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TRIACETYLCELLULOSE AS A CHIRAL STATIONARY PHASE FOR HIGH-
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ROLAND ISAKSSON*

Division of Organic Chemistry 3, Chemical Center, University of Lund, P.O. Box 124, S-221 00 Lund
(Sweden)
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(First received July ith, 1989; revised manuscript received October 2nd, 1989)

SUMMARY

A review of the structure of cellulose and its properties is given. Experimental
data concerning the physical and chromatographic properties of microcrystalline
triacetylcellulose (TAC) are reported. It is concluded that TAC columns can be used
advantageously at high pressures. To improve resolution, high temperatures can be
used. The TAC column is also compatible with many buffer systems (pH 5-10) and up
to 70% of water can be used in the mobile phase.

INTRODUCTION

The use of triacetylcellulose (TAC) as a chiral stationary phase for separations of
enantiomers on both a preparative and an analytical scale is well documented and
several reviews have appeared'~*. Initially, fairly large particles of TAC were used in
low- and medium-pressure chromatography, and it was sometimes erroneously stated
that TAC was too soft to allow the use of smaller particles at higher pressures to
produce efficient columns. Lindner and Mannschreck®, however, have shown that
TAC is also suitable for high-pressure applications. They successfully slurry-packed
a steel column at ca. 200 bar with TAC of particle size 5-10 um. The chromatographic
experiments were then carried out at approximately 100 bar. TAC was both
mechanically stable and maintained its discriminatory power against enantiomers at
that pressure.

Analytical and preparative TAC columns for high-performance liquid chroma-
tography (HPLC) are now available from several manufacturers. Despite the great
generality shown in the area of preparative applications, purely analytical applications
of TAC are still relatively rare. We believe that this lack is partly due to the

0021-9673/90/%03.50 © 1990 Elsevier Science Publishers B.V.



258 R. ISAKSSON et al.

above-mentioned misunderstanding that TAC columns for HPLC are not available or
useful.

In this paper we report some studies of an analytical TAC column concerning
pressure stability, efficiency, loadability and eluents, including pH buffers. Some of the
results may be seen as complementary to previous reports of this kind. In order to
compare TAC material from different sources, we have repeated some of the
investigations earlier published®”. In the first part of the paper a review of the
structure and properties of cellulose is given.

STRUCTURE OF TAC AND CHIRAL RECOGNITION

The structure of cellulose has been extensively studied for a long time.
A complete review of the subject is, however, beyond the scope of this paper. For
detailed information we recommend some recent reviews and the references cited
therein®-°,

The cellulose molecule, 1,4-f-D-polyanhydroglucopyranose, is a linear polymer
with D-glucose as the repeating unit (see Fig. 1). The -pD-glucose units exist in chair
conformations with 2-OH, 3-OH and CH,OH all at equatorial positions (see Fig. 2).
The chain length of native cellulose or the degree of polymerization, DP, is not known
for certain, as scission of the chains probably occurs when the molecule is isolated from
its associated material in the cell. Values of DP ranging from 200 to 14 500 have been
reported. So far as the chain length is concerned, the material is polydisperse.

Microcrystalline cellulose is obtained from purified a-cellulose, which is the
portion of industrial cellulose pulp insoluble in cold (ca. 18%) sodium hydroxide. The
a-cellulose is first hydrolysed with 2.5 M hydrochloric acid at ca. 100°C to remove
amorphous material. The microcrystals are then freed from this material, so-called
“level off degree of polymerization cellulose”, by mechanical shearing in a water
slurry. Microcrystalline cellulose of Avicel type has a DP of 200-300, corresponding to
a molecular weight between 30 000 and 50 000 (ref. 10).

The microscopic subunit of cellulose, the fibril (microfibril, elementary fibril)
consists of a number of parallel-packed cellulose molecules®. It has been suggested that
there is a coincidence between the microfibrils and crystallites®*! and it has been
shown that the microfibril has a continuous crystalline structure. The range of the
crystalline structure is over several micrometres (> 1000 nm) without any amorphous
domains larger than the resolution provided by the electron microscopic technique
used (0.3-0.5 nm)®. Electron microscopy of cellulose from various sources has shown
that the width of the elementary fibril is 35 A'2. The microfibrils are clustered to
macrofibrils, which are embedded together with other polysaccharides and lignin in
the cell wall of the plants (see Fig. 3).

Fig. [. Structure of cellulose.
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OH
Fig. 2. f-p-Glucose, *C;.

Native cellulose, referred to as cellulose I, is a crystalline array of parallel chains,
established from X-ray data of cellulose from the sea alga Valonia ventricosa''. The
cellulose chains in this structure possess a two-fold screw axis of symmetry (helix axes,
P2,) along the chain axes. The ribbon-like chains are held together by intra- and
inter-molecular hydrogen bonds in sheets with only Van der Waals interactions
between successive sheets. Different conformations at the glycosidic bond have been
reported®, depending on the calculation method used. The chair, *C,, conformation'?
(see Fig. 2) of the glucose unit is, however, not questioned.

TAC, obtained by heterogeneous acetylation of native cellulose or microcrystal-
line cellulose, is believed to maintain the cellulose I structure!*. Hesse and Hagel'?
showed that the morphology of cellulose plays an important role in the chiral

middle lamella
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Fig. 3. Structure of cell wall. Reprinted with permission from T. Hattula, Effect of Heat and Water on the
Ultrastructure of Wood Cellulose ( Thesis), Finnish Pulp and Paper Research Institute, Helsinki, 1985.
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recognition mechanisms; the enantiomers intrude into certain kinds of chiral cavities
between the laminae in the crystalline regions of cellulose. They also found that
amorphous cellulose is not useful as a stationary phase owing to a supposed loss of
these chiral cavities. It was not suggested, however, whether these cavities were located
in the crystals, between the cellulose molecules, or between the elementary fibrils.
Hesse and Hagel concluded that the inclusion of molecules in these cavities is mainly
governed by the shape of the molecules and only to a minor extent by other factors
such as electrostatic interactions involving the functional groups of the molecules.
They denoted this kind of chromatography inclusion chromatography.

Francotte et al.'® investigated the relationship between chiral recognition and
the crystallinity of TAC. They found that an increase in the crystallinity of TAC by
annealing at 240°C under vacuum afforded a material with low capacity and a reduced
ability to discriminate between enantiomers. They ascribed this to a reduced mobility
of the glucose units in the polymeric chains, thus making the intrusion of the molecules
between the chains much more difficult. Also, Ichida and Shibata® determined, in
agreement with Francotte ez al., that a perfect crystallite is too tightly packed to allow
the inclusion of a molecule into the lattice. These findings are in accordance with the
hypothesis that the cavities accessible to the analytes are found between the elementary
fibrils of the swollen material (se below) and not between the cellulose molecules in the
crystallites.

Blackwell and Lee'”, however, obtained a complex between cellulose T (native
cellulose) and ethylenediamine (EDA) of relatively high crystallinity. Elemental
analysis of the complex revealed an approximate ratio of one EDA molecule per
glucose unit. According to an X-ray study, the EDA molecules are hydrogen bonded
between two cellulose chains in the unit cell. Furthermore, X-ray studies of that
complex showed that some rearrangement of the cellulose chains compared with the
corresponding structures in native cellulose had taken place. They were also able to
recover the original cellulose structure by washing out the ethylenediamine with water.
[Note: unmodified native cellulose (Avicel) has been used as a stationary phase for
column chromatographic separations of, e.g., amino acids into enantiomers'® under
relatively hydrophobic conditions.]

Shibata et al.'® have shown that it is possible to use crystalline triacetylcellulose
IT, another type of crystalline TAC, as a chiral stationary phase. The capacity factor of
benzene obtained on TAC II (0.46) was much smaller than that obtained on
TAC I (10.3), indicating that benzene is almost unretained on TAC II. It appears as if
the inclusion of benzene between the laminae, if any, of TAC I1 is prevented, perhaps
because the distance between the laminae is too small to allow inclusion.

Okamoto et al.*° prepared an efficient chiral phase by first dissolving TAC and
then adsorbing it on macroporous silica. The morphologies of TAC in these
composites were either crystalline (cellulose II) or amorphous. When compared with
TAC, a reversal of the retention orders of the enantiomers of, e.g., Troeger’s base was
obtained on the column packed with the TAC-silica composite. In the preparation of
these materials it was found that the selectivity factors are sensitive to both the choice
of'silica matrix and the dissolving agent of TAC3. Itis known that cellulose derivatives
form liquid crystalline solutions in any solvent that dissolves sufficiently high
concentrations of the polymer?!-22. The cellulose derivative on the silica surface has
presumably an ordered, not necessarily crystalline, structure, thus explaining the
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relative similarity in chromatographic behaviour to the pure microcrystalline TAC
material. It has been reported?® that TAC I was obtained from TAC dissolved in an
aqueous trifluoroacetic acid solution. The material was coated on a glass slide by
precipitation with methanol or water and the morphology was determined by X-ray
diffraction. No data concerning chromatographic experiments were reported.

Schulze and Kénig?* reported enantiomer separations on silica with covalently
bonded, derivatized monosaccharides. This indicates that even the primary structure
of cellulose may contribute to the chiral recognition. Kano et al.? obtained an
enantioselective complexation of bilirubin (BR) and oligosaccharides. They found that
a (1-4)-linked disaccharide is the minimum requirement for chiral recognition. They
also concluded that the enantioselectivity is very sensitive to the conformation of the
disaccharide. Further, it was found that the intensity of the circular dichroism signal of
the oligosaccharide-BR complex increased in the order maltose < maltotriose <
maltoheptaose owing to differences in binding constants, meaning that the enantio-
selectivity had increased. They also proposed that the hydrophobic environment
provided by the saccharide is important in the formation of hydrogen bonds.

More detailed studies of the chiral recognition mechanisms based on theoretical
calculations are now appearing. Wolf et al.2% ‘correlated the calculated molecular
properties and retentions of a series of structurally related racemates. They found that
the shape of the molecule together with the electronegativity of atoms close to the
asymmetric centre contributed to the chiral recognition. The absolute configurations
of the enantiomers were, however, not considered. We have used a chemometric
approach to study chiral recognition on TAC?”. A correct prediction of the retention
orders of some chiral indole derivatives with known absolute configurations was
obtained. In agreement with Francotte et al., it was found that both steric and
electrostatic factors contribute to the chiral recognition. However, to predict retention
orders and even to predict if it is possible to resolve a racemate into enantiomers on the
TAC column is at present based more on empirical experience than on a real
knowledge of the mechanisms involved in the chiral recognition process.

Empirically it is found that there is a high probability of being successful with
a separation of enantiomers if the compounds possess an aromatic or a non-aromatic
ring close to the chiral centre, if the compounds have an asymmetric atom on a rigid
ring structure, and/or if the compounds have one or several C, axes of symmetry?®,
A carboxylic, hydroxylic or amino group, not necessarily at the asymmetric centre,
normally has an adverse effect on resolution. Generally, improvements in separations
are obtained if these functionalities are converted to the corresponding esters,
carbamates, amides, etc.

It is frequently found in separations of structurally related compounds that steric
effects play an important role in chiral recognition?®, Hesse and Hagel*° concluded, as
mentioned above, that the inclusion of a compound between the laminae is more
sensitive to the shape than to other factors such as functional groups of the molecules.
They suggested that the antipodes of a compound are different in the asymmetric
milieu and thus only one can be bonded to the phase and retained.

To be able to predict the resolution and retention order of enantiomers on TAC
it is necessary to carry out theoretical calculations to correlate structure and retention
on series of structurally related compounds. At present the nature of swollen TAC is
not sufficiently known to allow calculations that combine the structure of the analyte
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and the structure of the chiral stationary phase, e.g., molecular docking.

In the dissolution of cellulose or cellulose derivatives, the solvents generally first
act as a swelling agent and then as a dispérsing agent. Different kinds of swelling of
microcrystalline TAC may occur, namely intercrystalline, intracrystalline and osmot-
ically conditioned swelling®!. When TAC is treated with acetone vapour or liquid,
both an increase in amorphous X-ray scattering characteristic of intercrystalline
swelling and an increase in the lateral interchain distances characteristic of intra-
crystalline swelling take place. The third type of swelling is a process in which
a swelling agent is dissolved in the interior of a crystallite but is prevented from free
diffusion into the bulk of swelling agent.

It has been proposed by Scallan®? that swelling causes some cleavage in the
radial planes of cellulose (compare with intercrystalline swelling above). An intruston
of solvent between the fibrils is thus possible. This behaviour of cellulose is sometimes
denoted the honeycomb effect (see Fig. 4). The swelling and solubility of cellulose and
its derivatives depend on the nature of cellulose, e.g., crystallinity and DP, i.e., the
manner in which the cellulose has been isolated and treated after the isolation from its
source. It has been shown, for instance, that a decrease in the DP of cellulose increases
the amount of included solvent®?.

Compared with the role of crystallinity, little is known about the role of the
swelling of TAC and its influence on chiral recognition mechanisms. it is well known,
however, that non-swollen TAC shows only a weak chiral recognition ability.

Fig. 4. Scallan’s modification of the lamellar structure of delignified cell wall. On swelling (a-d) some radial
cleavage of bonds occurs and gives the honeycomb effect (c). Reprinted with permission from ref. 32.
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Dissolved cellulose acetate has been studied in various solvents by 'H NMR
spectroscopy>*. In these studies it was found that solvents with high dielectric
constants interacted strongly with the acetoxy groups of the cetlulose. It is therefore
safe to assume that ethanol, the most commonly used swelling agent and eluent, is
associated, e.g., hydrogen bonded, to the acetoxy groups of TAC. The role of the
swelling agent (ethanol) in the chiral recognition process has never been interpreted in
detail but is to some extent probably comparable to the role of water layer(s) of
normal-phase silica’”.

EXPERIMENTAL

Apparatus

Chromatography was performed with an LC-4A pump, SPD-2AS spectro-
photometric detector and Chromatopac C-R4A integrator (Shimadzu, Kyoto, Japan)
and a Valco (Houston, TX, U.S.A.) Model EC 6W sample injection valve. The
temperatures of the mobile phase and the column were controlled by a 2219 Multitemo
IT water-bath (LKB, Bromma, Sweden). Mercury porosimetry was performed with
a 9310 pore sizer (Micromeritics, Norcross, GA, U.S.A.) and the surface area was
determined by use of a FlowSorb IT 2300 (Micromeritics). For swelling experiments
a Model 5008 centrifuge (Wifug, Bradford, U.K.) was employed at 4000 rpm (2500 g).

Materials

The racemate and the pure enantiomers of nefopam were a gift from Riker Labs.
(Loughborough, U.K.) and methaqualone a gift from Draco (Lund, Sweden). Benzoin
and 1,3,5,-tri-tert.-butylbenzene (TTB) were purchased from Merck (Darmstadt,
F.R.G.) and Fluka (Buchs, Switzerland), respectively. The racemate and the pure
enantiomers of Troeger’s base were obtained from EGA-Chemie (Steinheim, F.R.G.)
and Fluka, respectively. The structures of the test solutes are shown in Fig. 5. Ethanol
was obtained from Kemetyl (Stockholm, Sweden). Methanol and 2-propanol were of
HPLC grade and ethanolamine, boric acid, tris(thydroxymethyl)aminomethane (Tris)
and acetic acid were of analytical-reagent grade, purchased from Merck. The TAC
material (ConBrio-TAC) from Perstorp Biolytica (Lund, Sweden) used had a particle
size range of 15-25 um. All chemicals were used as received.

Swelling

In a two-necked 500-ml round-bottomed flask were placed 20 g of TAC and
150 ml of swelling agent and the system was stirred with a magnetic bar to give
ahomogeneous slurry. Two reference samples were taken and centrifuged at 40600 rpm
(2500 g) for 2 min in calibrated centrifuge tubes to obtain the volume of the non-
swollen TAC (TAC is assumed to swell very slowly under these conditions). The flask
was then immersed in a heated water-bath with stirring and the monitoring of time was
begun. Duplicate samples were thereafter taken from the boiling slurry at intervals of
10 min until no further change in swelling was obtained. The samples were centrifuged
and the volumes determined. The swelling was calculated according to the equation

1
Swelling (%) = [ volume of swollen TAC ] 100

volume of non-swollen TAC (reference)
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Fig. 5. Structures of test solutes.

In a separate experiment, 1-g samples of TAC were swollen for 30 min in toluene
and in ethanol at ca. 80°C (the botiling point of ethanol) in calibrated centrifuge tubes.
Centrifugation at 1500 rpm (350 g) for 5 min was performed and the volumes of the
swollen material were compared.

Chromatography

The triacetylcellulose columns (ConBrio-TAC, particle size 15-25 um, 250
mm x 5mm 1.D.) were obtained from Perstorp Biolytica (Lund, Sweden). All mobile
phases containing buffers were filtered through a 0.5-um HF PTFE filter (Millipore,
Bedford, MA, U.S.A.) prior to use. The height of the column bed was checked visually
by demounting the end-pieces of the column. The total porosity, ¢ (ref. 36), was
determined according to a previously described method” by determining ¥V, as the
elution volume of TTB, assuming that TTB is not retarded; g, = V,/V, where Vis the
volume of the empty column. Ethanol-water (95:5, v/v) was used as the mobile phase.
Calculations of resolution, Ry, separation factor, ¢, capacity factor, k', and peak
asymmetry factor, 4,, were carried out according to previously described proce-
dures?’,
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Pore size and area

Mercury porosimetry was used for the determination of the pore size distribu-
tion and the pore volume of pores larger than approximately 60 A. The total pore
volumes of non-swollen Avicel and TAC were determined to be 0.04 and 0.09 cm?/g,
respectively. The experiment also showed that pores smaller than 300 A contribute to
the main part of the surface area. The nitrogen BET method permitted the
determination of the surface area of smaller pores than obtained by mercury
porosimetry. The surface areas of non-swollen Avicel and TAC obtained with the BET
method were 1.1 and 6.1 m?/g, respectively.

Nakai et al.®® used the BET method and a “water vapour method” for
measurements of the surface area of microcrystalline cellulose. The BET method gave
a surface area of 1.0 m?/g, in agreement with our result, whereas the water vapour
method gave 150 m?/g. The much higher value obtained by the water vapour method is
due to the swelling of cellulose.

The result from mercury porosity and related methods is a measure of the
permanent porosity of the material®®. Swelling not only gives an increase in surface
area but probably also gives rise to an extra porosity which is of great importance in the
chromatographic process. The total porosity, ¢ (ref. 36), the sum of interstitial and
internal porosity, of the ConBrio-TAC column was 0.63. A decrease in the pressure
used for packing the column from 200 to 6-7 bar did not change the value of &,.
Mannschreck and co-workers!*®”7 have determined ¢ for several different TAC
materials and obtained values from 0.5 to 0.78. It seems as if the total porosity depends
on the way in which the TAC material is prepared. The internal porosity of TAC was
not determined.

Chromatographic efficiency

The height equivalent to a theoretical plate, H, and the plate number, N,
calculated from the peak width at half-height37, were determined for the TAC column
by use of a “non-retained” achiral compound, TTB, and by a chiral compound,
Troeger’s base. The results are given in Table I. The plate number generally decreases
with increase in the capacity factor of the analytes, which also has been reported by
Koller et al.”. The plate number is not a column constant but depends on the
interaction between the stationary phase and the chiral analyte. Owing to difficulties in
determining the size and shape of the TAC particles, no values for reduced plate height
are reported.

