present paper describes fast and sensitive techniques for simultaneous activity staining of Q-enzyme, a-amylase, R-enzyme,
phosphorylase and soluble starch synthase on starch—polyacrylamide gel. Staining of Q-enzyme on starch—polyacrylamide gel electro-
phoresis (PAGE) leads to red bands on the blue background. The a-(1—-6) transferred short-cahins cause a shift of 1_,_ of the
iodine-starch complex to shorter wavelengths. R-enzyme is visible as a light-blue band, whereas the «-(1—4) hydrolytic activity of
o-amylase causes a colourless band and can be clearly distinguished from Q-enzyme. White bands of phosphorylase and soluble starch
synthase are visualized and the substrate specificity of phosphorylase is discussed, since the enzyme incorporates a-p-glucosyl residues
in the growing a-(1—4) chain from ADP-glucose or its decomposition product as a substrate. The presented staining techniques permit
the activity staining of the most important enzymes of the starch biosynthesis and offer simple methods of detection on starch-PAGE.

INTRODUCTION

Branching enzyme [Q-enzyme, (1-4)-a-D-glu-
can: (1—-4)-0-pD-glucan 6-glucosyltransferase, EC
2.4.1.18] was first detected in potato juice [1] and
has been isolated during the years from various
plants [2-13], animal tissue [14,15] and bacteria
[16,17]) where starch is found as a storage polysac-
charide. The action of Q-enzyme can be followed by
the increasing number of (1—6) linkages, shown by
the increased resistance towards f-amylolysis [18].

Correspondence to: Dr. G. Rammesmayer, Institut fiir Chemie,
Universitdt fir Bodenkultur, Gregor Mendelstrasse 33, A-1180
Vienna, Austria.
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Many authors have suggested that the synthesis
of starch or glycogenisbased on by the cooperation of
Q-enzyme and phosphorylase [(1—4) a-D-glucan-
orthophosphate-glucosyltransferase, EC 2.4.1.1]
[19-21] or starch synthase [(ADP-glucose: (1 —4)-o-
D-glucan 4-a-D-glucosyltransferase, EC 2.4.1.21]
[22-25]. Usually the enzymic action in vitro is mea-
sured via inorganic phosphate, delivered from glu-
cose 1-phosphate by phosphorylase or photometri-
cally by the iodine staining method. This method,
although rather unspecific and susceptible to inter-
ference in the presence of a-(1—4)-hydrolyzing en-
zymes, is unfortunately used for kinetic studies of
Q-enzyme [26]. An activity staining method was
performed by incubating the polyacrylamide gels

1992 Elsevier Science Publishers B.V. All rights reserved
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after electrophoresis in an amylose solution [27] to
observe the changes in A,,, of the iodine stain which
is shifted to shorter wavelengths by the action of
Q-enzyme. In a reaction based on the same princi-
ple phosphorylase is entrapped within the running
gels [28] to synthesize glycogen within the gel as a
substrate for subsequent activity staining of the
branching enzyme. The described staining methods
are suitable for multiple enzyme detection in crude
or purified extracts. Activity detection of Q-en-
zyme, c-amylase, R-enzyme, phosphorylase and
soluble starch synthase is shown on the same gel
plate from starch-PAGE.

EXPERIMENTAL

Chemicals

Potato starch for electrophoresis (S-4501), glu-
cose l-phosphate, ADP-glucose and Coomassie
Brilliant Blue R-250 (B-0149) were purchased from
Sigma (Munich, Germany). All other chemicals
were of analytical grade (Merck, Darmstadt, Ger-
many). Pullulanase EN-200 (40 U/mg) was ob-
tained from Hayashibara Biochemical Laboratories
(Okayama, Japan).

Preparation of enzyme extract

Young potatoes were treated as described previ-
ously [29] and immediately blended with 10 ml of 1
M tris—citrate buffer (pH 7.5), containing 2.5 mM
1,4-dithio-DL-threitol.

Determination of protein content

After centrifugation protein determination with
Lowry reagent was performed spectrophotometri-
cally at 690 nm [30].

Starch polyacrylamide gel electrophoresis (starch—
PAGE)

Gel electrophoresis was performed in a vertical
slab gel apparatus. A separation gel with 15.0 %
acrylamide, (pH 8.6), crosslinked 1:75 with N,N'-
methylenebisacrylamide containing 1% starch was
used. Starch synthase and phosphorylase (Fig. 2)
were separated on 7.5 % acrylamide, (pH 8.6),
crosslinked 1:75 with N,N’-methylenebisacrylamide
containing 1% starch. 50 ul of the potato extract
were sufficient for band detection. For detection of
R-enzyme activity, which was negligible in the pota-

to juice 5 ul of pullulanase were added. The electro-
phoresis buffer system consisted of tris—glycine (pH
8.9). The separation time was three h with a con-
stant voltage of 300 V and a starting current of 120
mA. After electrophoresis the gels were rinsed in
distilled water for 20 min.