TABLE 1
CHROMATOGRAPHIC EFFICIENCY OF THE TAC COLUMN

Ethanol-water (95:5, v/v) was used as the eluent at a flow-rate of 0.25 ml/min; 10 ug of solute in 20 ut of
eluent were injected onto the column.

Solute N, N, H, (um) H, (um)

TTB 2700 93
Troeger’s base 337 214 742 1168
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Swelling and eluents

Ethanol-water (95:5, v/v) is the most frequently used eluent for TAC. Successful
separations have also been achieved with lower alcohols, ethers, water—alcohol
mixtures, hydrocarbons, aromatic hydrocarbons and mixtures of these eluents. Some
common solvents such as acetone, THF, acetonitrile, chloroform and methylene
chloride cannot be used as they dissolve the stationary phase more or less completely.

Precautions have to be taken when swollen materials such as TAC are used as
stationary phases. A change from one eluent to another may change the swelling of the
material. If, e.g., shrinkage of the column bed occurs, it can cause undesirable front
effects and a decrease in the efficiency of the column. In this study, TAC was swollenin
organic solvents that were utilized as eluents in the chromatographic experiments
(Table IT1). TAC swells more in lower alcohols than in ethers or in alkanes. In toluene
TAC swells to almost the same volume as in ethanol. In binary or ternary systems the
swelling is in general determined by the component in the solvent mixture that swells
TAC most. For instance, in ethanol-hexane-water (67:3:30, v/v/v) the swelling was
almost the same as in ethanol-water (95:5, v/v). The swelling in water was significantly
less than in organic solvents. These results are in agreement with water sorption results
published earlier?!. It must be stressed, however, that the errors in measuring swelling
are probably large3!.

Stability of the TAC column

The TAC column did not show any significant change in bed height on changing
the eluent. It is often advantageous to elute strongly retained compounds at elevated
temperatures or to use a pH buffer as the eluent to avoid decomposition of an analyte.
Tests were carried out over extended times.to find out if TAC is useful under such
conditions. In these experiments the column was continuously fed for 6 days, (1) with
ethanol-water (95:5, v/v) at 50°C (see Fig. 6) and (2) with ethanol-water (80:20, v/v)
buffered to pH 8.0 with 50 mM Tris. The column did not show any loss of
performance, within experimental error, or any notable decomposition of the TAC
material after these extended tests.

TABLE I1
SWELLING OF TAC

Solvent Composition Time® Swelling
(by volume) (min) (%)
Water 70 5
Ethanol-water 95:5 30 42
Ethanol-2-propanol 80:20 30 38
Methanol 40 37
n-Hexane 60 30
n-Hexane-2-propanol-water 70:27:3 30 42
Diethyl ether 10 31
tert.-Butyl methy! ether 80 32
Ethanol-water—n-hexane 67:3:30 30 38

“ Time used to obtain maximum swelling.
® Due to problems with wetting the TAC in water this time has to be considered as approximate.
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Fig. 6. Temperature stability of the TAC column at 50°C. Troeger’s base was used as the test solute.
Chromatographic conditions: flow-rate, 0.22 ml/min; mobile phase, ethanol-water (95:5, v/v); 4 ugin 20 ul
of mobile phase were injected. —- ——, a; ———, R , pressure (bar).

A pressure stability check of the TAC column was carried out. The flow-rate was
continuously increased, far beyond the optimum working conditions, until a pressure
drop over the column of approximately 200 bar was reached. The flow-rate was then
continuously decreased to zero. The dependence of pressure on flow-rate is almost
linear, only a small permanent increase in flow resistance being observed (see Fig. 7).
No significant change was observed either in performance, verified by an analytical
run with a test substance, or in the bed height of the packing material in the column.
The results indicate that the material was not damaged by the rough treatment of the
column.

bar
400

300
200

100

1 2 3 mi/min

Fig. 7. Pressure stability of the TAC column. Column back-pressure as a function of flow-rate.
Chromatographic conditions: temperature, 20°C; mobile phase, ethanol-water (95:5, v/v). The mobile
phase was pumped through the column at a linearly increasing flow-rate from 0 to 3.0 ml/min in 10 min and
back from 3.0 to 0 ml/min in 10 min.
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Loadability

TAC has been successfully employed for preparative separations of enantio-
mers. Blaschke* separated more than 2 g of oxapadol in a single run on a column
packed with 380 g of TAC, i.e., more than 5 mg of analyte per gram of stationary
phase.

In this study, the loadability of TAC was checked by the use of Troeger’s base as
the analyte. The sample injections were made under both “volume and mass overload”
conditions. In each volume overload experiment (see Fig. 8), 20 ug of Troeger’s base in
various volumes was injected onto the column. The resolution was not affected until
the injection volume exceeded 1000 ul, which corresponds to 40% of the volume of the
first-eluted band.

In the mass overload experiment (see Fig. 9), a 500-ul loop was used, the amount
of each enantiomer being varied from 0.0025 to 2.5 mg. Unexpectedly, the resolution
increased with the amount of analyte injected and, perhaps most noteworthy, the
capacity factor of the more retained enantiomer increased with the sample load. The
asymmetry factor (4,) (see Fig. 9) of the more retained enantiomer change from 1.7 to
0.5, i.e., from 4 tailing to leading peak. The A, of the other enantiomer showed a more
normal behaviour, i.e., the tailing increased with increased sample load. The same
results were obtained when the corresponding amounts of racemate were injected.

The reason for this behaviour is not obvious to us. It appears as if some
separation sites of the stationary phase are dynamically modified by the (-+)-enantio-
mer, thus creating another stationary phase with more retentive properties for the
(+)-enantiomer. Otherwise, if there had been different sites on the original TAC that
would have attracted one of the enantiomers of Troeger’s base, these sites that give the
strongest interaction should have been occupied first by the (+)-enantiomer.
Consequently, the retention at low concentration of the solute would be determined by
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Fig. 8. Effect of injection volume on resolution; 20 ug of Troeger’s base were injected each time.
Chromatographic conditions: flow-rate, 0.25 m!/min; eluent, ethanol-water (95:5, v/v); UV detection at
235 nm.
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Fig. 9. Mass overload of the TAC column. The enantiomers of Troeger’s base were injected separately.
Chromatographic conditions: mobile phase, ethanol-water (95:5, v/v); flow-rate, 0.25 ml/min; injection
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these sites. In our example, the retention time at low sample concentration should have
been longer, not shorter as found in the experiment, than at high sample loads.

Roussel et al.*® reported another example of unusual retention behaviour on
TAC. They obtained an inversion of the retention order of a chiral atropisomer with an
increase in the sample load. They rationalized this as an effect of different separation
sites that are available on TAC.

The linear capacity 8, (ref. 41) was calculated for the first-eluted enantiomer of
Troeger’s base and was 0.4 mg per gram of stationary phase (see Fig. 9). Rimbock et
al. reported that 0.5 mg of N,N,2,3.4,6-hexamethylthiobenzamide per gram of
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stationary phase could be injected with hardly any changes in the capacity factor and
plate height.

From experience, loss of resolution caused by volume overload in preparative
separations on TAC is seldom any problem as the injection volumes are normally
negligible in comparison with the volume of the eluted band.

The effect of injection conditions on the TAC column seems to be comparable to
that found in other kinds of chromatography, e.g., reversed-phase chromatography.
A negative influence on resolution is obtained at injection volumes that exceed one
third of the volume of the eluted band and at sample loads greater than 1 mg of analyte
per gram of stationary phase. A mass overload of the columns is, of course, to be
preferred to volume overload as far as Troeger’s base is concerned.

Dependence of retention on temperature and eluent composition

The eluents used and the results obtained are given in Figs. 10-12. Both the
capacity factors (k) and the selectivity factors («) are influenced by changes in the
eluent. It is often found, however, that a modification of an eluent has a much more
pronounced effect on the capacity factors than on the selectivity factors. An example
of this is the separation of Troeger’s base using ethanol-water as eluent (see Fig. 11).
The capacity factors k7 and k5 are 2.81 and 5.20, respectively, at a water content of
0.5%; they decrease to minimum values of 1.49 and 2.90 at a water content of 10% and
increase to 6.86 and 15.36, respectively, at a water content of 50%. The corresponding
selectivity factors change from 1.85 at 0.5% water to 2.23 at 50% water with
a maximum of 2.45 at 40% water. Mannschreck ef al.' reported only small differences
in capacity factors and selectivity factors of methaqualone when ethanol was modified
with water, fert.-butyl methyl ether—water or n-hexane-water. Significant changes
were obtained, however, when ethanol was mixed with 2-propanol or completely
replaced with either methanol or 2-propanol.
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Fig. 10. Dependence of retention on eluent composition. Mobile phase: (a) methanol; (b) ethanol-water
(95:5, v/v); (c) ethanol-water (99.5:0.5, v/v); (d) methanol-2-propanol (70:30, v/v); () 2-propanol.
Chromatographic conditions: flow-rate, 0.5 ml/min; ca. 12 pg in 20 xl of mobile phase were injected. UV
detection, benzoin 245 nm, methaqualone 254 nm, nefopam 230 nm, oxazepam 254 nm, Troeger’s base
235 nm. L0 — == S Ky === K

It appears as if the eluent most strongly adsorbed on the surface of the cellulose
has to be replaced in order to obtain a significant change in selectivity. This may help to
explain the relatively large changes in the selectivity factor of Troeger’s base when the
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Fig. 11. Dependence of retention of Troeger’s base on the cluent composition (ethanol-water).
Chromatographic conditions: flow-rate, 0.2 ml/min; UV detection at 254 nm; 4 ug in 20 ul of mobile phase
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proportions of water and ethanol are altered in the mobile phase (see Fig. 11). The
abilities of water and ethanol to hydrogen bond to TAC are probably comparable,
indicating that the ethanol adsorbed on the surface can gradually be replaced with
water. These findings also seem to be in accordance with the swelling experiments on
TAC in binary and ternary swelling agents described earlier, which showed that the
swelling was determined by that component in the swelling agent which gives the
largest swelling. A modification of a mobile phase such as ethanol with an alkane hasin
general a smaller impact on selectivity than modification with another alcohol.
Consequently, ethanol adsorbed on TAC is not exchanged to the same extent by an
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Fig. 12. Dependence of retention on pH of the mobile phase, ¢thanol-aqueous buffer (95:5, v/v). pH 5.0,
0.5 M acetic acid; pH 7.0, 0.5 M 2-aminoethanol; pH 9.0, 0.1 M boric acid; pH 10, 0.5 M 2-aminoethanol.
Other conditions as in Fig. 10. Lo — = , K3 ———, k. (a) Benzoin; (b) methaqualone; (c) nefopam;
(d) oxazepam: (e) Troeger’s base.

alkane. Similar effects are also found in chromatography on normal-phase silica®’. In
general, the weakly interacting solvent component in binary systems has a small
influence on the selectivity factor.

From our experiments we draw the following general conclusions. The capacity
factors are increased in the order methanol, ethanol, 2-propanol and, when methanol
and 2-propanol are mixed, the capacity factors are similar to those obtained with
methanol (except for nefopam). The highest selectivity factors were found using
ethanol as mobile phase. Similar results were found by Mannschreck ez al.l. The
influence of the mobile phase on the capacity factors and selectivity factors is
sometimes both complicated and unpredictable, as can be seen from the following
examples. The capacity factors (x = 1) of nefopam in methanol and 2-propanol are
4.38 and 7.17, respectively, but only 2.32 in methanol-2-propanol (70:30, v/v). The
a-values of methaqualone reported by Mannschreck et al.* are 2.4 in ethanol-water
(96:4, v/v) and 1.5 in 2-propanol, but 3.0 in ethanol-2-propanol (80:20, v/v).

Some preliminary studies of the influence of pH on the selectivity factor and
capacity factors were made (see Fig. 12). The pH of the eluent was adjusted with
buffers to 10.0, 9.0, 7.0 and 5.0. The selectivity and capacity factors of the analytes in
this study are relatively insensitive to changes in pH. The only exception is nefopam,
for which the x-value is 1.83 at pH 10.0, 1.92 at pH 9.0 and 1.0 (no separation) at 7.0,
but increases again to 1.73 at pH 5.0. The retention order was checked with the pure
enantiomers and was found to be the same over the whole pH range. The sensitivity of
nefopam to pH in the range 10.0-7.0 can probably be ascribed in part to differences in
charge and conformational effects caused by the protonation/deprotonation of the
nitrogen atom*2,

In addition to the nature of the eluent, one plausible reason for the significant
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decrease in the capacity factor of oxazepam at pH 9.0 is the lower molarity of the buffer
at that pH.

The retentive properties of the stationary phase, TAC, seem to be influenced
only to a very small or no extent by changes of pH in the range 5-10. Changes in
retention and stereoselectivity are therefore expected only when the analyte is affected
by a change in pH, e.g., by protonation/deprotonation or conformational effects.
Buffered eluents can be used, for instance, in work with compounds that are unstable
in weakly acidic media such as ethanol. The effects on selectivity and resolution are
normally small and the performance of the column also is not influenced.

At elevated temperatures (see Fig. 13), an improvement in resolution was
obtained for Troeger’s base in spite of decreases in the selectivity factor and retention
time. If the gain in efficiency compensates for the loss in selectivity, it could be utilized
to optimize the throughput per unit time, for instance, in preparative work. An
increase in temperature may also be useful in shortening the retention time of a more
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Fig. 13. Influence of temperature on the resolution of Troeger’s base. Chromatogfaphic conditions: mobile
phase, ethanol-water (95:5, v/v); flow-rate, 0.25 ml/min; 10 ug in 20 ul of mobile phase were injected; UV
detection at 254 nm.
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strongly retained enantiomer and from an analytical point of view an increase in
efficiency will increase the sensitivity of the method.

The atropisomers (enantiomers) of methaqualone were separated at different
temperatures between 50 and 5°C (see Fig. 14). No racemization of methaqualone is
expected under these conditions as the half-time (¢, 5) for racemization is 47 min*? at
135°C, meaning a half-time of several days at ambient temperature. At 50 and 35°C the
peaks overlap, whereas at 20 and 5°C there is virtually complete separation (see
Fig. 14). At the lowest temperatures the viscosity increase of the eluent causes an
increase in the pressure drop over the column and at the same time a decrease in
efficiency.

Compounds that have short half-times of racemization at ambient temperature
cannot, of course, be separated at high temperatures. An example of such a separation
was reported by Mannschreck et al.**. On a TAC column they separated N,N-di-
methylthiobenzamide, the half-time of racemization of which was ca. 2 h at ambient
temperature, at different temperatures. Owing to the rapid racemization no separation
was obtained at 60°C. At 25°C, however, a good baseline separation was obtained. To
avoid racemization the isolation of the pure atropisomers of this compound from the
eluent has to be carried out at low temperature.

The enantiomers of methaqualone were also separated at different flow-rates.
The resolution, R,, increased with decreasing flow-rate, indicating slow mass transfer
(see Fig. 15).

During the course of this work the columns were exposed to a variety of different
experimental conditions. Therefore, it was of interest to test the performance of each
column after the completion of the experimental series. An analytical test with
Troeger’s base as solute was made and the chromatogram was compared with the
original test chromatogram. In the pH range selected in this study (5-10), it appears as
if TAC is not or is only very slowly hydrolysed. It must be emphasized, however, that
eluents with high water contents at high or low pH have to be avoided as TAC is
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Fig. 14. Influence of temperature on the resolution of methaqualone. Chromatograpluc conditions: mobile

phase, methanol; flow-rate, 0.25 ml/min; 20 ug in 20 pl of mobile phase were injected; UV detection at
254 nm.
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Fig. 15. Resolution (R;) of methaqualone as a function of flow-rate. Chromatographic conditions: mobile
phase, methanol; 20 ug in 20 ul of mobile phase were injected; UV detection at 254 nm.

hydrolysed under these conditions*®. Except for slight increases in pressure drop over
the columns, no significant changes in the performance of the columns had occurred,
especially concerning the efficiency or the selectivity factor.

CONCLUSIONS

The results indicate that TAC can be used at relatively high pressures without
any permanent compression of the bed, and can be used at both high and low
temperatures. Further, TAC seems to withstand mobile phases with relatively high
water contents (< 70%) and pH buffers in the range 5-10 for long periods, without any
significant loss of chromatographic properties. The efficiency of the TAC column is
not as good as that of a silica-based C;g column, but it is comparable to that of other
chiral columns, e.g., protein-based columns*47.

The retention behaviour of the analytes shows the dual character of the column,
i.e., a combination of normal- and reversed-phase chromatography. Both hydrophilic
and hydrophobic interactions seem to play an important role in the retention
mechanisms. The efficiency is strongly dependent on temperature and flow-rate of the
mobile phase, indicating slow mass transfer.

The present knowledge of the mechanisms behind chiral recognition is too
limited to permit predictions of separation or of retention orders of enantiomers. To be
able to make such predictions, it is necessary to have a better knowledge of the
structure of cellulose, especially the structure of swollen triacetylcellulose.

In work with a new compound it is advisable to start with ethanol-water (95:5,
v/v) as the mobile phase and then proceed to other alcohols. If a separation is not
achieved with alcohols, other eluents such as hydrocarbons or ethers may be
advantageous. If a compound possesses an ionic group, pH buffers should be tried.
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SUMMARY

The protein ribonuclease A (RNase A) represents a good model protein for
studying reversible conformational refolding during gradient elution. Work is de-
scribed utilizing RNase A under gradient conditions to evaluate several different
reversed-phase materials. Columns (10 cm x 4.6 mm 1.D.) were packed with Partisil
C,s, Vydac Cyg, Nucleosil C4, Nucleosil C;5 and an adamantyl-modified Partisil
silica. Measurements of the apparent first-order rate constant of refolding, as a func-
tion of temperature, are presented and compared for each stationary phase. Compari-
sons of peak shapes as functions of flow-rate and temperature are also discussed.

INTRODUCTION

This study follows up the work of Karger and co-workers in which the revers-
ible conformational changes of RNase A in reversed-phase high-performance liquid
chromatography (RP-HPLC) were reported’ in addition to measurements of the
first-order rate constant of refolding as a function of the gradient steepness (at a given
column temperature) and as a function of temperature?. RNase A has been used as a
model protein for studies of renaturation and denaturation processes in solution®~*!
and represents a good model protein for studying reversible conformational refolding
during gradient elution.

In their work, Karger and co-workers™? used an n-butyi-bonded stationary
phase and a gradient mobile phase from 10 mM orthophosphoric acid (pH 2.2) to
1-propanol-10 mM orthophosphoric acid (45:55, v/v) at room temperature. They
observed a broad band followed by a sharper overlapping peak and determined, from
the absorbance ratio A,gg/4;s4, that the broad band at 25°C represented the native
or folded state of RNase A and the later eluted, overlapping, sharp peak represented
an unfolded or denatured state. They also observed changes in the band shape at 25°C
as the flow-rate was varied while the gradient steepness was kept constant. The broad
band was small at high flow-rates and increased in size relative to the late eluted peak
as the flow-rate was decreased. These results and others! suggested that the dena-
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turated RNase A was renatured (refolded) in the mobile phase during its travel
through the column.