Detection of Q-enzyme, R-enzyme and a-amylase
activity

After electrophoretic separation the gel was
soaked in 50 mM tris—citrate buffer (pH 7.0) con-
taining 2 mM ascorbic acid for 4 h at 22°C. After-
wards the gel stripes were rinsed with distilled water
and incubated in an iodine solution according to
ref. 29 for 15 min. The zones of Q-enzyme activity
appeared as sharp red bands on the blue stained
background. R-enzyme activity could be seen as a
light blue band, whereas a-amylase showed clear
and transparent bands on the blue background.
Staining of reference stripes with Coomassie Bril-
liant Blue R-250 [0.25% in methanol-glacial acid—
water 5:1:5)] permits detection of the protein pat-
tern matching to the activity stain.

Detection of soluble starch synthase activity (ADP-
glucose)

Gel stripes incubated in a test tube containing
100 mM NaOH-glycine buffer, (pH 8.8) and 1 mM
ADP-glucose were held at 37°C for 4 h.

Detection of phosphorylase

Phosphorylase activity became visible, when gel
stripes were incubated in 50 mM tris—citrate buffer,
(pH 6.2), containing 2.5 mM 1,4-dithio-DL-threi-
tol, 10 mM glucose 1-phosphate and 5 mM EDTA
in a test tube at 37°C for 1 h.

RESULTS AND DISCUSSION

The present work describes a simultaneous and
sensitive technique for staining and detection of Q-
enzyme, R-enzyme, soluble starch synthase, phos-
phorylase and a-amylase on starch-PAGE. In com-
parison with earlier works, the present one is more
effective concerning Q-enzyme activity due to short-
er reaction times and sharp stained bands on the
gel. Our intention was to develop a simple and re-
liable method for activity staining which permits
the detection of various enzymes of the starch me-
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~4——— qa-amylase (lane 2)
-a——— phosphorylase (fane 3)

R-enzyme (iane 4)

~4——— Q-enzyme (lane 2)
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Fig. 1. Simultaneous staining of Q-enzyme, a-amylase, phospho-
rylase and R-enzyme activity on starch—-PAGE. Aliquots (50 pl
each) of crude potato juice were applied to the gel. After electro-
phoretic separation, the gels were incubated in the substrate so-
lutions as described in the text. Lanes: | = Protein stain of the
corresponding crude potato juice; 2 = simultaneous iodine stain
of Q-enzyme and a-amylase; 3 = phosphorylase activity; 4 =
iodine stain of R-enzyme activity.

tabolism on the same gel plate. In this manner it is
possible to stain crude supernatants as well as puri-
fied enzyme extracts. In Fig. 1 the activity stains of
Q-enzyme, a-amylase, phosphorylase and R-en-
zyme are shown. Lane 1 presents the Coomassie
stain of the whole potato extract. Lane 2 shows the
simultaneous iodine staining of Q-enzyme and
a-amylase from a crude potato extract subjected to-
clectrophoresis. Q-enzyme hydrolyses a-(1—4)-
linkages with following chain transfer including the
formation of a-(1—6)-linkages on suitable acceptor
chains. The transferred short-chains give a sharp
red band on the blue background basing on the
shift of A, of the iodine—starch complex to shorter
wavelengths and can be clearly distinguished from
a-amylase activity which appears as clear and trans-
parent bands on the gel. To avoid confusion be-
tween Q-enzyme and a-amylase activity from pota-
toes in starch gels of different acrylamide concen-
tration, BSA can be used as a reference protein in
the Coomassie stain (not shown). As we reported
previously [29], Q-enzyme and BSA slightly differ in
the relative mobilities in SDS-PAGE as well as in
native PAGE using 15% acrylamide. Samples from
- either plant or animal tissue can be tested for en-
zyme activity in a short time. Q-enzyme activity
could be detected even with the naked eye as a thin
white band before iodine staining. This observation
leads to the opinion that the transferred short-

chains cause a band of higher starch density in the
gel. To support evidence for this result the same
stripe was stained again with iodine solution after
three weeks rinsed in water to demonstrate that the
red stained short-chains are all attached by newly
synthesized o-(1—6) bonds to the starch in the gel.
Secondly, by this observation we could confirm that
branching enzyme is an enzymic entity. Decrease in
reducing power in samples containing starch and
the cut out Q-enzyme band could be observed by
the modified Somogyi-Nelson method [31,32].

On addition of glucose 1-phosphate to the sub-
strate phosphorylase activity (lane 3) becomes vis-
ible. A white band of elongated a-1,4-glucan chains
synthesized by phosphorylase activity could be de-
tected, when gel stripes are incubated in 50 mM
tris—citrate buffer, (pH 6.6) containing 1 mM di-
thiothreitol, 20 mM glucose 1-phosphate and 5 mM
EDTA at 37°C for 2 h. Using the same buffer sys-
tem (pH 7.0) as described for Q-enzyme staining, a
simultaneous staining of phosphorylase is possible
although increasing reaction time is observed. The
reaction time of the activity staining of synthesized
a-(1—-4)-bonds within one hour strongly varies with
the amount of glucose 1-phosphate added in the
substrate solution.

Lane 4 shows the activity stain of R-enzyme.The
enzyme activity hydrolizes the a-(1-»6) bonds and
leads to light blue bands on the blue backgound of
the iodine stained gel. The split off chains appear to
be of a rather short length able to diffuse out of the
gel.

The intention was to harmonize the pH value of
the incubation medium corresponding to the differ-
ent pH-optima of the enzymes in the stain. For this
reason starch synthase activity which demands
higher pH values could not be stained simultane-
ously with the other enzymes. Current studies show
that Q-enzyme is inhibited at pH values from 8.5 to
9.0 [23]. Fig. 2, lane 1 shows the protein stain of
crude potato extract subjected to starch-PAGE.
Lane 2 presents the phosphorylase activity at pH
6.6 and in lane 3 the soluble starch synthase activity
can be seen, presenting two white bands of synthe-
sized «-(1—4) chains on the gel. One band corre-
sponds to the phosphorylase activity (in lane 1).
This observation has been confirmed by paired-ion
reversed-phase high-performance liquid chroma-
tography when gel stripes are cut out horizontal
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- starch synthase (lane 3)

-4—— phosphorylase {lane 2+3)
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Fig. 2. 1 = Coomassie stain of a crude potato extract. 2 = Band
of synthesized a-(1—4) chains in the gel stripe show the phos-
phorylase activity. Gel stripes were incubated in 50 mA/ tris—
citrate buffer (pH 6.2), containing 2.5 mM 1,4-dithio-DL-threitol,
10 mM glucose 1-phosphate and 5 mM EDTA in a test tube at
37°C for 1 h. 3 = Primed soluble starch synthase activity and
phosphorylase activity. The reaction was performed in a test
tube containing 100 mM NaOH-glycine buffer (pH 8.8), and 1
mM ADP-glucose at 37°C (see Experimental).

and incubated with ADP-glucose in the presence of
suitable primers (unpublished data).The results lead
to the conclusion that phosphorylase can use ADP-

glucose or decomposition products as a substrate. -

The above results imply that ADP-glucose could be
metabolized to glucose 1-phosphate prior to incor-
poration into starch by phosphorylase. The ques-
tion arises if the presence of ADP-glucose pyro-
phosphorylase (glucose 1-phosphate adenyltrans-
ferase, EC 2.7.7.27) in the extract could participate
in this reaction. This enzyme is believed to play a
key regulatory role in the gluconeogenesis which
equally operates in amyloplasts and chloroplasts
[33].Worth to be mentioned is the fact that this type
of activity becomes visible on the gel with ADP-
glucose as a glycosyl donor whether inorganic phos-
phate in the incubation medium is present or not.
The above results lead to the conclusion that in
comparison with several other staining techniques
the present system might be expected to give a more
comprehensive and extensive activity staining of the
discussed enzymes. The methods are appropriate to
prove the activity staining of some important en-
zymes of the glucan metabolism. In this manner
highly purified enzymes can be isolated in semipre-
parative scale from gels with a thickness of 3 mm as
we use in our laboratory for enzymic synthesis of de
novo products. Thus, the method may be helpful for
the detection, purification and identification of en-

zyme activities in plant or animal tissues in the
study of starch biosynthesis without the need of
other time-consuming purification steps.

REFERENCES

1 W.N. Haworth, S. Peat and E. J. Bourne, Nature ( London),
154 (1944) 236.

2 H. L. Griffin and Y. V. Wu, Biochemistry, 7 (1968) 3063.

3 G. H. Vos-Scheperkeuter, J. G. De Wit, A. S. Ponstein, W. J.

Feenstra and B. Witholt, Plant Physiol., 90 (1989) 75.

4 H. L. Griffin and Y. V. Wu, Biochemistry, 10 (1971) 4330.

R. A. Pisigan and E. J. Del Rosario, Phytochemistry, 15

(1976) 71.

C. D. Boyer and M. B. Fisher, Phytochemistry, 23 (1984) 733.

D. J. Manners, Carbohydr. Polym., 144 (1989) 87.

C. D. Boyer and J. Preiss, Plant Physiol., 67 (1981) 114,

G. L. Matters and C. D. Boyer, Phytochemistry, 20 (1981)

1805.