By varying the mobile phase flow-rate while the gradient steepness was kept
constant, Karger and co-workers® were able to determine the apparent first-order
rate constants for refolding by measuring the change in the peak height of the dena-
tured species (sharp, late-eluting peak). The rate constants were also determined as a
function of temperature by varying the gradient steepness (to maintain a constant
retention time) for each flow-rate?.

Based on these earlier studies, we extended the refolding rate measurements to
several different reversed-phase stationary phases. They included an adamantyl-mod-
ified silica phase, a C4 phase and several C,g phases with varying pore sizes. We
hoped that by comparing the refolding rates over a range of temperatures for each
stationary phase and using our knowledge of the chromatographic behavior of
RNase A we could better understand and characterize the properties of the reversed-
phase packing materials tested in this study. As the refolding rates provide an in-
dication of the degree of denaturation of a protein as a result of its interaction with a
particular stationary phase surface, a classification of stationary phases based on this
information could be utilized when developing strategies for the chromatography of .
certain proteins.

EXPERIMENTAL

Chemicals and materials

Bovine pancreatic ribonuclease A was purchased from Sigma (St. Louis, MO,
U.S.A)) and was used as received. RNase A samples were prepared as 10, 20, and 40
mg/ml solutions in doubly distilled, deionized water.

All of the following chemicals were of analytical-reagent grade, HPLC grade or
better, unless stated otherwise, from J. T. Baker (Phillipsburg, NJ, U.S.A.): acetone,
acetonitrile, methanol, 1-propanol, 2-propanol, cyclohexanol, carbon tetrachloride
and orthophosphoric acid.

Doubly distilled deionized water was used for preparing mobile phases A and
B. Mobile phase A was 10 mM orthophosphoric acid (pH 2.2) and mobile phase B
was 1-propanol-10 mM orthophosphoric acid (45:55, v/v). All mobile phases were
filtered using a vacuum filtration apparatus and 0.45-um nylon 66 membrane filters
(Schleicher & Schiill, Keene, NH, U.S.A.) before being degassed by helium sparging
prior to use.

The stationary phase materials were Nucleosil C;g, Nucleosil C4, Partisil-10.
ODS-3 (Cy3g), Vydac 218TPB10 (C,g) from Alltech (Deerfield, IL, U.S.A.) and some
adamantyl-modified Partisil silica provided by Dr. J. Pesek (San Jose State Uni-
versity, San Jose, CA, U.S.A.). All the materials had a 300-A pore size, except Partisil
(85 A) and the Nucleosil C5 (500 A). The particle size of the materials was 10 um,
except Nucleosil C;g (7 um).

Apparatus

The chromatographic system consisted of a Series 400 solvent-delivery system,
an LC-235 diode-array UV detector and a GP-100 graphics printer (Perkin-Elmer,
Norwalk, CT, U.S.A.) and an electric six-port injector with a 5-ul loop (Valco In-
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struments, Houston, TX, U.S.A.). Peak areas were determined with a Spectra-Physics
(San Jose, CA, U.S.A.) SP4270 integrator. The temperature difference between the
mobile phase and the column was minimized by inserting a coiled tube, with a volume
of approximately 3 ml, between the pump outlet and the injector and immersing both
the tubing and the column in a temperature-controlled water-bath. Columns were
packed using a Haskel pump and a laboratory-made slurry reservoir.

Procedures

The HPLC columns were packed using 10 cm X 0.46 cm 1.D. stainless-steel
tubing, Parker stainless-steel unions and 0.5-um stainless-steel frits from Alltech.
Columns were packed under constant pressure (6000 psi) with the empty column
filled with carbon tetrachloride and using a slurry solvent of cyclohexanol-2-propa-
nol (50:50, v/v) with methanol as the push solvent.

RESULTS AND DISCUSSION

Extension of previous work to a C;s phase

We extended some of the earlier work by Karger and co-workers with a Cy4
LiChrospher SI 500 packing* to a C, g phase for comparison. The RP-HPLC gradient
elution behavior of RNase A on Partisil-10 ODS-3 (C, ) at various temperatures is
illustrated in Fig. 1 with 10 mM orthophosphoric acid (pH 2.2) as one mobile phase

35°C

16 min

30°C

o— -

16 min

25°C

r

16 min

20°C

[
]

Ef

Fig. 1. Band profile of ribonuclease A as a function of temperature. Column: 10-ym Partisil C, g, 10 cm X
4.6 mm L.D. Eluents: solvent A, 10 mM H,PO, (pH 2.2); sotvent B, 1-propanol-10 mM H PO, (pH 2.2)
(45:55, v/v); gradient, 0-85% B in 25 min, linear. Flow rate: 1 ml/min. Sample: 100 ug of RNase A.
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(A) and l-propanol-10 mM orthophosphoric acid (pH 2.2) (45:55, v/v) as the second
mobile phase (B). This behavior was similar to that observed by Karger and co-
workers on the C, phase!. As can be seen, at 20°C RNase A eluted as a broad
shoulder followed by a sharper, overlapping peak. As the temperature increased, the
shoulder gradually narrowed until it eventually disappeared at 35°C and RNase A
eluted as a single sharp peak. It must also be mentioned that similar to Karger and
co-workers’ study!, the RNase A mass recovery was observed to be greater than
95%, based on peak-area measurements, over this temperature range and under these
conditions.

Except for the inherent delay time of the system, the use of an isocratic hold
before starting the gradient for ensuring the absence of the native state on the bonded
phase at temperatures above 20°C was found to be unnecessary in our work. This was
demonstrated by the insignificant difference between peak profiles with and without
isocratic holds of 30 min at both 20 and 25°C.

In Figure 2, the gradient elution behaviour of RNase A on the Partisil C;g
packing is presented as a function of flow-rate at 15, 20 and 25°C. A linear gradient of
0-85% B over 25 min was run at a flow-rate of 1 ml/min, and this particular gradient

15°C 20°C 25°C

2 ml /min

T T T T *_'_——

4.5 6.6 4 6.3 5 6.1
1 mi /min

; 13'.1 ; 12'.5 é 121.1
0.5 ml /min

1I7 ZE'v.‘_‘ 1'5 25‘.2 14I.5 24'.1

TIME (min)

Fig. 2. Behavior of RNase on Partisil C,; as a function of flow-rate at several temperatures. Linear
gradient conditions: at 2 ml/min, 0-85% B in 12.5 min; at 1 ml/min, 0-85% B in 25 min; at 0.5 ml/min,
0-85% B in 50 min. Other conditions as in Fig. 1.
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steepness was maintained for the other flow-rates (i.e., 0-85% B over 50 min at 0.5
ml/min). We noted the expected increase in the size of the initial shoulder (native
state) and the corresponding decrease in the peak height of the later eluted, over-
lapping sharp peak (denatured state) as the temperature was decreased. Similarly, an
increase in the native or refolded state and a decrease in the denatured or unfolded
state was observed as the flow-rate was decreased. This seemed to support the refold-
ing mechanism reported earlier by Karger and co-workers!:2,

In that mechanism it is assumed that above 20°C only denatured RNase A is
initially adsorbed on the surface of the stationary phase. When the mobile phase is
sufficiently rich in solvent B to desorb the denatured RNase A from the stationary
phase, some of the dissolved protein molecules will begin to refold to the native state.
All of the RNase A in the mobile phase which refolds at 20°C or above should elute
without readsorbing on the stationary phase, because the solvent strength desorption
is stronger than that required to elute the native state. Conversely, some unfolding of
~ the native state to the denatured state may also reoccur in the mobile phase at temper-
atures (30-40°C) were both the native and denatured states of RNase A are at equilib-
rium. Given this gradient behavior, the denatured RNase A should migrate down the
column distributing between the mobile and stationary phases, which allows for the
continued formation of native RNase A in the mobile phase!*?.

This chromatographic behavior explains the resulting profile of two overlap-
ping bands, consisting of an initial broad band or shoulder followed by a sharper
eluting band. As the time the protein takes to migrate through the column varies
inversely with the flow-rate, the protein will spend a longer time in the mobile phase at
lower than at higher flow-rates, and the longer the protein remains in the mobile
phase the more time it has to refold to the native state.

Fig. 3 represents the behavior of RNase A as a function of flow-rate at 11.5°C.
It can be assumed that at this temperature all of RNase A was not adsorbed in a
denatured state on the surface of the stationary phase':2. Again, the increased pres-
ence of the native state was evident with the decreased flow-rate.

Adamantyl-modified Partisil silica

The chromatographic behavior of RNase A as a function of flow-rate at 20°C
on an adamantyl-modified silica column is illustrated in Fig. 4. It was clear that at a
flow-rate of 0.5 ml/min the amount of native RNase A relative to that of the dena-
tured state was much greater on the adamantyl column than on the Partisil C,g
columns.

Initial comparisons of the adamantyl and Partisil C,g stationary phases with
the solutes phenol, aniline, pyridine and toluene indicated much more polar interac-
tions on the adamantyl than on the Cy5 phase'?. These results were probably due to
more silanol interactions on the adamantyl than on the C;g phase because of a poor
adamantyl phase coverage. Conversely, Yang and Gilpin'® demonstrated an in-
creased shielding effect by the rigid, ball-like structure of adamantane from under-
lying residual silanols. They observed this effect to be greater on the adamantyl phase
than on other silica surfaces modified with linear or slightly branched chains. In our
work, it was hoped that the bulky structure of the adamantyl group would be less
likely to penetrate the structure of the protein than a more linear alkyl-bonded phase.
By further decreasing another possible source of disruption to its conformation dur-
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0.25 ml /min

0.25 ml /min
L T 3’4 423.4
35 51
0.5 ml /min 0.5 ml /min
| ——
1'5 27.7 18 25.7
1 ml /min 1 m /mi
' T -
9 13.7 9 12.8
2 ml! /min 2 ml /min
; s's 4 6.4
TIME (min) TIME (min)

Fig. 3. Behavior of RNase A on Partisil C, ; as a function of flow-rate at 11.5°C. Gradient: 0-85% B in 100
min at 0.25 ml/min, linear. Other conditions as in Fig. 2.

Fig. 4. Behavior of RNase A on adamantyl-modified silica as a function of flow-rate at 20°C. Sample: 200
ug of RNase A. Other conditions as in Figs. 2 and 3.

ing ‘adsorption and elution, the protein might experience less denaturation. Based on
the results of the study with small molecules'? and the retention data in Fig. 5, it
seemed possible that silanophilic interdctions could be playing much more of a role in
retention on the-adamantyl than on the C, phases and certainly more than on the C;5
columns. :

Dependence of elution time on temperature and type of bonded phase

The plot in Fig. 5 demonstrates the dependence, at constant gradient steepness,
of the retention time of the late-eluting peak (denatured state) with temperature.
From these results, it can be seen that the retention increased as the tcmperature
decreased for all the stationary phases tested. There also seemed to be a trend associ-
ated with the type of bonded phase, in that all of the C;5 phases demonstrated
relatively similar retention times, whereas both the C, and adamantyl phases showed
increasingly greater retentions.
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Retention Time (min)
& >
! 1
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Temperature ()

Fig. 5. Plots of the retention time of the late-eluting denatured peak of RNase A vs. temperature for several
columns. Columns: [J, Partisil C,'; +, Partisil Clsz; <O, adamantyl-modified Partisil silica; A, Nucleosil
C,: V, Nucleosil C,¢; x, Vydac C,,. Flow-rate: | ml/min. Other conditions as in Fig. I.

Peak profiles of refolding RNase A

Fig. 6 provides a comparison of the peak profiles of RNase A on five different
columns (adamantyl-modified Partisil silica, Partisil C,g, Vydac C;g, Nucleosil C4
and Nucleosil C; g as a function of temperature at a flow-rate of 0.5 ml/min. At 20°C
and below, the number of observed peaks differed for several columns. The fact that
the profile on the adamantyl column differed greatly from the C,g columns was not
surprising, but the significant difference between the Vydac C,g and the Partisil C,g
(same pore size) was surprising. The possible relationship between these profiles and
the refolding rate constants is discussed later.

Refolding rate constants

The apparent refolding rate constant (k;) was determined by following the
method used by Karger and co-workers?, in which the height of the late-eluted peak
(denatured state) was measured as a function of the mobile phase flow-rate while
maintaining a constant gradient steepness. By plotting the logarithm of the peak
height against the time RNase A spent in the mobile phase at various temperatures
for each column, a linear dependence was demonstrated. The values of k; were then
determined from the slopes of the best straight lines through the plotted points.

If it is assumed that the native state of RNase A does not exist on the bonded
phase surface above 20°C, then k; represents the refolding kinetics in the mobile
phase. This would hold true even if there were some refolding on the stationary phase,
.aslong as it was negligible. However, the peak profiles at 20°C in Fig. 6 for the Vydac
and the adamantyl columns were similar to the profiles observed by Karger and
co-workers? on a C, column at significantly below 20°C (15°C). A third overlapping
peak, which eluted in front of the two other bands, was assumed to represent native
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15°C 20°C 25°¢C
20 3 .4 4
s/\ A
17 26 2 14 24 5 1l7 23;.7
c Jle‘
I S a—— T T
15 25.3 24 3 14 23.4
D : ﬂ
D R S T T T T
22.7 26 17.7 25 16.3 24
| /l
T T T -—
25.6 3 24.5 28.3 17.7 26.3
TIME (min)

Fig. 6. Behavior of RNase A as a function of temperature on several reversed-phase columns at a flow-rate
of 0.5 mi/min. Columns: (A) adamantyl-modified Partisil silica; (B) Partisil C,4; (C) Vydac C,,; (D)
Nucleosil C,;; (E) Nucleosil C,. Samples: 100 pg of RNase A (Partisil, Vydac, Nucleosil) or 200 ug RNase
A (adamanty] silica). Gradient: 0-85% B in 50 min, linear. Other conditions as in Fig. I.

RNase A which had not been denatured on the bonded phase. As some native RNase
A will exist on the bonded phase at temperatures below 20°C, much of the native
RNase A which eluted in the first of two (as opposed to three) overlapping peaks
below 20°C was assumed not to have been denatured on the bonded phase either.
In Fig. 7, the refolding rate constant, k;, is plotted against temperature for
several reversed-phase columns. A constant gradient steepness was maintained for all
of the columns and temperatures evaluated. For this reason, the retention time in the
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10 - 12.8%

13.4%

K (x1073s"1)

Temperature ()

Fig. 7. Plots of the apparent refolding rate constant, k,, vs. temperature for various reversed-phase col-
umns. The percentage of 1-propanol on elution is also included for reference. Columns: OJ, Partisil C,,";
+, Partisil C 4%; ¢, adamantyl-modified Partisil silica; A, Vydac C 4; %, Nucleosil Cg; ¥V, Nucleosil C,.
See text for other details.

gradient system varied depending on the temperature and the particular column
which were being evaluated. As our objective was to observe the effects of the differ-
ent stationary phases on the overall elution behavior of RNase A (including k), this
variability was not undesirable. It must be noted that the data in Karger and co-
workers’ work? were obtained under experimental conditions which varied the gra-
dient steepness in such a way as to maintain a constant retention time for any given
flow-rate at any temperature. When the same procedure was applied in our work, the
ke values increased only slightly from those listed in Fig. 7 for temperatures below
25°C. The percentage of 1-propanol in the elution of the denatured RNase A was also
determined and is shown in Fig. 7. This is important as the percentage of {-propanol
present on elution, and therefore on desorption, will affect the ability of the protein to
refold. .

As was observed in Fig. 5, the consistency of our data was again well illustrated
by the Partisil C;5 columns in Figure 7. The agreement was very good, especially
when considering the method used to determine the k¢ values. The data indicated that
the k; values for the Partisil C;g columns were lower than those for the adamantyl
column and much lower than those for the Vydac C;g and Nucleosil C, columns.

It was interesting that the differences between the Vydac and Partisil C;g sta-
tionary phases, indicated by the data in Figs. 6 and 7, were clearly not evident on
comparing their retention times in Fig. 5. As discussed carlier, the data in Fig. 5 seem
to illustrate the dependence of retention time on the type of bonded phase utilized.
The fact that there was a difference between some of the peak profiles and k¢ values in
Figs. 6 and 7, respectively, could have been due to the different pore sizes of the
stationary phase materials. The pore size of the Vydac C;g and Nucleosil C, silicas
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were 300 A compared with 85 A for Partisil C,5 and 500 A for Nucleosil C;s. The
structure of the adamantyl group combined with an overall poor coverage (greater
silanophilic interactions) of the Partisil silica base could have contributed to its par-
ticular peak profiles and intermediate k; values and also the longer retention times of
RNase A.

The rate behavior of the 300 A stationary phases (Vydac C,g and Nucleosil C,)
was similar to that of the C4 packing (Vydac silica Cq, 300 A) used in Karger and
co-workers’ work?. Further, as this type of rate behavior has been observed in refold-
ing processes in solution for systems close to equilibrium?®, these results were not
surprising.

CONCLUSIONS

The extension of some earlier work by Karger and co-workers''? has resulted in
both similar and additional information regarding the conformational refolding of
RNase A in gradient elution RP-HPLC. The different elution profiles and the range
of apparent refolding rate constants of RNase A observed in this study suggested
some interesting characterizations for the stationary phases evaluated.

The trend indicated by the plotted values of the apparent refolding rate con-
stants, k¢, seemed to illustrate more of a correspondence with the pore size of the
stationary phases than with the actual bonded-phase material. This dependence also
seemed to be supported by the different elution profiles of some of the stationary
phases. However, this trend did not apply to the retention times of RNase A, which
appeared to be more dependent on the type of bonded phase. .

Further studies should include additional stationary phases of varying manu-
facturer, pore size and type. The use of another well defined reversible protein, of
similar molecular weight if possible, would also be of interest. Future work might also
include the use of on-line fluorescence spectroscopy in addition to the spectroscopic
techniques reported previously!? for further identification of the conformational
states.

The information acquired from such work, combined with our present knowl-
edge of the RP-HPLC behavior of RNase A, should assist in a better understanding
of the chromatographic interactions between the stationary phase and the protein
during adsorption and elution, thus providing another perspective from which the
properties of reversed-phase stationary phases could be classified and then used when
developing a strategy for the chromatography of certain proteins.
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SUMMARY

Racemic 11-hydroxylauric acid was obtained in a two-step synthesis and deriv-
atized to diastereoisomeric (S)-a-methoxy-a-trifluoromethylphenylacetate esters of
methyl 11-hydroxylaurate, which were readily resolved by isocratic normal-phase
high-performance liquid chromatography (HPLC). The assignment of absolute con-
figuration of each diastereoisomer was carried out using proton NMR spectroscopy
and a lanthanide shift reagent. From this result, an analytical method was designed
for the determination of the stereochemical outcome of (e — 1) lauric acid hydroxyl-
ation mediated by rat liver microsomes. '*C-labelled w- and (w— 1)-hydroxylated
lauric acids were separated by reversed-phase HPLC and quantified by liquid scintil-
lation counting. Enantiomeric (w— 1)-methyl laurates were derivatized into their
diastereoisomeric (S)-MTPA esters, resolved and quantified by HPLC. Some typical
inducers of cytochrome P-450 were used and their effects on lauric acid hydroxylase
activity, regioselectivity and stereoselectivity were shown.