10 J. L. Ozbun, J. S. Hawker and J. Preiss, Biochem. J., 126
(1972) 953.

11 J. S. Hawker, J. L. Ozbun, H. Ozaki, E. Greenberg and J.
Preiss, Arch. Biochem. Biophys., 160 (1974) 530.

12 C. W. Chang, Starch, 36 (1984) 85.

13 J. L.Ozbun, S. J. Hawker, E. Greenberg, C. Lammel and J.
Preiss, Plant Physiol., 51 (1971) 1.

14 B. 1. Brown and D. H. Brown, Methods Enzymol., 8 (1966)
395.

15 J. Larner, Methods Enzymol., 1 (1955) 222.

16 C. D. Boyer and J. Preiss, Biochemistry, 16 (1977) 3693.

17 K. Kawaguchi, J. Fox, E. Holmes, C. D. Boyer and J. Preiss,
Arch. Biochem. Biophys., 190 (1978) 385.

18 S. A. Barker, E. J. Bourne, I. A. Wilkinson and S. Peat, J.
Chem. Soc., (1950) 93.

19 C.Y. Tsai and O. E. Nelson, Plant Physiol., 43 (1968) 103.

20 C.Y. Tsai and O. E. Nelson, Genetics, 61 (1969) 813.

21 N.P. Badenhuizen. in Struktur und Bildung des Stdrkekorns,
Paul Parey Verlag, Berlin, Hamburg, 1971, pp. 54-68.

22 A.S. Ponstein, K. Oosterhaven, W. J. Feenstra and B. Wit-
holt, Starch, 43 (1991) 208.

23 A.S. Ponstein, G. H. Vos-Scheperkeuter, E. Jakobson, W. J.
Feenstra and B. Witholt, Plant. Physiol., (1990) 234.

24 J. S. Hawker, J. L. Ozbun and J. Preiss, Phytochem., 11
(1972) 1287.

25 J. Fox, K. Kawaguchi, E. Greenberg and J. Preiss, Biochem.,
15 (1976) 849.

26 A. Blennow and G. Johansson, Phytochemistry, 30 (1991)
437. ’

27 A. Doi, Biochim. Biophys. Acta, 184 (1969) 477.

28 K. Satoh and K. Sato, Anal. Biochem., 108 (1980) 16.

29 W. Praznik, G. Rammesmayer, T. Spies and A. Huber, Car-
bohydr. Res., 227 (1991) 171.

30 O. H. Lowry, N. J. Rosenbrough, A. L. Farr and R.J. Ran-
dall, J. Biol. Chem., 193 (1951) 265.

31 R. G. Spiro, Methods Enzymol., 8 (1966) 3.

32 D. L. Morris, Science (Washington, D.C.), 107 (1948) 254.

33 J. Preiss, The biochemistry of plants, Vol. 14, Academic, New
York, 1988, p. 181.

w

O 00~ N



Journal of Chromatography, 623 (1992) 403-407
Elsevier Science Publishers B.V., Amsterdam

CHROM. 24 571

Short Communication

High-resolution separation of polyunsaturated fatty acids
by argentation thin-layer chromatography

Robert Wilson and John R. Sargent

Department of Biological and Molecular Sciences, School of Natural Sciences, University of Stirling, Stirlihg FK9 4LA, Scotland

(UK)

(First received May 18th, 1992; revised manuscript received August 18th, 1992)

ABSTRACT

A simple procedure is described for separating methyl esters of polyunsaturated fatty acids (PUFAs) by argentation chromatography
using silver nitrate-impregnated thin-layer chromatography plates. Esters are resolved into discrete classes containing 2, 3, 4, 5 and 6
double bonds and within each of these groupings esters are separated according to chain length. All commonly encountered (n —
6)PUFAs from C,; to C,, are resolved from each other, as are all commonly encountered (n — 3)PUFAs from C,4 to C,,. The
technique is particularly useful for metabolic studies of the chain elongation and further desaturation of PUFAs by separately in-
cubating isolated cells with [1-'*C]18:2(n — 6) and [1-'*C]18:3(n — 3). R, values for individual PUFAs are very reproducible and

recoveries of individual [**C]JPUFAs for radioassay exceed 90%.

INTRODUCTION

Fatty acid methyl esters (FAMESs) can be effi-
ciently separated and quantitated by gas chroma-
tography (GC) [1] and high-performance liquid
chromatography (HPLC) [2], and both GC and re-
versed-phase HPLC have been applied to study lip-
id metabolism using radio-labelled compounds [3—
13]. Radio-labelled FAMEs separated by either
packed column GC or reversed-phase HPLC can be
either counted directly with commercial radiodetec-
tors, or fractions collected for further analysis and/
or liquid scintillation radioassay [3—13]. However,
not all components may be well separated by

Correspondence to: Dr. Robert Wilson, Department of Biolog-
ical and Molecular Sciences, School of Natural Sciences, Uni-
versity of Stirling, Stirling FK9 4LA, Scotland, UK.
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packed column GC or HPLC and further analysis
using other techniques is often required [3,4,7,8,12].
Argentation thin-layer chromatography (TLC)
has oeen used to separate FAMEs according to
their degree of unsaturation and to study the me-
tabolism of polyunsaturated fatty acids (PUFAs)
using radioisotopes [14-18]. However, not all PU-
FAs are well separated by existing silver nitrate
techniques [14-21] and, in particular, separation of
PUF A methyl esters with four or more double bond
is difficult [18-21]. Furthermore, separation of
FAMESs with the same degree of unsaturation but
with different chain lengths is seldom possible [19].
We report here a simple method for separating PU-
FA methyl esters according to both degree of unsat-
uration and chain length. The application of the
method in studies of chain elongation and further
desaturation of C;g PUFAs is illustrated.

1992 Elsevier Science Publishers B.V. All rights reserved
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MATERIALS AND METHODS

Materials

Butylated hydroxytoluene (BHT) and standard
FAME:s (at least 99% pure) were obtained from
Sigma, Poole, UK. Silver nitrate was obtained from
Johnson Matthey, Royston, UK. [1-1*C]18:2(n —
6) (54.7 mCi/mmol), [1-#C]18:3(n — 3) (53.9 mCi/
mmol) and radioactive ink were purchased from
Amersham International, Aylesbury, UK. Ecoscint
A scintillation fluid was supplied by National Diag-
nostics, Manville, NJ, USA. Konica A2 X-ray film
was supplied by MAS Stirling, Crief, UK. Silica gel
60 TLC plates (Merck 5721,20 cm x 20cm x 0.25
mm) were purchased from BDH, Poole, UK. Ami-
nopropyl columns were purchased from Jones
Chromatography, Hengord, UK. 10% CP-Wax 51
coated on Chromosorb 100-120 mesh was obtained
from Chrompack, Middelburg, Netherlands. All
solvents were of HPLC grade and were purchased
from Rathburn Chemicals, Walkerburn, UK.

Impregnation of silica gel plates with silver nitrate

Silica gel 60 TLC plates (20 cm x 20 cm x 0.25
mm) were sprayed uniformly with 20 ml acetonitrile
containing 2 g silver nitrate until the plates were
saturated. Spraying TLC plates gives a coating of
silver nitrate as uniform as dipping [17,19]. The
plates were air-dried in subdued light, heated at
110°C for 30 min to achieve activation {19] and used
within 1 h.

Preparation of faity acid methyl esters

FAMEs were prepared from mixtures of either
(n — 3) or (n — 6) PUFAs by transmethylation in
methanol containing 1% sulphuric acid for 16 h un-
der nitrogen at 50°C [20]. The composition of the
mixtures is given in the legend to Fig. 1. In other
experiments, human skin fibroblasts cultured in 10
ml medium, were incubated with either 1 uM (0.05
uCi/ml) [1-1*C]18:2(n — 6) or 1 uM (0.05 uCi/ml)
[1-1*C]18:3(n — 3) for 24 h to generate metabolic
intermediates as described previously [4-6]. Total
lipid was isolated from human skin fibroblasts [22]
and FAMEs prepared as above [20]. FAMEs were
purified on 500 mg aminopropyl (NH;) columns
(Bond-Elut) [23]. Using a syringe attached to the
column by an adapter, 7 column volumes hexane—
acetic acid (98:2, v/v) followed by 7 column vol-
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umes hexane were slowly pushed through the col-
umn. FAMEs were then applied to the column in
hexane and eluted from the column using 7 column
volumes hexane. The solvent was evaporated under
a stream of nitrogen. FAMEs were redissolved in
hexane containing 0.01% BHT at 50 mg/ml. Cho-
lesterol and PUFA degradation products were re-
tained on the column and are eluted using 7 column
volumes hexane—acetic acid (98:2, v/v) followed by
7 column volumes hexane.

Separation of (n — 3) and (n — 6) mixtures by
argentation TLC

FAME mixtures were applied to the impregnated
TLC plates as a narrow band over 1 cm using a
Hamilton micro-syringe at 0.5-1.0 mg/cm. Approx-
imately 100 pg of each component were present in
the mixtures using this loading. The plates were de-
veloped with toluene-acetonitrile (97:3, v/v) to 1 cm
from the top in a standard TLC chamber lined with
tissue to saturate the atmosphere with solvent. The
plates were dried, lightly sprayed with 3% (w/v)
copper acetate—8% (v/v) orthophosphoric acid in
water and charred at 180°C for 20 min to visualise
FAMEs.

Quantification of [1*C] FAMEs by argentation TLC

[1*CJFAMEs dissolved in hexane were applied to
plates as a narrow band over 2-5 cm at 50 000 dpm/
cm and plates developed using toluene—acetonitrile
(97:3, v/v) to 1 cm from the top. The plates were
marked with radioactive ink, including solvent
front and origin, and subjected to autoradiography
for 4 days using Konica A2 X-ray film. Areas of
silica corresponding to radioactive FAMEs were lo-
cated, scraped from the plates into vials and 5 ml
Ecoscint A added. Radioactivity was determined
using a Packard Tricarb 2000CA liquid scintillation
analyser [6,17]. In other experiments FAMEs were
located, scraped from the plates and eluted using 5
ml ice-cold chloroform—methanol (2:1) containing
0.01% BHT; 1.25 ml 0.88% KCI were added and
the solutions mixed [23]. After separation, the chlo-
roform layer was removed and the solvent removed
under nitrogen. FAMEs were redissolved in hexane
containing 0.01% BHT and washed with 20%
NaCl to precipitate any remaining silver. The hex-
ane layer was removed and an aliquot was radio-
assayed after adding 5 ml Ecoscint A and the re-
mainder used for further analyses by GC or TLC.
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Identification of ["*C] FAMEs by GC

[**C] FAMEs eluted from thin-layer plates as
above were added to authentic non-radioactive
standards and subjected to GC on a Pye 104 gas
chromatograph using a glass column 2 m x 4 mm
1.D.) packed with 10% CP Wax 51 coated on Chro-
mosorb (100-120 mesh) with nitrogen as carrier gas
at a flow-rate of 30 ml/min and a programmed tem-
perature from 220 to 250°C [6]. Separated compo-
nents were identified by reference to standards and
quantified using flame ionisation detection (FID)
and a recording integrator [6]). The instrument was
also equipped with a stream splitter situated before
FID that allowed 90% of the column effluent to be
collected outside the chromatograph. Fractions of
column effluent corresponding to individual
FAME:s were trapped on Gilson pipetteman safety
filters wetted in Ecoscint A scintillation fluid [6].
Radioactivity on the filters was determined by
liquid scintillation counting as described above. Lo-
cation of radioactivity with authentic standards
confirmed the identity of [**C] FAME:s [6].