INTRODUCTION

The cytochrome P-450-mediated hydroxylation of medium-chain fatty acids
has been reported in microsomes from mammals'~2, fishes* and plants®. This reaction
occurs either at the terminal methyl carbon (w-hydroxylation) or at the penultimate
carbon atom [(w — 1)-hydroxylation]. The total fatty acid hydroxylase activity and the
ratio of w to w — 1 products have been found to depend on fatty acid chain length?-®’
species*®?, tissues'® or chronic administration of drugs inducing distinct isozymes of
cytochrome P-450!!.

Microsomal lauric acid hydroxylase is one of the useful enzymatic activities
allowing cytochrome P-450 characterization, and several methods have been devel-
oped to establish overalil metabolism and regioselectivity. The lack of a UV chro-
mophore and the presence of endogenous fatty acids led to procedures requiring
derivatization of the medium-chain fatty acid metabolites'*!3 and/or radioactive

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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quantification after high-performance liquid chromatographic (HPLC) separa-
tion!%15,

Hydroxylation at the w — 1 position of lauric acid introduces an asymetric cen-
tre into the fatty acid molecule and two enantiomers can be formed. HPLC sep-
aration on a chiral stationary phase has been used to determine the positional and
optical isomers of the lipoxygenase-derived hydroxypolyenoic fatty acids'®. This pro-
cedure requires only methylation of the carboxylic group and can be improved by
further derivatization of the free hydroxyl group’’. Another useful method involved
the formation of diastereomeric derivatives of the hydroxypolyenoic fatty acids and
separation by gas-liquid chromatography (GLC)'® or by HPLC'?. The absolute
configuration of the lipoxygenase-derived products was then determined either by
comparison with authentic samples or by NMR spectroscopy using a lanthanide shift
reagent??,

This paper describes a nanomole-scale method for the determination of the
stereochemistry of lauric acid (@ — 1) hydroxylation and compares the'metabolic ac-
tivities of different preparations of rat liver microsomes.

EXPERIMENTAL

Chemicals and reagents

Proton (*H) NMR spectra were recorded on a Brucker 250-MHz NMR spec-
trometer. The samples were dissolved in C*HCl; and the chemical shifts are reported
in ppm relative to tetramethylsilane as an internal standard. The coupling constants
(J) are reported in Hz and multiplicity of the signals was noted: s = singlet, d =
doublet, t = triplet, @ = quadruplet, m = multiplet.

[1-14C] lauric acid (50 mCi/mmol) was obtained from CEA (Gif sur Yvette,
France) and was used without further purification. Lauric acid (LA) (sodium salt)
and 12-hydroxylauric acid (12-OH-LA) were purchased from Sigma, undecanedioic
acid, 3-N,N-dimethylaminopropylamine and clofibrate [ethyl 2-(4-chlorophenoxy)-2-
methyl propionate] from Fluka, G6P, G6PDH and NADP from Boehringer, methyl
lithium (2.5 M solution in hexane), S-(— )-a-methoxy-a-trifluoromethyl-a-phenylace-
tic acid (MTPA), 4-N,N-dimethylaminopyridine (DMAP) and f-naphthoflavone (f-
NF) from Aldrich, the shift reagent Eu(fod); from Janssen and phenobarbital (PB)
from Merck. S-(—)-MTPA chloride was obtained by refluxing S-(—)-MTPA with
excess of thionyl chloride followed by vacuum distillation??.

Racemic 11-hydroxylauric acid (11-OH-LA) was prepared by the following
procedure. To 4.6 mmol of undecanedioic acid in 30 ml of dry tetrahydrofuran were
added, at —75°C, 14.0 mmol of methyllithium. The mixture was kept for 30 min at
—50°C, raised to room temperature in 1 h and maintained at 20°C for 2 h before
hydrolysis and extraction with diethyl ether. The aqueous phase was acidified and
extracted with ethyl acetate. Crude 11-oxododecanoic acid was purified by silicic acid
column chromatography [diethyl ether-light petroleum-acetic acid (70:30:1)], giving
2.7 mmol (58%) of 11-oxododecanoic acid: m.p. 64°C (uncorrected); lit.?? m.p., 61-
63°C; "H NMR, 8.50 (m, 1H, COOH), 2.43(t, 2H, J = 7.0, CH,CO0), 2,36 (t,2H, J =
7.0, CH,COOH), 2,15 (s, 3H, CH;CO), 1.60-1.30 (m, 14H). Reduction of 11-ox-
ododecanoic acid (1.0 mmol) by 1.1 mmol of NaBH, occurred in 10 ml of ethanol
after stirring for 2 h at room temperature. Evaporation of ethanol was followed by
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acidification and extraction with ethyl acetate. Crude (+)-11-hydroxylauric acid was
purified as for 11-oxododecanoic acid, affording 0.85 mmol of pure product: m.p.,
56°C (uncorrected); lit.” m.p., 53-54°C; 'H NMR, 7.50 (m, 1H, COOH), 3:73 (m, 2H,
CHOH), 2,27 (t, 2H, J = 6.6, CH,COOH), 1.60-1.30 (m, 16H), 1.15(d, 3H, J = 6.3,
CH;CH). The mass spectrum (electron-impact) of the methyl ester trimethylsilyl
ether of (£)-11-hydroxylauric acid showed ions of high intensity at m/z 302 (M™*),
287 (M*—CHj;), 271 (M*—-OCH;), 258 (M*-CHOCH;) and 117
[CH;CH=0"SiCH3);], and was comparable to reported spectra!®?3.

S(—)-MTPA esters of (+)-methyl-11-hydroxylaurate were prepared as fol-
lows. To 0.05 mmol of 11-OH-LA in 200 ul of methanol was added etheral diazo-
methane until a faint yellow colour persisted. After evaporation, the residue was
dissolved in 500 ul of dry carbon tetrachloride. Dry pyridine (100 xl), DMAP (1 mg)
and S-(—)-MTPA chloride (25 ul) were added successively and the mixture was
stirred overnight at room temperature. Excess of S-(—)-MTPA chloride was removed
by adding 50 ul of 3-N,N-dimethylaminopropylamine. After stirring for 10 min,
washing twice with 1 M hydrochloric acid, then brine, drying and evaporating, the
residue was dissolved in n-hexane and the diastereoisomeric esters were separated by
HPLC system 2. 'H NMR:7.51 (m, 2H, o-PhH), 7.37 (m, 3H, other PhH), 5.13 (m,
1H, CHO), 3.65 (s, 3H, COOCHs), 3.53 and 3.55 (2s, total 3H, OCH,), 2.28 (t, 2H,
J=6,6, CH,COOCH;), 1.60—1.30 (m, 16H), 1.23 and 1.31 (24, total 3H, J=6.3,
CH-CH).

All other reagents and solvents were of the highest purity commercially avail-
able.

Incubation procedures

Liver microsomes were prepared from adult male Sprague-Dawley rats accord-
ing to Kremers et al.**. Protein concentrations were determined by the Lowry’s meth-
0d?3 with bovine serum albumin as standard. The cytochrome P-450 content was
determined by the method of Omura and Sato?®. The animals were pretreated with
clofibrate (500 mg/kg, 10% in corn oil, i.p. for 4 days), phenobarbital (50 mg/kg in
0.9% saline, 20 mg/ml, 1.p. for 4 days) and f-naphthoflavone (50 mg/kg in corn oil, 10
mg/ml, i.p. for 4 days).

Laurate hydroxylations were performed in phosphate buffer (0.1 M, pH 7.4) in
a final volume of 500 ul containing sodium laurate (200 uM), [1-**C]lauric acid (0.25
uCi), G6P (20mM), NADP (2 mM) and microsomes (0.1-0.5 mg of proteins). Sam-
ples were preincubated for 2 min at 37°C before addition of 2 units of G6PDH and
were incubated for 10 min. The reactions were stopped by addition of 500 ul of metha-
nol containing 1 M hydrochloric acid (3:1) and 100 gl of brine. The mixtures were
extracted twice with 500 ul of ethyl acetate and the solvent was evaporated under
nitrogen. Unlabelled 12-OH- and 11-OH-LA (500 ul of 0.2 mg/ml solution in HPLC
system 1 solvent) were added to the residue before HPLC separation (system 1) and
liquid scintillation counting. Under these conditions, more than 95% recovery of the
initial radioactivity was obtained.

Analytical methods

Reversed-phase HPLC (system 1). Separation of lauric acid, 11-OH-LA and
12-OH-LA was performed by RP-HPLC using an Altex Chromatem 380 solvent-



296 R. AZERAD et al.

delivery system equipped with a 5-um Nucleosil C;g column (125 x 4.6 mm 1.D.)
(Société Frangaise Chromato-Colonne, Paris, France). The UV absorbance was mon-
itored at 230 mm using a Pye-Unicam (Philips) UV spectrophotometer. The mobile
phase was a mixture of acetonitrile and 0.1 M ammonium acetate buffer (pH 4.6)
(35:65, v/v) for 15 min, followed by acetonitrile. The flow-rate was 1 ml/min. The
retention times for 11-OH-LA, 12-OH-LA and LA were 8.0, 10.0 and 25.0 min,
respectively. Fractions were collected at 30-s intervals in 3-m! polypropylene tubes in
a Radirac fraction collector (LKB-Pharmacia); 2 ml of Pico-Fluor (Packard) were
added and radioactivity was measured on a Packard Tri-Carb 300 scintillation coun-
ter with quench correction. This procedure was used to determine LA hydroxylase
activity and regioselectivity (12-OH- to 11-OH-LA ratio). For the determination of
(w — 1) stereoselectivity, 11-OH-LA separated from incubation mixtures by the above
procedure was collected and the solvent evaporated. The residue was dissolved in
methanol (300 ul) and methylated with ethereal diazomethane. After evaporation of
the solvent, MTPA esters of methy!l 11-OH-LA were prepared as described for au-
thentic (£ )-methyl-11-OH-LA and subjected to HPLC (system 2). It was verified that
similar treatment of enantiomerically pure (5)-11-OH-LA resuited in the exclusive
formation of the (S,S)-MTPA ester (data not shown).

Normal-phase HPLC (System 2). Separation of diastereoisomeric (R,S)- and
(S,5)-MTPA esters of methyl-11-OH-LA was carried out by normal-phase HPLC
using an Ultrasphere SI (5-um) (Altex) column (250 x 4.6 mm 1.D.). The mobile
phase was n-hexane-ethyl acetate (99 : 1, v/v) at a flow-rate of 2 ml/min. The effluent
was monitored at 254 nm. Fractions were collected at 30-s intervals, mixed with 2 ml
of toluene scintillator (Packard) and analysed by scintillation counting.

Absolute configuration of 11-OH-LA derivatives

The mixture of (S)-MTPA esters prepared from (+)-methyl-11-OH-LA was
enriched in the fast-migrating component after HPLC (system 2) separation of each
diastereoisomer and mixing to a final ratio of 7:3 (2.4 mg). To a solution of these
esters in CZHCl; (0.5 ml) were successively added, in five additions, 0.17-0.7 equiv. of
Eu(fod); and the 'H NMR spectra of the solutions were recorded. The main proton
chemical shifts corresponding to each diastereoisomer were localized and their lan-
thanide-induced shifts (LIS) measured after each addition and used for the determi-
nation of the absolute configuration of each isomer.

RESULTS AND DISCUSSION

We obtained racemic (0 — 1)-hydroxylauric acid (11-OH-LA) by a two-steps
synthesis based on the procedure of Tegner?”. The addition of 3 equiv. of methyllithi-
um to undecanedioic acid gave 11-oxododecanoic acid, which was reduced by sodium
borohydride to afford 11-OH-LA in an overall yield of 50%. 11-OH-LA was methyl-
ated with etheral diazomethane and diastereoisomeric MTPA esters were obtained by
treatment with (S)-MTPA chloride in pyridine. Fig. 1 illustrates the overall trans-
formations involved.

The mixture of diastereoisomeric derivatives was then resolved by normal-
phase HPLC (system 2) using n-hexane—ethyl acetate (99:1) as eluent. Synthetic 11-
OH-LA derivatives gave two separated peaks of equal intensities, eluting at 34 and 36
min, as shown in Fig. 2.
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0
i 1
HO,C+CH,) —COH ———> CHy=CHCH,) —CO,H

- —CO,H
CHg-CH 4 CH)o—C0CH,  =— CHg- CH4CH,)g—C0,
0 oH

06H5/II/,. c/
N
7/ CCF, 11-0H- LA

Fig. 1. Synthesis of racemic 1 [-hydroxylauric acid and diastereomeric MTPA ester derivatives. (i) CH,Li, 3
equiv.; (ii) NaBH ; (iii) CH,N,, then (S)-MTPA-chloride.

The absolute configuration of 11-OH-LA derivatives was determined by Yama-
guchi ez al.’s*® NMR method. The lanthanide-induced shifts of the proton resonance
of a mixture of (S)-MTPA esters of enantiomeric methyl-11-OH-LA containing an
excess (7:3) of the first-eluted diastereoisomer were determined. Before any addition
of Eu(fod); complex, the OCH 3 resonance of the MTPA ester of the less abundant
isomer was at a slightly higher field (3.53 ppm) than that of the most abundant isomer
(3.55 ppm). However, after successive additions of Eu®* complex, a higher downfield
shift was measured for the OMe group of the less abundant MTPA ester, indicating
an S,S stereochemistry (Table I). The 12-methyl group resonance was similarly shift-
ed, confirming the stereochemical attribution®®. Thus, the most abundant isomer,
which corresponded to the less retained peak, was the diester of (R)-11-OH-LA, while
the second peak (more retained) corresponded to the diester of (S)-11-OH-LA.

We applied the method to determine the stereochemistry of lauric acid (w— 1)-

254 nm

AT

ABSORBANCE

I

T T T T
4 10 20 30 49
TIME (min)

Fig. 2. HPLC separation (system 2) of diastereoisomeric (S)-MTPA esters of racemic methy! 11-hydroxy-
laurate.



298 R. AZERAD ¢t al.

TABLE I

LANTHANIDE-INDUCED SHIFT (LIS, IN ppm/Eu®" equiv.) OF SELECTED PROTONS OF THE
DIASTEREOISOMERIC (S5)-MTPA ESTERS OF METHYL 11-HYDROXYLAURATE

A corresponds to the more retained isomer using HPLC system 2 and B to the less retained one.

Proton A B LIS = A-B
OCH, + 4.02 + 2.90 + 1.12
o-PhH + 2.75 + 1.96 + 0.79
Other PhH + 0.65 + 0.46 + 0.19
12-CH, + 0.51 + 0.22 + 0.29
CO,CH, + 2.76 + 2.77 - 0.01
11-CHO + 0.90 + 0.69 + 0.21

= p
a

a

a 4
>

-

>

- p
-

©

ot J
=)

- +3
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Fig. 3. HPLC separation (system 1) of [1-'*CJlauric acid and its 11- and 12-hydroxylated metabolites after

incubation with PB-treated rat liver microsomes and treatment as described under Experimental. Fractions

were collected every 30 s and counted for radioactive quantitation. (A) Absorbance at 230 nm; peaks were
identified as follows: 1 = 11-OH-LA; 2 = 12-OH-LA; 3 = LA. (B) Radioactivity contained in each

fraction.
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hydroxylation catalysed by rat liver microsomes. Incubations were performed with
[1-1*C]LA, an NADPH-generating system and 0.2-1.0 mg/ml microsomal proteins
from untreated or treated rat. After extraction and mixing with unlabelled 11- and
12-OH-LA, an aliquot of the incubate was analysed by reversed-phase HPLC (system
1), which separated the hydroxylated metabolites of lauric acid. Two major radio-
active peaks were observed, coeluting with authentic 11- and 12-OH-LA (Fig. 3).
Collecting and counting radioactive fractions determined the two hydroxylated me-
tabolites and untransformed lauric acid. Lauric acid hydroxylase activities and the w
to w— 1 ratios observed with microsomes from different origins are given in Table II.

(w—2)-Hydroxylation of lauric acid may occur in such incubations, but to a
small extent?3. 10-OH-LA obtained after incubation of LA with Jerusalem artichoke
microsomes was coinjected with an aliquot of the PB-treated rat liver microsomes
incubates using the reversed-phase HPLC system proposed by Salaiin et a/.3°. No
10-OH-LA could be observed from our rat liver microsomal incubations or, if pres-
ent, it was less than 5% of the amount of 11-OH-LA.

Acidification of the mixtures at the end of the incubation improved the total
radioactive recovery and neither | l-acetoxy- nor 12-acetoxy-LA was observed on the
radiochromatograms from reversed-phase HPLC (system 1). These two derivatives
may be formed after ethyl acetate extractions of incubates under neutral condi-
tions3!.

11-OH-LA from pooled incubations was obtained by reversed-phase HPLC
(system 1), methylated with etheral diazomethane and esterified by treatment with
excess of S-(—)-MTPA chloride to assess the (w—1)-lauric acid hydroxylase ste-
reospecificity. The diastereoisomeric MTPA esters were separated by normal-
phase HPLC (system 2), fractions being collected and measured using liquid scintilla-
tion counting. Before any derivatization procedure, an aliquot of pooled 11-OH-LA
was resubjected to reversed-phase HPLC (system 1) to ascertain the absence of 12-
OH-LA. If present, the MTPA ester of methyl-12-OH-LA may interfere in the sep-
aration and determination of 11-OH-LA derivatives. In some incubates, several non-

TABLE I

LAURIC ACID HYDROXYLATION BY RAT LIVER MICROSOMES:ACTIVITY, REGIOSELEC-
TIVITY AND (w—1)-STEREOSELECTIVITY, AS MEASURED BY 12-OH-, (R)-11- AND (§)-11-
OH-LA FORMATION FROM [1-'“*C]LA

Microsomal fraction obtained from untreated or treated rat liver; incubations were performed as described
under Experimental using 0.2 nmol of P-450 by incubation (0.1-0.3 mg of protein).

Treatment Formation of** 12- 10 11-OH-LA ratio  (S)- to (R)-11-OH-LA ratio

11-OH-LA  12-OH-LA

None (6)° 40 + 04 24+ 02 0.60 £ 0.05 74:26
Clofibrate (10) 6.2+ 1.1 153 £ 29 245 + 045 58 : 42
PB (6) 8.8 + 0.7 26+ 03 0.30 £ 0.04 57:43
B-NF (3) 48 + 0.4 1.9+ 02 040 + 0.04 62 : 38

* Values represent means + standard error.
® nmol/mg protein - min.
¢ Number of assays in parentheses.
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radioactive peaks could be observed on the UV chromatograms (system 2), indicating
the presence of endogenous fatty acid derivatives (Fig. 4).