RESULTS

Representative lanes of TLC plates developed in
toluene-acetonitrile (97:3, v/v) and charred are
shown in Fig. 1. Separate mixtures of (n — 6) and
(n — 3) FAMEs are resolved according to the de-
gree of unsaturation with dienes-being clearly sep-
arated from trienes that were in turn separated from
tetraenes. Pentaenes and hexaenes were also well
separated and in addition hexaenes had migrated
clear of the origin. FAMEs were also resolved ac-
cording to chain length with the same degree of un-
saturation, this being most evident with PUFAs
containing two or three double bonds. Thus, 18:2(n
— 6), 20:2(n — 6) and 22:2(n — 6) were all resolved
as were 18:3(n — 3), 20:3(n — 3) and 22:3(n — 3).

Although the Ry values for (n — 3) and (n — 6)
PUFAs with identical degree of unsaturation and
chain lengths are slightly different, they cannot be
satisfactorily resolved when both are present in the
same mixture (Fig. 1, see trienes). Thus, the mixture
(n — 6) PUFAs + (n — 3) PUFAs is incompletely
resolved. As shown in Fig. 2, however, this limita-
tion can be simply overcome in metabolic studies by
separate incubations with [1-'4C]18:2(n — 6) and
[1-'#C]18:3(n — 3) and subsequent simultaneous
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Fig. 1. Methyl esters prepared from the mixtures of (n — 6) and
(n — 3) PUFAs were scparated by argentation TLC as described
in the Materials and Methods section. The separated esters were
visualised by charring. Mixture compositions were, (n — 6) PU-
FAs: 18:2(n — 6), 20:2(n — 6), 22:2(n ~ 6), 18:3(n — 6), 20:3(n
— 6),20:4(n — 6) and 22:4(n — 6); (n — 3) PUFAs: 18:3(n — 3),
20:3(n — 3),22:3(n — 3),20:5(n — 3),22:5(n — 3) and 22:6(n —
3). Mixture: (n — 6) PUFAs + (n — 3) PUFAs.

analyses of the products from the two incubations.
In the experiment shown the conversions of 18:2(n
— 6) to 18:3(n — 6), 20:2(n — 6), 20:3(n — 6) and
20:4(n — 6), and of 18:3(n — 3) to 18:4(n — 3),
20:3(n — 3), 20:4(n — 3), 20:5(n — 3) and 22:5(n —

[1-14C]-18:2(n-6) [1-14C}-18:3(n-3)

20:2(n-6) )
18:2(n-6) D

20:3(n-3)

20:3(N-6)  wmemsmsa— AR  18:3(n-3)
18:3(n-6) )

20:4(N-6) —— L fgg:f::g;

b — ———— SO

i i 20:5(n-3)

origin
Fig. 2. FAMEs derived from the metabolism of {1-'4C]18:2(n —
6) and [1-'C]18:3(n ~ 3) by cultured skin fibroblasts were sep-

arated by argenation TLC and visualised by autoradiography as
described in the Materials and Methods section.
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3) in cultured skin fibroblasts are clearly seen. Note
that conversion to 22:6(r — 3) did not occur under
the culture conditions employed.

A linear relationship exists between carbon num-
ber, degree of unsaturation and Ry values of indi-
vidual methyl esters (Fig. 3), so that for each class
of FAMEs containing 2, 3, 4 or 5 double bonds, an
elution profile graph is created when Ry values are
plotted against carbon number. As noted above,
(n — 3) and (n — 6) PUFAs with identical degree of
unsaturation and carbon number cannot be re-
solved and thus the graph for trienes and tetraenes
in Fig. 3 represents both groups of PUFAs. 24:5
(n — 3) was identified from autoradiograms as a
product of metabolism of [1-14C]18:3(n — 3).in skin
fibroblasts. This PUFA was characterised using a
number of techniques, including catalytic hydrog-

enation, reversed-phase TLC and capillary GC.
~ The technique is highly reproducible with only
3-6% variation in Ry values being recorded over 5
separate analyses of the same mixture (data not
shown). Recoveries of individual radioactive meth-
yl esters, e.g. from experiments as in Fig. 2, were
90-92% as determined by elution of individual
zones from the plates, radioassaying aliquots of the
eluates, and re-chromatographing and radioassay-

ing.

0.7
0.6

051 D—-"“‘D’/D
Qo

& 031

02 o/:/";_,,

0.11 A
0.0

18 20 22 24
carbon number

Fig. 3. R, values were plotted against carbon number for dienes
(0), tricnes (M), tetraenes (O), pentaenes (@) and hexaenes
(A). Methyl esters of (n — 3) PUFAs and (n — 6) PUFAs with
identical degree of unsaturation and carbon numbers have
slightly different R, values but cannot be resolved. Thus the
graphs for trienes and tetraenes represent both groups of PU-
FAs.
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DISCUSSION

Development of plates with benzene—ethyl ace-
tate (90:10, v/v) has been used previously to sep-
arate methyl esters of PUFAs with up to four dou-
ble bonds with compounds of different chain
lengths and the same degree of unsaturation being
resolved [19]. However, complete separation of
components with four or more double bonds has
usually required multiple development. Separation
of saturates, monoenes, dienes, trienes, tetraenes
and pentaenes is achieved by a triple development
technique in toluene-acetone (95:5, v/v) at —20°C
[18], whereas pentaenes and hexaenes are also re-
solved when plates are developed twice in hexane—
diethylether—acetic acid (94:4:2, v/v/v) [21]. Al-
though these solvents resolved FAMEs into a num-
ber of classes, no separation according to chain
length within a given class was noted [18,20,21].