Lauric acid hydroxylase activity, the 12- to 11-OH-LA ratios (regioselectivity)
and (S)- to (R)-11-OH-LA ratios (stereoselectivity) obtained after incubation of LA
with liver microsomes from untreated or treated rats are shown in Table II. Untreated
rats predominantly formed (S)-11-OH-LA [12- to 11-OH-LA ratio = 0.6 and (S)- to
(R)-ratio = 2.8]. Clofibrate, an hypolipidaemic agent, stimulated lauric acid hydroxy-
lase activity 3.5-fold, w-hydroxylation being greatly enhanced. The ratio of terminal
to subterminal oxidation products was found to be 2.5, in agreement with published
data®?, and nearly equivalent amounts of (S)-11- and (R)-11-OH-LA were observed
[(S)- to (R)-ratio = 1.4]. Phenobarbital treatment doubled the (o — 1)-lauric acid
hydroxylase activity, compared with untreated rat liver microsomes32, but had little
effect on w-hydroxylation; the observed regioselectivity was higher (12- to 11-OH-LA
ratio = 0.30). Very similar amounts of (S)-11- and (R)-11-OH-LA were formed [(S)-
to (R)-ratio = 1.3]. B-Naphthoflavone, a known inducer of cytochrome P-450 iso-

:
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Fig. 4. Normal-phase HPLC separation (system 2) of diastereoisomeric MTPA esters of racemic methyl
11-OH-LA (A)and radiochromatogram of MTPA esters of methyl 1 [-OH-LA obtained from incubation of
[1-'*C]LA with PB-treated rat liver microsomes (B). [I-'*CJLA was incubated with PB-treated rat liver
microsomes, 11-OH-LA was separated by RP-HPLC (system 1), methylated with diazomethane and treat-
ed with (S)-MTPA chloride as described under Experimental; fractions were collected and analysed using
liquid scintillation counting.
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zymes not involved in medium-chain fatty acid metabolism'!, had no effect on w- and
(@ — 1)-lauric acid hydroxylase activities (12- to 11-OH-LA ratio = 0.40), but a slight
loss of stereoselectivity was observed [(S)- to (R)-ratio = 1.6], compared with control
experiments.

We verified that the observed (S)-11-to (R)-11-OH-LA ratios were not modified
by varying the incubation times (up to 40 min), the protein content (up to 3 mg/ml) or
the amount of substrate (up to 500 uM) (data not shown).

Resolution of the 11-OH-LA enantiomers showed that treatment of rats with
cytochrome P-450 inducers not only modifies the activity and regioselectivity of the
lauric acid hydroxylase, but also the stereoselectivity of the (w — 1)-hydroxylation. In
all instances, (S)-11-OH-LA was formed in larger amounts than (R)-11-OH-LA, but
all drugs clearly gave rise to a decrease in the S selectivity. Untreated rat liver micro-
somes metabolized lauric acid at the penultimate carbon atom with similar ster-
eoselectivity to that observed by Hamberg and Bjorkhem?* for the (w — 1)-hydroxyl-
ation of decanoic acid. After derivatization of the metabolites of decanoic acid to
their methyl esters and N-(1-phenylethyl)urethanes, GLC separation and comparison
with authentic derivatives, they found that the 9-hydroxydecanoic acid was a mixture
of (S)-9- (about 75%) and (R)-9- (about 25%) isomers.

The formation of both isomers might be the result of the action of either one
non-stereospecific or several stereospecific isozymes. Phenobarbital treatment is
known to reduce the stereoselectivity observed in the hydroxylation of ethylben-
zene**3% by untreated rat liver microsomes. Much less information is available on the
effects of such treatment on the stereoselectivity of the (w— 1)- or (w — 2)-hydroxyl-
ation of medium-chain fatty acids, prostaglandins or drugs. More work is needed to
interpret such observations.

The proposed procedure could be useful in a systematic study of cytochrome
P-450 isozymes, allowing a simultaneous determination of the stereo- and regioselec-
tivities with high sensitivity and a simple work-up.
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SUMMARY

Physical-chemical parameters of some chloroform-containing solvent systems in droplet
counter-current chromatography

Several physical-chemical parameters of ternary solvent systems (chloroform—
methanol-water) used in the droplet counter-current chromatography technique are
determined. These parameters are polarity, interfacial tension, viscosity, density and
the composition of each phase. Their coherence and the conditions for a sufficient
formation of droplets are discussed.

EINLEITUNG

Im letzten Jahrzehnt hat die Anwendung der Droplet Counter-Current Chro-
matographie (DCCC) bei der Anreicherung bzw. Isolierung von Naturstoffen der
unterschiedlichsten Stoffklassen stark zugenommen!. Diese ausschliesslich auf der
Verteilung zwischen zwei fliissigen Phasen basierende Technik bietet eine Reihe von
Vorteilen gegeniiber anderen chromatographischen Isolierungsverfahren: (1) Das
aufzutrennende Stoffgemisch kommt ausschliesslich mit Glas und Teflon in Beriih-
rung. Katalytisch induzierte Verdnderungen der zu trennenden Substanzen oder
irreversible Adsorptionen kénnen somit ausgeschlossen werden. (2) Der Ldsungs-
mittelverbrauch betrégt auch bei Isolierungen im Grammbereich nur wenige Liter. (3)
Das Verfahren eignet sich auch bei anspruchsvollen Trennproblemen wie zum Beispiel
der Auftrennung von Diastereomeren?.

Fir die in der Literatur zitierten Fliessmittelsysteme werden iiblicherweise
lediglich die Mischungsverhéltnisse der einzelnen Komponenten angegeben, ohne dass

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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bisher auf wesentliche physikalisch-chemische Eigenschaften der beiden Phasen, auch
im Hinblick auf die Fliessmittelauswahl, eingegangen wurde. Die vorliegende Arbeit
handelt von der Untersuchung einiger physikalisch-chemischer Parameter verschie-
dener aus der Literatur iibernommener Fliessmittelsysteme sowie eigener systematisch
variierter Gemische. Verwendet werden ausschliesslich terndre Mischungen aus
Chloroform—Methanol-Wasser, der am hidufigsten eingesetzten Losungsmittelkombi-
nation!2. Bei den ermittelten Parametern handelt es sich um die Polaritit, Grenz-
flichenspannung, Viskositdt, Dichte sowie die Zusammensetzung der einzelnen
Phasen der jeweiligen Gemische. Als eigentliche Ziele werden u.a. die Beurteilung der
Fliessmittelsysteme hinsichtlich der Polaritdtsunterschiede von Ober- und Unterphase
sowie die Ermittlung der Phasenbedingungen fiir die notwendige Tropfchenbildung
ins Auge gefasst.

EXPERIMENTELLES

Zur Herstellung der Fliessmittelsysteme wurden destilliertes Methanol, Chloro-
form und Wasser verwendet. Die Gemische wurden in 250 ml Scheidetrichtern bereitet
und bis zur vollstindigen Phasentrennung stehengelassen. Die Tropfchenbildung
wurde am DCC-A Rikakikai Tokyo (F. Zinsser Analytik, Frankfurt a.M., B.R.D.)
gepriift. Bestimmung des Brechungsindex: Abbe-Refraktometer, (F. mgw Lauda
Lauda-Konigshofen, B.R.D.); Grenzflichenspannung: Interfacial-Tensiometer
K 8600 nach Lecomte du Noiiy (F. Kriiss, Hamburg, B.R.D.); Viskositit: KPG-
Ubbelohde-Viskosimeter (F. Schott, Mainz, B.R.D.). Dichtebestimmung: Hydrosta-
tische Einrichtung 6069 zur Waage 2001 MP2 (F. Sartorius, Géttingen, B.R.D.);
Gehaltsbestimmung: Gaschromatographisch: Perkin-Elmer (PE) F 22, Integrator PE
M-1, Schreiber PE 56; Saule: Stahl 91.44 cm x 3.2 mm 1.D.; Triger: Porapak Q
(80-100 mesh); Temperaturen: Einspritzkammer 250°C, Flammenionisationsdetektor
250°C, Ofen 90°C mit 6°/min bis 160°C; Einspritzmenge 0.5 ul; Triagergas N,, 50
ml/min, Vordruck 1.2 bar bei 60°C; Luft 350 ml/min, Vordruck 5 bar; H, 35 ml/min,
Vordruck 3 bar; Methanol: Retentionszeit, ¢y, 65 s, innerer Standard Ethanol: ; 177 s;
Chloroform: i 507 s, innerer Standard Isopropanol: ry 303 s. 'H NMR: WM 250
Bruker, TMS, ppm-Werte: CHCl; 8.1 ppm, CH30H 3.7 ppm.

ERGEBNISSE UND DISKUSSION

Die fiir die verschiedenen Parameter ermittelten Werte kdnnen den Tabellen 1
und II entnommen werden.

Durchschnittliche Polarisation (als Abschitzung der Polaritiit)

Bei der Verteilungschromatographie sind in Abhéngigkeit vom jeweiligen
Trennproblem die Polarititen der beiden Phasen von besonderem Interesse. Ublicher-
weise werden die Polaritdten von Lésungsmitteln durch die Angabe der Dielektrizi-
tatskonstanten ¢ charakterisiert. Die Bestimmung der Dielektrizitdtskonstanten einer
Dipolsubstanz wird im allgemeinen durch Messung an verdiinnten Ldsungen in
dipollosen Losungsmitteln durchgefiihrt. Diese Methode findet ihre Grenze, wenn die
geldsten Dipolmolekiile mit stark polaren Gruppen oder Wasserstoffbriickenpartnern
Mischassoziate bilden. Dies ist bei den vorliegenden terndren Mischungen aus
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TABELLE I

UBERSICHT DER ERMITTELTEN PHYSIKALISCH-CHEMISCHEN PARAMETER DER LITERATUR-
FLIESSMITTELSYSTEME

C = Chloroform; M = Methanol; W = Wasser; OP = Oberphase; UP = Unterphase; P, = durchschnittliche
Polarisation; y = Grenzflichenspannung; p = Dichte; n = Viskositit; 47 = Volumenkontraktion.

System Nr.

1.1 1.2 13 14 15 16 1.7 18 1.9 1.10

Verhdltnis C:M:W 13:74  13:7:8  43:37:20 5:5:3 50:57:30 4:4:3 5:6:4 7:13:8  5:10:6 597
Verhdltnis C:(M +W) 10:8.5  10:11.5 10:13.3 10:16 10:17.4 10:17.5 10:20 10:30 10:32 10:32

Vol.% OP

C 11.2 3.8 154 10.4 13.8 9.6 9.6 13.7 16.3 9.0
M 48.9 41.7 51.7 5.1 50.8 49.6 50.0 51.4 517 50.0
w 39.9 54.5 329 38.5 354 40.9 40.4 349 321 41.0
Vol.% UP

C 79.3 93.7 70.4 75.1 70.2 80.2 79.6 70.9 64.4 78.9
M 17.4 6.3 223 21.4 274 14.6 20.1 25.7 25.2 16.1
W 33 0 7.5 3.2 2.4 5.1 0.3 34 9.4 5.0
P, (cm?*/mol)

oP , 8.921 6.766  10.054 8.767 9.526 8.489 8.415 9.502  10.197 8.382
Up 20.746 22846 19.404 20.328 19.712 20.735 20.999 19.758 18.59 20.548
7 (dyn/cm) 1.9 5.3 105 135 08 23 1.5 095 085 195
p (gfem?)

(0)3 0.9545 0.9522 09672 0.9624 0.976 0.9536 0.9619 09731 09778 0,9522
up 1.3641 1.4393 1.3164 1.3291 1.2869 1.3795 1.3479 1.3007 1.2727 1.3733
n (cSt)

OP 1.611 1.690 1.535 1.554 1.479 1.638 1.585 1.557 1.510 1.651
UP 0.448 0.380 0.499 0.487 0.544 0.420 0.466 0.552 0.532 0.471
AV (%) 1.67 2.14 24 1.92 2.55 1.82 2.0 2.5 2.15 1.67
Vol.% OP 35.6 5L.5 479 55.7 58.0 61.1 65.1 79.1 83.2 78.2
Vol.% UP 64.4 48.5 52.1 443 420 ° 389 349 20.9 16.8 21.8

Chloroform, Methanol und Wasser der Fall. Daher wird zur Abschitzung der

Polaritaten der einzelnen Phasen die durchschnittliche Polarisation P, herangezogen.
P, kann mit Hilfe der Molrefraktion bestimmt werden. Bei dieser Methode wird unter
Verwendung der Natrium-D-Linie nur der temperaturunabhingige Elektronenver-
schiebungsanteil der Gesamtpolarisation erfasst. Die Gesamtpolarisation setzt sich
zusammen aus der Orientierungspolarisation der konstanten Dipole und aus der
Atom- und Elektronenverschiebungspolarisation der induzierten Dipole im elek-
tronischen Wechselfeld*=°. Die Natrium-D-Linie liegt im Bereich der normalen”
Dispersion, so dass die Molrefraktion R wegen der nahen UV-Absorption ca. 5% zu
hoch gegeniiber P, liegt. Beriicksichtigt man ferner, dass die Atompolarisation ca.
15% der Elektronenpolarisation betrdgt, so ergibt sich fiir die durchschnittliche
Polarisation P,

I_)a—_—l.lRD
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TABELLE I

UBERSICHT DER ERMITTELTEN PHYSIKALISCH-CHEMISCHEN PARAMETER DER
EIGENEN FLIESSMITTELSYSTEME

C = Chloroform; M = Methanol; W = Wasser; OP = Oberphase; UP = Unterphase: PJ = durch-
schnittliche Polarisation; y = Grenzflachenspannung; p = Dichte; n = Viskositit; 4V = Volumen-
kontraktion.

System Nr.
2.4 22 2.3 2.4 25 2.6 2.7
Verhiltnis CM:W 10:8:10 10:10:10  10:12:10  10:14:10  10:16:10  10:18:10  10:20:10
Verhiltnis C:(M + W) 10:18 10:20 10:22 10.24 10:26 10:28 1 Phase
Vol.% OP
C 4.6 6.5 8.6 1.5 15.2 18.0
M 399 46.1 48.7 51.4 52.3 52.8
w 55.5 475 427 37.2 32.5 29.3
Vol.% UP
C 92.0 85.8 81.9 73.8 64.7 62.2
M 7.8 8.4 12.3 15.9 21.5 24,1
w 0.2 5.8 5.8 10.3 13.8 13.7
P, (cm*/mol)
OP 6.897 7.624 8.284 9.083 10.056 10.665
UP 22.769 21.571 21.154 19.819 18.389 18.305
y (dyn/cm) 5.8 4.05 2.8 1.7 1.0 0.5
p (g/em?)
OP 0.9511 0.9488 0.9487 0.9547 0.9615 0.9773
uUp 1.4331 1.4103 1.3799 1.3429 1.2996 1.2439
7 (cSt)
OP 1.685 1.689 1.656 1.595 1.519 1.425
up 0.377 0.396 0.420 0.4593 0.513 0.575
4V (%) 2.14 2.0 2.95 2.06 222 2.89
Vol.% OP 63.5 65.3° 67.8 70.3 733 79.4
Vol.% UP 36.5 347 322 29.7 26.7 20.6

Rp wird mit Hilfe der folgenden Gleichung berechnet:

_(np— DM
P i +2)p

.wobei M = Molenbruch; p = Dichte; np, = Brechungsindex. Der Tabelle 111 kénnen

die P,-Werte der Oberphasen der untersuchten Fliessmittelsysteme entnommen
werden. Zum Vergleich sind die analog ermittelten P,-Werte der reinen Komponenten
Chloroform, Methanol und Wasser mit aufgenommen’®. Folgende Schlussfolge-
rungen konnen gezogen werden (siehe hierzu Tabellen I-IIT): Erstens ergibt bei
konstantem Verhiltnis der Chloroform-Konzentration zur Summe der polaren
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TABELLE 111

ZUSAMMENSTELLUNG DER ALS MASS FUR DIE POLARITAT ERMITTELTEN P -WERTE
(= DURCHSCHNITTLICHE POLARISATION) DER OBERPHASEN IN DEN LITERATUR-
SYSTEMEN (1.1-1.10) UND IN DEN EIGENEN SYSTEMEN (2.1-2.6)

C = Chloroform; M = Methanol; W = Wasser; OP = Oberphase.

P, (cndImol) Nr. C:(M+W) CMW MIW %C in OP
8.921 1.1 10:8.5 10:5.4:3.1 1.76  11.20
6.766 1.2 10:11.5 10:5.4:6.2 0.87 3.83

10.054 I.3 10:13.3 10:8.6:4.7 1.85 1543
8.767 14 10:16.0 10:10:6 1.66 104
9.526 1.5 10:17.4 10:11.4:6 1.90 13.80
8.489 1.6 10:17.5 10:10:7.5 1.33 9.55
8.415 1.7 10:20.0 10:12:8 1.50 9.62
9.502 .8 10:30.0 10:18.6:11.4 162 13.70

10.197 1.9 10:32.0 10:20:12 1.66 16.25
8.382 .10 10:32.0 10:18:14 1.50 8.97
6.897 2.1 10:18 10:8:10 0.8 4.6
7.624 2.2 10:20 10:10:10 1.0 6.5
8.284 2.3 10:22 10:12:10 1.2 8.6
9.083 2.4 10:24 10:14:10 1.4 11.5

10.056 2.5 10:26 10:16:10 1.6 15.2

10.665 2.6 10:28 10:18:10 1.8 18.0

C 23.60
M 9.6
W 4.07

Komponenten (Wasser und Methanol) eine relative Erhéhung des Wasseranteils eine
Erh6hung der Polaritit der Oberphasen und damnit einhergehend eine entsprechende
Erniedrigung der Polaritit der jeweiligen Unterphasen (1.9-1.10; 1.5-1.6). Zweitens
bestimmt bei konstantem Verhiltnis der Methanolmenge zum Wasseranteil die
Absolutmenge von Methanol plus Wasser gegeniiber dem Chloroformanteil die
Polaritét der einzelnen Phasen. Hierbei ergibt sich durch eine Erh6hung des polaren
Anteils Methanol plus Wasser eine Erniedrigung der Polaritit der Oberphasen und
damit zugleich eine Erhéhung der Polaritdt der Unterphasen (1.4, 1.8, 1.9). Drittens
zeigt sich eine Abhdngigkeit der Polaritdtsunterschiede von Ober- und Unterphase bei
konstantem Chloroform—Wasser-Verhéltnis von der Methanolmenge. Mit steigen-
dem Methanolanteil verringern sich die Polaritdtsunterschiede zwischen Ober- und
Unterphase (2.1-2.6; 1.9-1.10; 1.5-1.6). Viertens sind in Systemen, in denen der
Methanolanteil etwa gleich demjenigen von Chloroform plus Wasser ist, die Polari-
tiatsunterschiede zwischen Ober- und Unterphase um so ausgeprégter, je grosser der
Anteil der polaren Komponenten Methanol und Wasserist (1.3, 1.4, 1.6, 1.7; 1.5, 1.10).
Fiinftens zeigt sich in Systemen, in denen der Anteil der polaren Komponenten
Methanol plus Wasser etwa konstant ist, dass mit steigendem Verhiltnis Methanol-
(Chloroform-Wasser), also mit sinkendem Chloroformanteil, eine Verringerung der
Polaritdtsunterschiede zwischen Ober- und Unterphase einhergeht (1.10, 1.8, 1.9; 1.6,
1.4, 1.5) (Fig. 1).



308 H. MIETHING, H.-W. RAUWALD

o POLARITATSDIFF. UP-0P
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10 °
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o 20 40 60 80 100

MEOH x100/(H,0+CHCl5)

Fig. 1. Zusammenhang zwischen den Polaritéitsdifferenzen von Unterphase minus Oberphase und dem
Methanolanteil des Fliessmittelsystems. UP = Unterphase; OP = Oberphase; @ = Eigene Systeme; O =
Literatursysteme; MEOH = Methanol.

Insbesondere bleibt festzuhalten, dass die Verdnderung der Polaritit nur einer
Phase nicht moglich ist. Stets dndert sich auch dicjenige der anderen Phase.