We have examined several solvent systems for
separating PUFA methyl esters and found toluene-
acetonitrile (97:3, v/v) to be the most efficient. In-
creased resolution between pentaenes and hexaenes
could be achieved using toluene—acetonitrile (95:5,
v/v) but this led to poorer separation of some com-
ponents in the mixture according to chain length.
However, the use of this solvent may be advanta-
geous in studies using longer-chain PUFAs. The
present solvent system resolved FAMEs not only
according to the degree of unsaturation but also
due to chain length with the same degree of unsat-
uration. The technique is very reproducible and the
relationship described in Fig. 3 is analogous to the
homologous series of FAME:s in isothermal GC or
isocratic HPLC [1,2). In these techniques FAMEs
can be identified by reference to equivalent chain
length plots that can be created from retention time
data and by reference to known standards [1,2].
Similarly, in the argentation TLC technique de-
scribed in this paper, FAME:s can be identified from
the elution profile graphs created from Ry data.

We applied this system to study the products of
metabolism of [1-14C]18:2(n — 6) and [1-'*C]18:3
(n — 3) in cultured skin fibroblasts. Other studies of
PUFA metabolism using radio-labelled fatty acids
have used GC or HPLC equipped with radiodetec-
tors and computer data acquisition for analysis [3-
5,10-13]. These techniques have various draw-
backs, not least being the expense of the equipment
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required and a need for high specific radioactivities
in the analytes when flow detectors are used
(1,2,20]. The technique here can be applied using
low levels of radioactivity, it is inexpensive and it
can be operated reliably and routinely by relatively
non-skilled operators. It offers an excellent alterna-
tive and complementary method to GC or HPLC
for studying the metabolism of PUFA using radio-
labelled substrates.
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Book Review

Gas Chromatographic Enantiomer Separation with Modified Cyclodextrins, by Wilfried A. Kénig, Hithig,
Heidelberg, 1992, VIIT + 168 pp., price DM 138, ISBN 3-7785-2026-1.

The importance of chiral separations has been
pointed out in many reviews, books and interna-
tional symposia dedicated to this subject. Chro-
matographic methods and various techniques based
on modern electromigration processes have recently
been developed for this purpose. High-performance
liquid and gas chromatography, electrokinetic
chromatography, capillary zone electrophoresis
and isotachophoresis have been successfully em-
ployed. The investigations and results obtained
document the growing knowledge in this area. In
contrast to the book Chiral Separations by Liquid
Chromatography (ACS Symposium Series) recently
reviewed in this journal [J. Chromatogr., 595 (1992)
375], the present book by Koénig is highly special-
ized to capillary gas chromatography as a high-per-
formance separation technique and cyclodextrin de-
rivatives as the chiral selectors.

Before going into more detail it is worth pointing
out that the book is mostly based on the experi-
mental work and experience of the author and his
co-workers.

Chapter 1 contains a brief introduction to the use
of various kinds of chiral stationary phases in gas
chromatography with special attention to the use of
cyclodextrins and their derivatives. This is followed
by subsections dealing with the preparation of dif-
ferent alkyl and alkylacyl derivatives of cyclodex-
trins, the characterization of these compounds and
the preparation and testing of capillary columns
coated with cyclodextrin derivatives. All this infor-
mation is presented clearly and in a very condensed
form (23 pages).

The main part (Chapter 2) is devoted to applica-

tions (112 pages). This chapter contains a many re-
sults obtained by Konig’s research group, together
with recent work done by other workers. It is sub-
divided into nineteen parts according to the types of
organic molecules and the type of analysis in ques-
tion. The applications involve, e.g., enantiomer sep-
aration of alkanes and cycloalkanes, olefinic com-
pounds, alcohols, diols and polyols, epoxides and
ethers, spiroacetals, lactones, ketones and alde-
hydes and practical separations, e.g., of the prod-
ucts of asymmetric synthesis, the analysis of alco-
hols as constituents of the insect communication
system, alcohols as flavour compounds and constit-
uents of essential oils and enantiomer separations
of pharmaceuticals.

The last two short chapters, concerned with a
possible mechanism of enantioselective host—guest
interactions (3 pages) and NMR studies (4 pages),
show some actual problems which have to be solved
in order to clarify the fundamental processes in suc-
cessful practical applications.

The book has 145 pages of text and contains 132
figures, most of them being chromatograms with
baseline separations.

Now that some cyclodextrin capillary columns
are commercially available (unfortunately still at a
high price), there is no doubt that Knig has greatly
contributed to the solution of many chiral separa-
tions and his book is a valuable contribution to this
important field and will provide good a guide for
various analytical laboratories.

Prague (Czechoslovakia)
E. Smolkova-Keulemansova
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Book Review

Affinity Membranes, Their Chemistry and Performance in Adsorptive Separation Processes, by Elias Klein,
John Wiley & Sons, Inc., New York, Chichester, Brisbane, Toronto, Singapore, 1991, 152 pp., US$ 55.20,

ISBN 0-471-52765-3.

Membrane-based purification systems and im-
mobilized enzyme catalysis have several advantages
over conventional particle-based methods. The high
porosity and minimum mass transfer resistance in
membranes allow a high volumetric throughput, re-
sulting in extremely short process times. The mem-
brane structure is such that the adsorbent molecule
is situated on the inner surfaces of the membrane
pores, in effect along the flow path of the soluble
target protein, thereby minimizing the diffusional
and accessibility problems associated with gel beads
used in packed column operations. The end result is
maximum utilization of the immobilized adsorbent
molecule. The high mass transfer capabilities of the
membrane facilitate maximum utilization of the
fast adsorption kinetics of affinity chromatography.