Gehaltsbestimmung

Zur genaueren Charakterisierung der Ober- bzw. Unterphasen der verwendeten
terndren Fliessmittelsysteme werden deren genaue Zusammensetzung ermittelt. Die
Bestimmung wird gaschromatographisch durchgefiihrt. Es werden die Methanol- und
Chloroformkonzentrationen (innerer Standard: Ethanol bzw. Isopropanol) in der
Oberphase bestimmt. Der Wasseranteil in der Oberphase sowie die Zusammensetzung
der Unterphase lassen sich dann unter Zuhilfenahme des Volumenverhiltnisses von
Oberphase zu Unterphase berechnen. Als zusitzliche Schwierigkeit erweist sich hierbei
die Volumenkontraktion der untersuchten ternidren Gemische. Da Wasser-Methanol-
Mischungen verglichen mit Wasser—Chloroform und Methanol-Chloroform die
weitaus stirkste Volumenkontraktion aufweisen, wird die bei den terndren Mischun-
gen ermittelte prozentuale Volumenkontraktion vereinfachend zu jeweils gleichen
Teilen nur auf die Wasser- bzw. Methanolanteile bezogen. Die so erhaltenen
Ergebnisse werden zusdtzlich durch Bestimmung des Verhiltnisses Chloroform—
Methanol in der Unterphase iiber die Integration der 'H NMR-Signale bei 8.1 ppm
(Chloroform) und 3.7 ppm (Methanol) abgesichert. Die erhaltenen Resultate sind in
den Tabellen T und II dargestellt. Fir den Gehalt an Methanol in der Oberphase
existiert eine Sdttigungsgrenze bei ca. 53%. Der Versuch, héhere Methanolgehalte zu
erreichen, fithrt zur Phasenmischung (vgl. Tabelle IT). Bei den aus der Literatur
entnommenen terndren Gemischen sehr unterschiedlicher Zusammensetzung liegt der
Methanolgehalt der Oberphasen bis auf eine Ausnahme stets sehr nah an der
ermittelten Sattigungsgrenze (siche Fig. 2).

Grenzflichenspannung, Viskositdit und Dichte
Als entscheidende Voraussetzung fiir die Eignung eines Fliessmittelsystems in
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o %MEOH in OP GRENZFLACHENSPANNUNG
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Fig. 2. Methanolgehalt der Oberphase in Abhdngigkeit vom Methanolanteil des Fliessmittelsystems. OP =
Oberphase; @ = Eigene Systeme; O = Literatursysteme.

Fig. 3. Zusammenhang zwischen der Grenzflichenspannung (dyn/cm) und dem Methanolgehalt des
Fliessmittelsystems. @ = Eigene Systeme; O = Literatursysteme.

der DCC-Chromatographie ist die “Tropfchenbildung” der jeweils verwendeten
mobilen Phase anzusehen. Erstens wird durch die damit einhergehende Vergrdsserung
der Oberflache der mobilen Phase die Anzahl der Verteilungsvorgéinge und damit die
Trennleistung erhoht; zweitens bietet die Tropfchenbildung Gewéhr dafiir, dass die

7 GRENZFLACHENSPANNUNG 10 GRENZFLACHENSPANNUNG

2 4
1 ,)fﬁ‘
Lo L

o] 02 04 06 08 1 12 14 4] [oX] 02 03 04 05

VISKOSITATSDIFFERENZ OP-UP DICHTEDIFFERENZ UP-OP

Fig. 4. Zusammenhang zwischen der Grenzflichenspannung (dyn/cm) und der Viskositéitsdifferenz (cSt)
zwischen Ober- und Unterphase. OP = Oberphase, UP = Unterphase; ® = Eigene Systeme; O =
Literatursysteme.

Fig. 5. Zusammenhang zwischen der Grenzflichenspannung (dyn/cm) und der Dichtedifferenz (g/cm?)
zwischen Unter- und Oberphase. UP = Unterphase, OP = Oberphase; ® = Eigene Systeme; O =
Literatursysteme.
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stationdre Phase nicht durch die mobile aus dem Trennsdulensystem herausgedriickt
wird. Die Tropfchenbildung wird fiir jedes der untersuchten Fliessmittelsysteme an
25 Glassdulen (Innendurchmesser 2 min) sowohl im aufsteigenden als auch im
absteigenden Arbeitsmodus liberpriift. Anhand der systematisch hinsichtlich ihres
Methanolanteils variierten eigenen Fliessmittelsysteme zeigt sich, dass die Tropfchen-
bildung mit ansteigender Grenzflichenspannung zwischen Ober- und Unterphase
zunehmend schlechter wird. Als Grenzwert kann unter den gewdhlten experimentellen
Bedingungen ein Wert von ca. 5 dyn/em angesehen werden (Zum Vergleich:
Chloroform—Wasser 29.3 dyn/cm, d.h. keine Tropfchenbildung). Den Zusammen-
hang zwischen der Grenzflichenspannung und dem Methanolanteil zeigt die Fig. 3.
Steigende Methanolanteile senken die Grenzflichenspannung und verbessern die
Tropfchenbildung. Die Grenzflachenspannung steht dariiber hinaus in einem expo-
nentiellen Zusammenhang mit der Differenz der Viskosititen von Ober- und
Unterphasen (Fig. 4). Dieser Zusammenhang hat bemerkenswerterweise keinen
Bestand bei einem Austausch des Methanols durch Isopropanol. Die Viskositiaten der
Oberphasen liegen deutlich iiber denen der verwendeten Einzelkomponenten: 1.4-1.7
m?/s gegeniiber Methanol 0.7414 m?/s, Chloroform 0.386 m?/s, Wasser 0.931 m?/s.
Einen dhnlichen Zusammenhang wie mit der Differenz der Ober- und Unterphasen-
viskosititen zeigt die Grenzflichenspannung mit den Differenzen der Dichten von
Ober- und Unterphasen (Fig. 5). Liegt die Methanolkonzentration in der Oberphase
deutlich unterhalb der ermittelten Sittigungsgrenze von ca. 53% und liegt infolge des
dies bedingenden hohen Chloroformanteils der terndren Mischung die Chloroform-
konzentration in der Unterphase entsprechend hoch (>90% v/v), so ergeben die
daraus resultierenden hohen Dichte- und Viskositatsdifferenzen beider Phasen eine
Grenzflachenspannung, die tber der fir eine befriedigende Tropfchenbildung ermit-
telten Hochstgrenze von ca. 5 dyn/ecm liegt. Dies ist stets dann der Fall, wenn der
Chloroformanteil der terndren Mischung deutlich iber demjenigen des Methanols
liegt und zusitzlich der Wasseranteil etwa dem des Methanols gleich ist: Zum Beispiel

20 hd 80
®
/ up
%MEOH
Rl 100
—
100 80 60 40 20 0

~— %Hy0

Fig. 6. 3-Phasen-Diagramm der eigenen Systeme sowie der jeweiligen Ober (OP)- und Unterphasen (UP).
ML = Mischungsliicke; M = kritischer Mischungspunkt; LK = Loslichkeitskurve.



PARAMETER TERNARER FLIESSMITTELSYSTEME FUR DCCC 311

100 (O

%CHClg

N

/ ML ' o > %
20 ONg A 8O
’ UP
%MEOH
o 100
LS ¥ L] A ¥ v L] 1] L k] .
100 80 60 40 20 0

~— %H,0

Fig. 7. 3-Phasen-Diagramm der Literatursysteme sowie der jeweiligen Ober (OP)- und Unterphasen (UP).
ML = Mischungsliicke; M = kritischer Mischungspunkt; LK = Ldslichkeitskurve.

bei den Mischungen (Chloroform—Methanol-Wasser) 13:7:8, 10:8:10, 10:6:10, nicht
aber bei 13:7:4, denn hier ist der Wasseranteil weit unter demjenigen des Methanols.

3-Phasen-Diagramme

Sowohl die Zusammensetzungen der Literatursysteme als auch diejenigen der
eigenen lassen sich in 3-Phasen-Diagrammen darstellen. Die systematisch variierten
eigenen Systeme flihren dabei zu Punkten, die auf einer Geraden angeordnet sind (Fig.
6), wahrend die ausgewdhlten Literatursysteme keine Ordnung erkennen lassen (Fig.
7). Trdgt man in dieselben Diagramme die ermittelten Zusammensetzungen der
jeweiligen Unter- und Oberphasen ein, so ergibt sich aus deren Verbindungslinien die
sog. Loslichkeitskurve, welche als Grenzlinie zwischen homogenem und zweiphasigem
Gebiet aufzufassen ist. Die Verbindungslinien der von Unter- und Oberphasen-
Koordinaten definierten Punkte treffen sich am sog. kritischen Mischungspunkt M,
der hier der ermittelten Grenzkonzentration von Methanol in der Oberphase von ca.
53% entspricht.

SCHLUSSFOLGERUNGEN

Mit Hilfe der in Tabelle I und Il zusammengestellten Daten kann fiir ein
bestimmtes Trennproblem ein Fliessmittelsystem mit geeigneten Unterschieden in den
Polarititen von Ober- und Unterphase ausgewéhlt werden.

Wegen der Notwendigkeit der Trépfchenbildung bei der Verwendung eines
Fliessmittelsystems in der DCCC-Technik sind den Mischungsmdglichkeiten im
untersuchten terndren System aus Chloroform, Methanol und Wasser Grenzen
gesetzt. Der als ausschlaggebend fiir eine hinreichende Tropfchenbildung ermittelte
Parameter, die Grenzflichenspannung, darf einen Héchstwert von ca. 5 dyn/cm nicht
iiberschreiten. Zeigt ein Fliessmittelsystem keine oder nur ungeniigende Tropfchenbil-
dung, so kann dies unter Umstdnden durch einen Methanolzusatz verbessert werden.
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Die erhaltenen Ergebnisse zeigen dariiber hinaus, dass durch Verdnderung des Anteils
einzelner Komponenten des terndren Fliessmittelgemisches stets die Polaritdten beider
Phasen verdndert werden. Die Erhohung der Polaritidt der Oberphase ist mit einer
entsprechenden Vermindering derjenigen der Unterphase verbunden und umgekehrt.
Dies verdient bei der Auswahl bzw. Modifizierung von Fliessmittelsystemen erheb-
liche Beachtung. Die Auswirkungen der Polarititsdifferenzen zwischen Ober- und
Unterphase auf das chromatographische Resultat ist weiteren Untersuchungen
vorbehalten.

DANK

Herrn Professor Dr. E. Hecker, Deutsches Krebsforschungszentrum, danken
wir fiir die Durchsicht des Manuskripts sehr herzlich.

ZUSAMMENFASSUNG

Es werden ausgewihlte physikalisch-chemische Parameter ternérer Fliessmittel-
systeme (Chloroform, Methanol, Wasser) in der DCCC-Technik bestimmt. Bei den
ausgewdhlten Parametern handelt es sich um die Polaritit, Grenzflaichenspannung,
Viskositdt, Dichte und um die Zusammensetzung der einzelnen Phasen. Deren
Zusammenhang sowie die Phasenbedingungen fiir eine ausreichende Tropfchenbil-
dung werden diskutiert.
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SUMMARY

The separation of fourteen active ingredients used in a cold medicine was in-
vestigated by micellar electrokinetic chromatography (EKC) employing bile salts.
Basic drugs were also successfully separated by micellar EKC using bile salts with
high theoretical plate numbers (2.0 - 10°-3.5 - 10°) within a relatively short time (ca.
20 min). The separation of these solutes by micellar EKC was not successful using
sodium dodecyl sulphate. The effects of micellar concentration, pH and organic mod-
ifier content on migration times and selectivity were investigated. This technique was
also applied to the determination of several active ingredients combined in commer-
cial preparations by an internal standard method.

INTRODUCTION

Micellar electrokinetic chromatography (EKC), first reported by Terabe e al.
in 1984!, is a relatively new type of separation method based on micellar solubi-
lization and the instrumental technique of capillary zone electrophoresis (CZE)?. The
technique has many advantages including the capability of separating neutral sub-
stances®®. The selectivity and peak shape are considerably improved in the sep-
aration of ionic substances by this technique’. The determination of antibiotics in
plasma by a direct injection method has also been successfully applied, similar to
micellar high-performance liquid chromatography (HPLC)®°. Chiral separations
have been achieved by the use of a chiral surfactant, e.g., bile salts'®!! or a mixed
micelle!?, The separation of closely related isotopic compounds has recently been
reported by Bushey and Jorgensen®3.

The determination of the ingredients of a cold medicine preparation!*!3, diltia-
zem in tablets'®, fluocinonide in cream!®, water-soluble vitamins in vitamin injec-
tions!” and antibiotics in plasma®® have all been performed by micellar EKC em-

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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ploying an internal standard method and have given similar reproducibilities to those
obtained by HPLC. A few commercial instruments for micellar EKC have recently
become available. Detection methods applied have included electrochemical'®:*?,
mass spectrometric?%2! and fluorimetric detection?2-23, in addition to photometric
detection. The development of a microinjection method is also essential in order to
take advantage of a microcolumn method.

In a previous paper, we reported the separation of twelve active ingredients in a
cold medicine by micellar EKC with five anionic surfactants including sodium dode-
cyl sulphate (SDS)!%. The basic drugs separated, chlorpheniramine maleate, tipepi-
dine hibenzate and noscapine, migrated with similar velocities to that of the micelle or
that obtained for Sudan III. Accordingly, it was difficult to separate these substances
by micellar EKC with long-chain alkyl anionic surfactants owing to the strong ionic
interaction between the basic solutes and the polar groups of the anionic surfactants.

In this paper, we describe the separation of fourteen active ingredients, in-
cluding several basic compounds, by micellar EKC employing bile salts. The success-
ful separation of corticosteroids and benzothiazepin analogues with bile salt solutions
has been reported elsewhere!®. The effects of the structure of the bile salts, their
concentration, the pH of the buffer solution and the organic modifier content are
discussed. The application of this technique to the analysis of commercial prepara-
tions using an internal standard method is also described.

EXPERIMENTAL

Apparatus and procedure of micellar EKC

Micellar EKC was performed using the apparatus described previously’. A
fused-silica capillary (650 mm x 50 um I.D.) (Scientific Glass Engineering, Ring-
wood, Victoria, Australia) was used as a separation tube. A high voltage (up to +25
kV) was applied by a Model HILL-25PO d.c. power supply (Matsusada Precision
Devices, Otsu, Japan). The electric current passing through the system was monitored
using an ammeter throughout the operation. Detection was performed by on-column
measurement of UV absorption at either 210 or 220 nm with a Uvidec-100-VI detec-
tor (Jasco, Tokyo, Japan). A Chromatopac C-R2AX (Shimadzu, Kyoto, Japan) was
used for data processing. Sample solution was introduced by siphoning. Micellar
EKC was performed at ambient temperature (ca. 20°C).

Reagents

Caffeine, acetaminophen, ethenzamide, phenacetin, chlorpheniramine maleate,
noscapine and sulpyrin were purchased from Wako (Tokyo, Japan), guaifenesin and
isopropylantipyrine from Tokyo Kasei Kogyo (Tokyo, Japan), dibucaine hydrochlo-
ride from Nacalai Tesque (Kyoto, Japan) and trimetoquinol hydrochioride, naprox-
en, tipepidine hibenzate and triprolidine hydrochloride from our laboratory (Tanabe
Seiyaku, Osaka, Japan). The test samples used are summarized in Table I with refer-
ence numbers. All samples were used as received and were dissolved in water or
methanol at a concentration of ca. 1 mg/ml to give adequate peak heights.

Sodium dodecyl sulphate (SDS) was obtained from Nacalai Tesque and sodium
cholate (SC), sodium taurocholate (STC), sodium deoxycholate (SDC) and sodium
dehydrocholate (SDHC) from Tokyo Kasei Kogyo. Sudan II1, obtained from Naca-
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TABLE I
TEST SAMPLES WITH REFERENCE NUMBERS

No. Sample No. Sample

1 Caffeine 8 Phenacetin

2 Acetaminophen 9 [sopropylantipyrine

3 Sulpyrin 10 Noscapine

4 Trimetoquinol hydrochloride il Chlorpheniramine maleate
5 Guaifenesin 12 Tipepidine hibenzate

6 Naproxen 13 Dibucaine hydrochloride
7 Ethenzamide 14 Triprolidine hydrochloride

lai Tesque, was used as a micelle tracer®. The surfactants were dissolved in a buffer
solution prepared by mixing 0.02 M sodium dihydrogenphosphate solution with ap-
propriate volumes of 0.02 M sodium tetraborate solution to give the required pH
values. These solutions were filtered through a 0.45-um membrane filter prior to use.
All other chemicals and solvents were of analytical-reagent grade, supplied by Ka-
tayama Kagaku Kogyo (Osaka, Japan).

Procedure for the determination of ingredient in preparations

The packages of Novapon granules (cold medicine) (Tanabe Seiyaku) were
weighed and ground. One-tenth of the resulting powder was weighed accurately into
a 100-ml volumetric flask and 70 ml of methanol were added for extraction. The flask
was warmed in a water-bath {ca. 40°C) for 10 min with occational shaking, then
cooled. An internal standard solution was prepared by dissolving 0.5 g of methyl
p-hydroxybenzoate in 100 ml of methanol. Internal standard solution (20 ml) was
added to the flask and the mixture was diluted to volume with water. This sample
solution was passed through a 0.45-ym membrane filter.

Standard compounds (acetaminophen, caffeine, ethenzamide, tipepidine
hibenzate) were weighed accurately into a 100-ml volumetric flask at a similar level to
that present in a Novapon package and were dissolved in 70 ml of methanol. Internal
standard solution (20 ml) was added and the mixture was diluted to volume with
water.

The siphoning time (10 s, about 10 cm high) was held constant for both sample
and standard solution in the micellar EKC analysis. The ratios of the peak area of
each ingredient to that of the internal standard were measured with the data proces-
sor and the content of each individual ingredient in a Novapon package was calculat-
ed.

RESULTS AND DISCUSSION

Micellar EKC with SDS solutions

An electropherogram of fourteen active ingredients present in the cold medicine
using 0.02 M phosphate-borate buffer solution of pH 9.0 was very similar to the
previously reported result!®, in which twelve active ingredients were investigated.
Most solutes migrated with a velocity the same as or similar to that of the electroos-
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motic flow, except for the cationic and anionic compounds. The migration times in
CZE were reported elsewhere!®

Micellar EKC was performed with the same buffer solution as that used in CZE
but containing in addition 0.1 M SDS. A typical chromatogram is shown in Fig. 1.
All the solutes except samples 10-14 were succesfully separated by the addition of
SDS. Samples 10-14 migrated last with the same migration time as Sudan III, which
was added as a micelle tracer. This result indicated that the solutes interacted strongly
with the micelle or were totally solubilized within the micelle. It was also difficult to
separate these cationic solutes by micellar EKC with other long-chain alkyl surfac-
tants, as reported elsewhere!’

Micellar EKC with bile salts

Bile salts are biological surfactants synthesized in the liver. The structures of the
bile salts used in this work are shown in Table I1. All hydroxy groups at the 3a-, 7a-
and 1la-positions in the 58-cholane structure are orientated in the same direction,
nearly perpendicular to the steroidal frame. Therefore, the bile salts have both a
hydrophilic and a hydrophobic face and tend to combine together at the hydrophobic
face in an aqueous phase. Hence bile salts are considered to form a primary micelle
with up to ten monomers>*

Micellar EKC with a b11e salt was performed with a buITer solution of pH 9.0.
Among the four bile salts tested, the migration pattern of the solutes when using
SDHC was similar to that obtained in CZE, which indicates that SDHC had no
micellar solubilization effect or did not form micelles as reported elsewhere*®. Typical
chromatograms are shown in Fig. 2, using (A) SC and (B) SDC. The solutes, especial-
ly 10-14, were successfully separated within ca. 20 min by use of bile salts. The
theoretical plates numbers calculated from the equation N = 2n(tzh/A4)?, where tg, h
and A4 are migration time, peak height and peak area, respectively?®, were 2 - 10°-3.5 -
10°.

The relative migration order shown in Fig. 2 is interpreted in terms of lipophil-
icity and solute polarity. The solutes which were anionic under the experimental

o
-

T T T T
0 5 10 15 20 25 {(min)

Time
Fig. 1. Separation of fourteen ingredients by micellar EKC employing SDS. Bufler, 0.02 M phosphate—

borate (pH 9.0) containing 0.1 M SDS; applied voltage, +20 kV; temperature, ambient; detection wave-
length, 210 nm. Solutes are given in Table 1.
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TABLE II
STRUCTURE OF BILE SALTS
COR,
Bile salt Abbreviation R, R, R, R,
Sodium cholate SC OH OH OH ONa
Sodium taurocholate STC OH OH OH NHCH,CH,SO,Na
Sodium deoxycholate SDC OH H OH ONa
Sodium dehydrocholate SDHC = = = ONa
6
(a) 6 (B)
7
L8
4
2 2
1q
i o
14
1
3
bl S 11 Jpo 5
1
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12
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Fig. 2. Separation of fourteen ingredients by micellar EKC employing bile salts. Buffer, 0.02 M phosphate—
borate (pH 9.0) containing (A) 0.1 M sodium cholate and (B) 0.05 M sodium deoxycholate. Other condi-

tions as in Fig. [.



318 ' H. NISHI et dl.

conditions are considered to migrate with a total electrophoretic velocity that is the
sum of the solute mobility and electroosmosis, as the anionic solute is unlikely to be
incorporated into the anionic micelle. Conversely, the cationic and neutral solutes
will be incorporated by the micelle. In particular, cationic solutes are subject to strong
ionic interaction with the anionic micelle.

Effect of bile salt concentration and pH

The effect of the bile salt concentration on solute migration times was investi-
gated for SC, STC and SDS solutions (pH 9.0). The results obtained using SC are
shown in Fig. 3. The migration times of the basic compounds 10-14 increased sub-
stantially with an increase in the SC concentration from 0 to 0.1 M but were hardly
altered when the SC concentration was increased further to 0.15 M. Differences in
migration times between anionic solutes 3 and 6, and that among neutral solutes 1-9,
except 3 and 6, increased with increase in SC concentration from 0 to 0.1 M. How-
ever, the migration times did not change significantly above 0.1 M SC, as observed for
cationic compounds.

As the cationic solutes are considered to be largely incorporated by the anionic
SC micelle, the increase in the migration times of these solutes may be attributed to
the increase in the migration time of the micelle and partially to a decrease in elec-
troosmotic velocity. A considerable variation of the relative migration order was
observed among the cationic solutes 10-14 when the SC.concentration was increased
from 0.05 to 0.1 M. However, this result seems unusual, because the relative migra-
tion order is not usually affected by micellar concentration®.

The more scattered migration times of the neutral solutes at 0.1 than at 0.05 M
SC shown in Fig. 3 is explained in terms of an increase in micellar concentration and
hence capacity factor. However, the slight changes in migration times between 0.1

—
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- = - —— Methanol
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0.05 0.1 0.15
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Fig. 3. Effect of sodium cholate concentration on the migration time. Buffer, 0.02 M phosphate-borate (pH
9.0). Other conditions as in Fig. 1.
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and 0.15 M SC as shown in Fig. 3 are difficult to interpret reasonably. A possible
explanation is the change in the micellar shape and/or size of SC in this concentration
range.

No distinct difference in the migration behaviour of the solutes was observed
when STC was used instead of SC. The only structural difference between SC and
STC is in the ionic groups (Table IT). The use of SDC brought about a significant
change in the selectivity, as shown in Fig. 4, especially for samples 10-14, compared
with the results obtained with SC. The steroidal part of SDC has only two hydroxyl
groups, that is, the hydroxy group at the C-7 position of SC or STC is replaced with a
hydrogen atom in SDC. The solubilization capability of SDC seems to be consid-
erably increased by this substitution. The migration times of the solutes at 0.05 M
SDC were longer than those at 0.1 M SC.

The pH dependence of migration times was examined with 0.1 M SC solutions
in the pH range 7-9 and the results are shown in Fig. 5. The migration times of all the
solutes except trimetoquinol hydrochloride increased with increasing pH, although
the electroosmotic velocity remained almost constant, as judged from the migration
time of methanol, which can be detected from the UV absorption due to the slight
change in the refractive index3. Large changes in migration times were observed for
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14413
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= e
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0 0.05 0.1
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Fig. 4. Effect of sodium deoxycholate concentration on the migration time. Buffer, 0.02 M phosphate-
borate (pH 9.0). Other conditions as in Fig. 1.
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Fig. 5. pH dependence of migration times of fourteen ingredients. Buffer, 0.02 M phosphate-borate con-
taining 0.1 M sodium cholate; applied voltage, +20 kV.

samples 12 and 14, although it is difficult to interpret the migration behaviour of these
solutes.

Effect of organic modifier

Selectivity may also be manipulated by varying the aqueous organic modi-
fier?%-27 in addition to the surfactant species, concentrations and pH. The effect of
addition of methanol up to 20% on the separation of the solutes is shown in Fig. 6.
The migration times increased with increase in methanol content. This can be as-
cribed to the decrease in the electroosmotic flow. The migration times of sulpyrin and
naproxen, both of which are anionic compounds, were increased significantly by the
addition of methanol in comparison with other compounds, that is, the capacity
factors of the other solutes became smaller than those of anionic solutes on addition
of the organic modifier. The electrophoretic velocities of the anionic solutes did not
alter significantly but the migration velocity, which is the sum of the electrophoretic
and electroosmotic velocities, was reduced considerably because of the decreased
electroosmotic velocity under the experimental conditions. One can generally expect
to alter the selectivity in the separation of a mixture of ionic and neutral compounds
by adding an organic modifier.

Determination of active ingredients in preparations
On the basis of the above results, a buffer solution of pH 9.0 containing 0.1 M/
SC was selected for the determination of active ingredients combined in preparations.
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Fig. 6. Effect of organic modifier (methanol) in micellar EKC of fourteen ingredients. Conditions as in Fig.
5 except pH (9.0).

Quantitation was performed by an internal standard (I.S.) method employing methyl
p-hydroxybenzoate as the 1.S. A typical chromatogram of a sample solution is shown
in Fig. 7. The reproducibilities of migration times and peak-area ratios obtained from
the standard solution with repeated injections (n = 5) were 0.8% (coefficient of
variation) and 2.2%, respectively, comparable to those reported previously!>-'6-28,
Assay results (# = 3) are summarized in Table III. The results suggest that micellar
EKC can be a useful complement to HPLC in the field of separation science.

TABLE III
ASSAY RESULTS OF NOVAPON GRANULES

Active ingredient Content (% )°
Caffeine 97.8, 99.0, 100.1
Acetaminophen 100.3, 102.1, 99.2
Ethenzamide 100.3, 101.3, 98.2
Chlorpheniramine -

Tipepidine 97.0, 1034, 96.5

@ Percentage of the labelled amount.
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Fig. 7. Typical chromatogram in the assay of Novapon granules. Conditions as in Fig. 2A. Solutes are
given in Table 1.

ACKNOWLEDGEMENTS

We thank Professor Terumichi Nakagawa (Faculty of Pharmaceutical
Sciences, Kyoto University) for his helpful advice. We also thank Dr. Toshio Kaki-
moto (Analytical Chemistry Research Laboratory, Tanabe Seiyaku) for his encour-
agement throughout this study.

REFERENCES

Terabe, K. Otsuka, K. Ichikawa, A. Tsuchiya and T. Ando, 4nal. Chem., 56 (1984) 111.
W. Jorgenson and K. D. Lukacs, Anal. Chem., 53 (1981) 1298.

Terabe, K. Otsuka and T. Ando, Anal. Chem., 57 (1985) 834.

Otsuka, S. Terabe and T. Ando, J. Chromatogr., 332 (1985) 219.

Otsuka, S. Terabe and T. Ando, J. Chromatogr., 348 (1985) 39.
O

1 S.
2 J.
3 8.
4 K.
5 K.
6 K. Otsuka, S. Terabe and T. Ando, Nippon Kagaku Kaishi, (1986) 950.



EKC OF THE INGREDIENTS OF A COLD MEDICINE 323

7 H. Nishi, N. Tsumagari, T. Kakimoto and S. Terabe, J. Chromatogr., 465 (1989) 331.
8 T. Nakagawa, Y. Oda, A. Shibukawa and H. Tanaka, Chem. Pharm. Bull., 36 (1988) 1622.
9 H. Nishi, T. Fukuyama and M. Matsuo, J. Chromatogr., submitted for publication.
[0 S. Terabe, M. Shibata, Y. Miyashita, J. Chromatogr., 480 (1989) 403.
[1 H. Nishi, T. Fukuyama, M. Matsuo and S. Terabe, J. Microcolumn Sep., 1 (1989) 234.
12 A.S. Cohen, A. Paulus and B. L. Karger, Chromatographia, 24 (1987) 15.
13 M. M. Bushey and J. W. Jorgenson, Anal. Chem., 61 (1989) 491.
14 S. Fujiwara and S. Honda, Anal. Chem., 59 (1987) 2773.
15 H. Nishi, T. Fukuyama, M. Matsuo and S. Terabe, J. Pharm. Sci., in press.
16 H. Nishi, T. Fukuyama, M. Matsuo and S. Terabe, J. Chromatogr., submitted for publication.
17 S. Fujiwara, S. Iwase and S. Honda, J. Chromatogr., 447 (1988) 133.
18 R. A. Wallingford and A. G. Ewing, Anal. Chem., 60 (1988) 258.
19 R. A. Wallingford and A. G. Ewing, J. Chromatogr., 441 (1988) 299.
20 J. A. Olivares, N. T. Nguyen, C. R. Yonker and R. D. Smith, Anal. Chem., 59 (1987) 1230.
21 R. D. Smith, J. A. Olivares, N. T. Nguyen and H. R. Vdseth, Anal. Chem., 60 (1988) 436.
22 B. Nickerson and J. W. Jorgenson, J. High Resolut. Chromatogr. Chromatogr. Commun., 11 (1988) 533.
23 B. Nickerson and J. W. Jorgenson, J. High Resolut. Chromatogr. Chromatogr. Commun., 11 (1988) 878.
24 D. Attwood and A. T. Florence, Surfuctant Systems. Their Chemistry, Pharmacy and Biology, Chap-
man and Hall, London, 1983, pp. 185-196.
25 L. R. Snyder and J. J. Kirkland, Introduction to Modern Liquid Chromatography, Wiley, New York,
2nd ed., 1979, pp. 222-223.
26 Y. Walbroehl and J. W. Jorgenson, Anal. Chem., 58 (1986) 479.
27 J. Gorse, A. T. Balchunas, D. F. Swaile and M. J. Sepaniak, J. High. Resolut. Chromatogr. Chromatogr.
Commun., 11 (1988) 554.
28 K. Otsuka, S. Terabe and T. Ando, J. Chromatogr., 396 (1987) 350.






Journal of Chromatography, 498 (1990) 325-335
Elsevier Science Publishers B.V., Amsterdam -— Printed in The Netherlands

CHROM. 22 040

DETERMINATION OF THE CHARGE OF IONS BY PARTITION MEASURE-
MENTS IN AQUEOUS POLYMER TWO-PHASE SYSTEMS

W. J. GELSEMA* and C. L. DE LIGNY

Laboratory for Analytical Chemistry, University of Utrecht, Croesestraat 774, 3522 AD Ulrecht (The
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SUMMARY

A method for determining the charge of ions from partition data in aqueous
polymer two-phase systems containing two different electrolytes is outlined. The
method was verified in polyethylene glycol-dextran systems with simple inorganicions
of known charge ranging from —4 to +2.

INTRODUCTION

During our research on the characterization of the components of Tc¢(Sn)
diphosphonates, we noticed’ that the results of determinations of the charge of these
complexes by ion-exchange methods were considerably scattered. This is partly due to
the fact that precautions were not always taken to prevent dissociation of the
complexes during chromatography, by adding diphosphonate and Sn(I1) to the eluent.
A more serious and fundamental problem associated with these methods is, however,
the impossibility of correcting for activity coefficients at the relatively high electrolyte
concentrations that must be used. In a recent review, Lederer? also drew attention to
the difficulties and the often erroneous results of determinations of ionic charge by
ton-exchange methods.

Therefore, we thought it worthwhile to develop another method for the
determination of ionic charge, i.e., by partition in an aqueous polymer two-phase
system. This partition method was originally developed by Albertsson® for the
separation of macromolecules and cellular particles. It makes use of the phenomenon
that on dissolution of two water-soluble polymers (dextran and polyethylene glycol are
generally used) above certain critical concentrations in water, a separation into two
immiscible aqueous liquid phases occurs (with a dextran—polyethylene glycol system
the top and bottom layers are enriched in polyethylene glycol and dextran,
respectively). It is well known that the partition constant of a polyelectrolyte (e.g.,
a protein) in such a two-phase system is strongly dependent on the pH (i.e., on the
charge of the protein) and, at a pH different from the isoelectric point of the
polyelectrolyte, on the nature of the electrolyte present in the system (and not on the
electrolyte concentration). These effects can be understood as follows: on transfer of

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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a charged species (a protein or a simple inorganic ion) from one phase to the other, an
equivalent amount of opposite charge, in the form of the electrolyte counter ion,
provided by the electrolyte present, must be simultaneously transferred in order to
maintain electroneutrality in both phases. As the affinities of the two layers of the
system are different for different electrolyte counter ions (i.e., the partition constants
of electrolytes containing these ions are themselves different), the partition constant of
a charged species must depend on the nature of the electrolyte. For a two-phase system
of fixed polymer concentration it was shown* that the logarithm of the ratio of the
partition constants of a charged species in the presence of two different electrolytes is
simply proportional to its charge, the proportionality constant increasing with
increasing difference in the partition constants of the electrolytes themselves. This
offers, in turn, the possibility of a charge determination method.

An advantage of the proposed method is that experiments can be performed over
a wide range of much lower ionic strengths than those required in ton-exchange
experiments, permitting activity coefficient corrections and extrapolation of the results
to zero ionic strength. A disadvantage compared with the ion-exchange chromato-
graphic method is, however, that only the mean ionic charge of a mixture of complexes
1s accessible. Moreover, the method is experimentally more laborious.

THEORY

The theory of the method was given by De Ligny and Gelsema* for polymer
systems containing the uni-univalent electrolytes MX and NY, respectively, and
neglecting activity coefficient corrections. However, when the method is applied to
highly charged ions [e.g., Tc(Sn) diphosphonate complexes], activity coefficient
corrections are imperative. Further, the electrolytes NaClO, and Na,SO, (a
uni-bivalent electrolyte)were chosen in this study, as the affinity of the involved
aqueous polymer solutions for these electrolytes is widely different, and as ClO; shows
no and SO2 "~ little tendency to form complexes with any of the ions investigated by this
method. Therefore, we present here the theory for polymer systems containing
NaClO, and Na,SO,, taking activity coefficient corrections into account.

We define thermodynamic partition constants in these systems as

K= aT/aB (1)

where a represents the activity and the subscripts T and B denote the top and bottom
layer, respectively. Substitution of @ = my, where m is the molality (mol kg™') and
y the activity coefficient on the molal scale, gives

k=TT _ T )
Mg VB B

(owing to the high viscosity of the two layers of the polymer system, it is impossible to
take accurate volumetric aliquots from both layers using a pipette. Instead, the
aliquots must be weighed, which requires the use of the molality concentration scale).

Consider now the partition equilibrium of a trace amount of an ion with charge
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z, P, in the presence of NaClOy. In the equation an electroneutral combination of ions
must occur:

Pi — zNaf =P% — zNag (3)

The charge z may be cither positive or negative. The equilibrium condition is

RT 1n[('”‘°’)TJ 4+ RT m[@} — ZRT 1n[(i”“—+)l} =

(mp)y (ypo)m (ana*)B
= iy = T = 2™ — ™) “)
where 1° denotes the standard chemical potential. Eqn. 4 can be simplified to

(ye)1
(yp)

RT In Kp: + RT ln[ :l — ZRT In Ky+ = — Ap®F + zAp0N" (%)

For partition of the ion P? in the presence of Na,SO, an identical equation holds.
When these equations are combined, the right-hand sides cancel:

log[KEn(NaClOct):l + log|:(VP=)T, NaClO4:| _ log[(yp:)T‘ Nazso“:| _ Zlogl:KNN(NaC]O‘t)i]
Kp<(Na,S0,) (7). NaClO, (7p*)B. Na,s0, Kna+(NaySO,)

(6)

This equation reflects the relationship referred to in the Introduction; also, in the
presence of a 1:1 and a 1:2 electrolyte it holds that the logarithm of the ratio of the par-
tition constants of P* in these two electrolytes (first term on the left-hand side) is simply
proportional to z, the proportionality constant, log[Ky,+(NaClO4)/Kn.+(Na,S0,)],
depending on the difference in the partition constants of the electrolytes used. The
second and third terms on the left-hand side of eqn. 6 represent corrections for activity
coefficients of P7 in both layers in the presence of the two electrolytes.

For the sake of brevity, we shall delete the subscript P? on y, and denote NaClO,
and Na,SO, by NX and N,Y, respectively. Defining further 4 log K = log
[K(NX)/K(N,Y)] and 4 log K = log [K'(NX)/K'(N,Y)], eqn. 6 can be written as

P1(NX)ys(N,Y)

Alog Kp-= 4 lo [Cz-Hog[
& fe &8 y(NX)yr(N,Y)

] =z A log Ky+ G

Eqn. 7 predicts that a plot of 4 log Kp- for several ions of different charge (data that can
be obtained by measuring 4 log Kp- for these ions and correcting for the activity
coefficient term; see below) versus z gives a straight line passing through the origin with
a slope 4 log Ky+. In this paper, eqn. 7 will be verified for simple inorganic ions
carrying charges ranging from —4 to +2 in polyethylene glycol-dextran (each at
a concentration of 7%, w/w) systems (using these polymer concentrations, the top and
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bottom layers are almost pure polyethylene glycol and dextran solutions, respectively).