The book under review provides the information
that in 1986 Stimpson was the first investigator to
point out the differences in kinetic response of
bioaffinity membranes compared with bioaffinity
chromatography columns. The rate at which ligate
is transferred from the feed solution to the immobi-
lized ligand is dependent on both the rate of transfer
to the binding site (i.e., diffusion) and the rate of
complex formation. For chromatographic supports
the available diffusion distances are between 25 ym
(for hydrogels) and 2.5 um (for silica particles). For
membranes, whose pore diameters are 0.1-3.0 um,
the distances are much shorter. Hence the use of an
affinity membrane provides not only the preferred
shallow bed configuration recommended to reduce
pressure drops (which compact the bed structure in
resin beds), but also offers the additional advantage
of much shorter diffusion paths. These two factors
lead to extremely rapid processing, without an in-
creased loss of product concentration into the fil-
trate.

Elias Klein, the founder and past president of the
North American Membrane Society, wrote this
book for polymer and/or membrane chemists in-
terested in developing synthetic membranes for
highly specific separations. The text is also written
for biochemists or bioengineers who wish to learn
more about the preparation and uses of synthetic
membranes in biological separations. These might
include membranes for (a) therapeutic devices to
treat autoimmune diseases, (b) processes to recover
products from gene-modified bacteria or mamma-
lian cells or (c) membrane-bound enzyme reactors.

This is the first book to combine membrane tech-
nology and bioaffinity chromatographic tech-
niques. The first third of the book is about the basis
of bioaffinity chromatography. After an introduc-
tory chapter there is a chapter devoted to affinity
adsorption. Chapter 3 describes solid supports, but
under an incorrect titel “Substrates”. Chapters 4, 5
and 6 deal with the binding chemistry, ligand types
and the capacity of affinity matrices. It would have
been useful to mention in the book that protein A is
not only a ligand for the isolation of many immu-
noglobulins, but also that it can be used for the
oriented preparation of a universal support medium
for high-performance immunoaffinity chromatog-
raphy which was described in 1985 by Phillips et al.
[J. Chromatogr., 327 (1985) 213-219]. In recent
years many papers have appeared that deal with
oriented immobilization using the biospecific com-
plexes between protein A and immunoglobulins,
biotin and avidin or streptavidin, antigens and anti-
bodies, carbohydrate moieties and lectins, etc.

The next part of the book is about membrane
formation, characterization, and uses of membranes
in microfiltration. The last chapter discusses appli-
cations for affinity microfiltration membranes.
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A number of variables will have an impact on the
decision of whether to use affinity cross-flow filtra-
tion:

(a) Product instability. The reduced number of
steps and the faster processing times of cross-fil-
tration favour its use when product activity decays
with time.

(b) Low-cost ligands. These reduce the cost of
preparation of large-surface-area microfilters. When
the latter can be prepared economically, all the diffi-
culties of cross-flow filtration are simplified.

(c) Large cell sizes. The fluidization of the filter
cake is simpler with larger particles. Consequently,
higher fluxes and less fouling are encountered, per-
mitting the use of small affinity cross-flow filters.

(d) Availability of hydrophilic microfilters. While
this is a basic requirement for any affinity support,
it is particularly useful for minimizing filter cake-
membrane interactions. Reduced fouling increases
product recovery and flux rates.

(e) High purification ratios of the affinity ligand.
If the ligand-ligate pair interaction is highly specif-
ic, a single-step isolation of the product may be pos-
sible. This would reduce the product recovery for
exogenous products to three steps: cross-flow affin-
ity microfiltration, rinsing and -product recovery
from the elution buffer.

Products from mammalian cell cultures, such as
monoclonal cell lines that secrete exogenous anti-

J. Turkova | J. Chromatogr. 623 (1992) 409410

bodies, must also be isolated from their growth me-
dium. These complex mixtures contain intact cells,
cell debris and other proteins. Suspension cultures
rarely reach cell volume fractions as high as those
found in normal blood, so the requirements for
plasma recovery from whole blood should be suit-
able for the isolation of exogenous proteins from
such cultures.

The author’s correct assumption about the pros-
pects for affinity membranes has been confirmed in
a paper about the kinetic aspects of membrane-
based immunoaffinity chromatography by M.
Nachman [J. Chromatogr., 597 (1992) 167-172].
With a view towards the efficient large-scale puri-
fication of recombinant proteins, Nachman studied
factors influencing antigen—antibody adsorption ki-
netics in a model hollow-fibre membrane-based im-
munosorbent. Non-diffusion-controlled, homoge-
neous adsorption kinetics wete approached in
membranes. It was shown that adsorption kinetics,
rather than mass transfer, first became limiting in
membrane-based immunoaffinity chromatography.
Nachman concluded that the kinetic aspects of
membrane-based immunoaffinity chromatography
render it a highly efficient system, well suited for the
industrial-scale production of recombinantly pro-
duced biotherapeutics.

Prague (Czechoslovakia) Jaroslava Turkova
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