The way in which corrections of A log K. for the activity coefficient term
were made is outlined below. Clearly, the error of such corrections decreases with
decreasing ionic strength of the NX and N,Y solutions. Therefore, we performed
measurements of 4 log Kp- at three low levels of the over-all ionic strength o (v =

125 z¢m;), i.e., 0.10, 0.05 and 0.01 mol kg™*, in both NX- and N,Y-containing

1
polymer systems and we extrapolated the corrected data to zero ionic strength.
Asshown in the Appendix, the activity coefficient term occurring in eqn. 7 can be
written as

NN |
o [VB(NX)VT(NzY):l 2o flo,d) — f(m) + Co )

Substitution in eqn. 7 yields
A log Kp: = A log Kp: — 22 \Jo flw,d) — f(m) + Cw 9)

where 4 log Kp: can be measured and z2 \15 flw,d;) and f'(m) can be calculated. Thus,
linear extrapolation of 4 log Kj: — z* \/w fw,d) — f(m)to w = 0 yields 4 log Kp=

EXPERIMENTAL

Chemicals and apparatus

The following chemicals and materials were used: polyethylene glycol 6000
(Fluka, Buchs, Switzerland), Dextran T500 (Pharmacia, Uppsala, Sweden), NaClO, -
H,0 and Na,SO, (analytical-reagent grade; Merck, Darmstadt, F.R.G.), **NaCl and
Na,*°SO, (Amersham, Little Chalfont, U.K.), **Mo/?°™Tc¢ generator (Mallinckrodt,
Petten, The Netherlands) and Whatman DEAE-cellulose anion-exchange paper (DE
81, 2.3 cm diameter circular sheets; Balston, Maidstone, U.K.). All other chemicals
were of analytical-reagent grade.

The apparatus used included: y-counting equipment (Gamma 8000, Beckman,
Irvine, CA, U.S.A)), f-counting equipment (PW 4600 series; Philips, Eindhoven, The
Netherlands), an atomic absorption spectrometer (Model 1200; Varian Techtron,
Melbourne, Australia) and an X-ray fluorescence spectrometer (PW 1410; Philips).

Procedures

About 40% (w/w) polyethylene glycol and 20% (w/w) dextran aqueous stock
solutions were prepared by dissolution with heating of weighed amounts of the
polymers. The water content of dextran, determined by thermogravimetry, was
accounted for.

Two-phase polymer systems were prepared by weighing appropriate amounts of
these stock solutions in order to obtain final over-all concentrations of 7.00% (w/w)
for both polymers. To these mixtures 2.50 ml of NaClO, or Na,SOy, solutions (¢ =
1.00, 0.50 and 0.10 M) were added. Then the sample was added, followed by water up
to a total weight of 25 g. The systems were thoroughly shaken, kept for 2 h on
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a test-tube rotator and then poured into separating funnels and left overnight at room
temperature. Weighed aliquots of the top and bottom layers were taken and assayed
for the sample ion of interest.

The samples and assays used in the above procedure were as follows:
Mg?*: Sample: 25 ul of a 0.5 M solution of MgCl,.

Assay:  Atomic absorption spectrometry of 0.5-ml ali-
quots, diluted to 50 ml with water. Calibration
lines were obtained using solutions containing
(in 50 ml) standard amounts of MgCl, and 0.5
ml of top and bottom layers, respectively, from
blank NaClO,- or Na,SO4-containing polymer
two-phase systems.

Na*: Sample: 25 ulofa 0.001 M solution of NaCl, spiked with
22NaCl.
Assay:  y-Counting of 5-ml aliquots.
TcO;: Sample: The eluate from a **Mo/°*™T¢ generator, con-

taining Na®°™TcO, in 0.15 M NaCl, was di-
luted 1000-fold with water. A 25-ul sample of
this solution was used.
Assay:  y-Counting of 5-ml aliquots.
SO; Sample®: 50 plofa 0.005 M Na,SO, solution, spiked with
Na,*3S0,.
Assay:  fB-Counting after collection of SOZ~ on anion-
exchange paper’ from 0.1-0.5-ml aliquots, di-
luted with water to 50 ml.
Fe(CN)2~ and Fe(CN)¢~: Sample: 250 ul of a 0.05 M K3Fe(CN)g or K Fe(CN)g
solution.
Assay:  X-ray fluorescence analysis, after collection of
Fe(CN)2~ and Fe(CN){~ on anion-exchange
paper® from 1-ml aliquots, to which 125 ul of
0.04 M HCI were added prior to dilution with
water to 50 ml.

Moreover, in order to obtain the distribution coefficient of a neutral compound,
i.e., water, in these polymer systems, weighed 1-ml aliquots of top and bottom layers
were evaporated to dryness at 95°C and reweighed.

Following these procedures, the final overall molalities of the sample ions and
the counter tons added concomitantly with the sample ions were as summarized in
Table I. Note that these molalities are all smaller and in most instances much smaller
than the lowest overall Na,SO, molality used (3.3 - 1072 mol kg™ !). As a conse-
quence, their contribution to the ionic strength was not taken into account.

RESULTS AND DISCUSSION

The experimental Kp- values are given in Table II. From these data, values of

“ This was performed only in the NaClQ,-containing polymer systems.
® This technique has been described in detail in ref. 5.



330 W. J. GELSEMA, C. L. DE LIGNY

TABLE |
IONIC COMPOSITIONS OF THE TWO-PHASE POLYMER SYSTEMS

Sample ion Molality of Molality of
sample ion (mol. kg~') other species (mol. kg™')
Mg?* 51074 Cl™: 1073
Na* 1076 Cl=: 107¢
9OMTeO; — NaCl: 1.5- 1077
SOz~ 1073 Na*:2-107°%
Fe(CN)}~ 5107 K*: 151073
Fe(CN)Z~ 51074 K*:2-1073

“ No carrier added.

A log Kp: = log [Kp-(NaClO,)/(Kp-(Na,SO,)] were calculated. These values were
corrected for the two terms f'(m) and z? \/w flw,d;) occurring in egn. 9 as follows.

The term f'(m) in eqn. 9 can be assessed by realizing that the solvents in the top
and bottom layers are, essentially, aqueous 9.1% (w/w) PEG and 19.5% (w/w) dextran
solutions, respectively. Using the equations

Yy XPEG 1 — XPEG -t Yy XDextr. 1 — XDextr. | !
MT=<—+—> andM.;:( +
MPEG MHZO MI)extr. MHZO

with xpeg = 0.091, Mpgg = 6000, xpeyr. = 0.195, Mpey,. = 500 000, and using
further vwx = 2, vn,y = 3, Kix = 1.17, K,y = 0.86 and Wy/W = 0.32, it can be
shown that this term amounts to 2 - 10~ * at the highest molality used. Consequently, it
was neglected.

The term zz\/w flw,a;) in eqn. 9 was calculated by equalizing the dielectric
constants of the top and bottom layers to those of aqueous 9.1% (w/w) dioxane and

TABLE 11

K, VALUES OF DIFFERENT SPECIES P IN NaClO, AND Na,SO, CONTAINING TWO-PHASE
PEG-DEXTRAN POLYMER SYSTEMS (EACH AT A CONCENTRATION OF 7%, w/w) OF
VARYING IONIC STRENGTH

The values in parentheses were not measured, but are identical to those of Na® in Na,80Q,, as K, =

K’soi_
w (mol kg™") NaClO, Na, S0,

0.1 0.05 0.01 0.1 0.05 0.01
Mg?* .69 1.72 1.55 0.815 0.848 0.873
Na®t 1.16 1.17 1.17 0.827 0.843 0.870
H,0O 1.14 1.14 1.14 1.13 1.13 1.14
TcO; 1.02 1.03 1.05 1.41 1.41 1.37
$S02° 0539 0543 0534 0827)  (0.843)  (0.870)
FC(CN)g_ 1.12 1.24 1.23 2.79 2.67 2.50

Fe(CN)g~ 0.444 0.524 0.516 1.00 .11 1.12
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TABLE III
VALUES OF z2/w flo, &) FOR VARIABLE w AND z AT 4, = 5 A

o (molkg™) 2 Ju flw, i)

z==41 z=+2 z= 43 z= +4

0.1 0.012 0.046 0.104 0.186
0.05 0.010 0.041 0.092 0.163
0.01 0.006 0.026 0.058 0.102

19.5% (w/w) sucrose solutions, respectively: D = 70.5 and Dy = 73.6°. This yields
the Debye-Hiickel constants: A1 = 0.595, 4y = 0.558, fir = 0.347 and Bz = 0.340.
Table IIT gives the results for several values of z at the three levels of w used in this
study.

The results obtained after applying these corrections are shown in Table IV,
where the extrapolated data, representing 4 log Kp- values, are also given. In Fig.
1 a plot of 4 log Kp: versus z is shown. It can be seen that the linear relationship
predicted by eqn. 7 is obtained.

Least-squares fit of the data to the equation 4 log Kp- = a + bz yields a =
0.000 + 0.006 and b = 0.113 + 0.003. The line therefore passes through the origin,
within experimental error, as predicted by eqn. 7. The slope, b = 0.113 + 0.003 (5
degrees of freedom), does not differ significantly from the theoretical value, 4 log
Kna+ = 0.125 + 0.005 (1 degree of freedom) (see Table IV). Therefore, the expression
A log Kp- = 0.113 z can be used as a calibration line for the determination of ionic
charge (of course, as the activity coefficient corrections depend on z, this determina-
tion must be done by successive approximations).

Table V (first column) gives the deviations from the real charge, calculated from
the data in the last column of Table IV and the equation 4 log Kp- = 0.113 z, for the
ions investigated. For a comparison with results obtained by ion-exchange methods,

TABLE IV

VALUES OF 4 LOG K. — 22 Jw flw, &, =5 A) OF DIFFERENT SPECIES P° AT VARYING IONIC
STRENGTH, AND VALUES OF 4 LOG K;:, OBTAINED BY EXTRAPOLATION VERSUS w AT
w =20

Species w (mol kg™ ')
0.1 0.05 0.01 -0

Mg?* 0.270 0.267 0.222 0.226 + 0.020
Na* 0.134 0.134 0.124 0.125 + 0.005
H,0 0.003 0.003 0.001 0.000 + 0.001
TcO, —0.154 —0.148 —0.121 —-0.122 £+ 0.010
Non —-0.232 —0.234 —0.238 —0.238 £+ 0.00!
Fe(CN);~ —0.499 —0.427 —0.367 —0.353 + 0.001
FC(CN)‘:: —0.540 —0.490 —0.441 —0.432 + 0.004

¢ With standard deviations of the extrapolated values.
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Alog Kpz
0.30 +
0.20 {
0.10 +
4 3 2 -1 1 2 3 z
+ -0.10
+ -0.20
L -0.30
(]
t -0.40
[
T -0.50

Fig. 1. 4 log Kp: versus z. Data from Table IV. Regression line: 4 log Kp: = 0.113 z.

we refer to a paper by Huigen et al.”. The charges found for C1~ and SO3~ ions by
normal-pressure ion-exchange chromatography on DEAE-Trisacryl with 0.10-0.50
M NaClO, as eluent were —0.63 and — 1.40, respectively; that obtained for Fe(CN)3~
by experiments with 0.75-1.00 M NaClO, on the same material was —1.20. Using
high-performance liquid chromatography on Aminex A-28 with 0.90-1.05 M sodium
acetate as eluent a value of —2.2 for SO2~ ions was found.

These results were obtained in the usual way?'®°, i.e., from the slope of a double
logarithmic plot of the capacity factor against the electrolyte concentration. This
means that corrections for activity coefficients are not applied (indeed, owing to the
relatively high electrolyte concentrations in the eluents and the unknown, but also
high, electrolyte concentration in the exchanger phase, such a correction is hardly
feasible). One could argue that this problem can be circumvented by using a reference
ion®1°: the double logarithmic plot of the capacity factor of an unknown ion against
that of a reference ion with known charge should have a slope equal to the ratio of their
charges and would provide for an “internal” correction for activity coefficients.
However, this approach is valid (and feasible) only for ions that have nearly the same
charge [with the data given above it is clear that the use of SOZ ™ as a reference ion for
Fe(CN)2~, or vice versa, is not possible owing to the non-overlapping electrolyte
concentration ranges required]. Deviations from the real charge for these results from
ion-exchange chromatographic experiments are also summarized in Table V. We
conclude from these data that the proposed polymer two-phase partition method
yields more reliable results than the ion-exchange chromatographic method.

From the standard deviation, s4144%,. = 0.0139, of the experimental points to the
calibration line and the values of the slope b and its standard deviation s, (b = 0.113 +
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TABLE V

DEVIATIONS FROM THE REAL CHARGE FOR SOME IONS FOUND BY AQUEOUS POLYMER
TWO-PHASE PARTITION (THIS WORK) AND BY ION-EXCHANGE CHROMATOGRAPHY
(REF. 7)

Ion Aqueous polymer Ton-exchange chromatography
two-phase partition

DEAE-Trisacry! Aminex 28

Mg?* 0.00

Na* +0.11

TcO; ~0.08

Ci~ +0.37

502" —0.11 +0.60 —0.20
Fe(CN)3- —0.12 +1.80

Fe(CN)~ +0.18

TABLE VI

STANDARD DEVIATION s, OF AN IONIC CHARGE z, TO BE DETERMINED BY THE
PROPOSED METHOD, USING THE CALIBRATION LINE OF FIG. |

[N}
[N}

Sz

-4 0.19 0 0.16
-3 0.17 +1 0.17
-2 0.16 +2 0.19
-1 0.16

0.003), the standard deviation s, of an unknown tonic charge z, to be determined by the
proposed method, can be estimated using!?

1
§2 = b_2[<1 + —)sﬁlog,( +(z— Z)zs,f:i(l + ———L—>
n v n—1—p

where #n is the number of experimental data points, pis the number of parameters used
in calculating the regression line and Zis the mean charge of the ions used. The resulting
errors (usingn = 7, p = 2 and Z = —1) are given in Table VL.

APPENDIX

The activity coefficient yp- of an ion P?, present in a tsace amount in an electrolyte
solution of ionic strength w, is given by the extended Debye-Hiickel equation®:

5 _
z°AJ o —
—log yp- = ——\/: + log(l + 1073w M, m) + Co (A1)
1 + ﬁa,’\/w :
“ An equation of this form was shown!? to represent the activity coefficients of 1:1 and 2:1

clectrolytes fairly well up to concentrations beyond 0.1 M. Here its extended use for the representation of

single-ion activity coefficients of —3 and —4 ions up to 0.1 M is permitted as the correction term contains
activity coefficient ratios.
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where A4, f and C are constants, d; is the distance of closest approach of the electrolyte
ions to the ion P%, v is the number of ions into which one molecule of electrolyte
dissociates, M, is the mean molecular weight of the solvent and m is the molality of
the electrolyte solution. The activity coefficient term occurring in eqn. 7 can then be
written as:

o I:VT(NX)VB(N 2 Y)]
7e(NX)yr(N.Y)

—22[ AT\/Q)T(NX) AB\/CUB(NX) + AB\/Q)B(NZY)‘ _ AT\/wT(NzY) i]
I+ Brdi/or(NX) 1+ .Blidi\/wB(NX) 1+ Bodinfwp(N2Y) 14 BTdi\/wT(NZY)

_log {[1 + 107 3vMoma(NX)] [1 + 10—3vN2YMBm,,(N2Y)]}
[1 + 107 3y Mpmag(NX)][1 + 1073wy y Mame(N,Y)]

— Ce(NX)r(NX) 4+ Cy(NX)wp(NX) — Cp(N,Y)wp(N,Y) 4+ Cr(N,Y)wr(N,Y) (A2)

The ionic strengths of the top and bottom layers are related to the overall ionic
strength w by

W -1
wr(NX) = w[KNX + W@(l - K&x)]

Wl 1 -
wp(NX) = w[l + —WE< Ko~ 1>]

, Wy o
or(N,Y) = of Ky,y + _W‘(l — K\,v)

Wysl 1 -1
NoY) = 1+ 28—
on(N2Y) w[ " W<KN2Y 1)]

where Wy/W represents the weight fraction of the bottom layer. Analogous equations
hold for the relationship between the molality in both layers and the overall molality m.
Substitution in eqn. A2 gives an expression that can be written in the following
simplified form:

(A3)

I:VT(NX)YB(NZY)
ye(NX)pr(N,Y)

J = — 22 Joflwd) — f(m) + Cw (A4)
where f and f are known functional relationships and C’ is an unknown constant.
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CORRELATION ANALYSIS IN LIQUID CHROMATOGRAPHY OF METAL
CHELATES

I. ONE-DIMENSIONAL RETENTION-STRUCTURE MODELS IN RE-
VERSED-PHASE THIN-LAYER CHROMATOGRAPHY

A. R. TIMERBAEV* 1. G. TSOI and O. M. PETRUKHIN
Mendeleev Moscow Institute of Chemical Technology, 125820 Moscow (U.S.S.R.)
(First received April 6th, 1989; revised manuscript received September 27th, 1989)

SUMMARY

The predictive abilities of some parameters describing the effect of the structure
of metal chelates on their chromatographic properties in reversed-phase thin-layer
chromatography are compared. The applicability of corresponding one-dimensional
equations for an a priori estimation of retention parameters, for optimization of the
chelating reagent and for studying the mechanism of the interphase distribution of
metal chelates is demonstrated. The dependences of the capacity factors on molecular
structure parameters (distribution constant, stability constant, molecular connectivity
index) are shown to possess the highest correlation factors. The necessity for the
development of a multi-parametric mode!l for describing the dependence of the
chromatographic properties of chelates on their structure and the chromatographic
experimental conditions is substantiated.

INTRODUCTION

Metal chelates represent an important analytical form of metals in high-perfor-
mance liquid chromatography!. The problems of forecasting the chromatographic
behaviour of chelates at the quantitative level and the choice of the optimum chelating
reagents for the selective separation of metals are of considerable interest. The
solutions to these problems can be based on correlation equations relating the
retention parameters with structural characteristics of metal chelates and applicable to
other types of compounds. This paper assesses the applicability of one-dimensional
dependences of such a type for the description of the chromatographic properties of
metal chelates in reversed-phase thin-layer chromatography (TLC).

EXPERIMENTAL

Chelates

Metal dialkyldithiophosphates were prepared by extraction of metals with
chloroform solutions of potassium dialkyldithiophosphates or by metal-exchange

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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extraction from nickel or zinc dialkyldithiophosphate and aqueous solutions of metal
salts?. Metal diethyldithiocarbamates and di-n-propyldithiophosphinates were syn-
thesized by mixing aqueous solutions of metal salts with sodium diethyldithio-
carbamate and ammonium dipropyldithiophosphinate, respectively.

Chromatographic conditions

The retention parameters were determined by TLC using precoated high-perfor-
mance TLC plates with octylsilanized silica gel F,s, obtained from E. Merck
(Darmstadt, F.R.G.). For higher reproducibility of Ry values the experiments were
carried out at constant temperature (25 + 0.25°C) with presaturation of the sorbent
layer by mobile phase vapour.

Structural parameters

The chelate distribution constants (Kp) were calculated based on two-phase
stability constants® and stability constants in water medium (8,). The B, values, needed
for calculation and correlation, were obtained from the linear dependence of log f,, in
aqueous—organic solutions* on the reciprocal of the dielectric constant®. To take into
account the influence of the medium, the formalism of non-specific solvation
parameters, IS* was used®. The IS* values for water—organic mixtures were
calculated from the tabulated values for individual solvents’.

The first-order connectivity indices (x) for metal chelates were calculated
according to Bondi®. The values of § (a formal parameter which takes into account the
size of atom) for sulphur and phosphorus atoms, necessary for calculations, were taken
from the same paper®. There is no information on any method for estimating 6 for
metal atoms. Therefore, these parameters were calculated by applying the same logical
approach, taking account of the variation of configuration of the outer electron shell
of atoms during the formation of bonds with ligand donor atoms, by the following
equation:

A
Z+Zi—2"M) — 1

o(M) =

where Z is the atomic number of the metal atom, Z7 is the total number of electrons
participating in the formation of metal-ligand bonds, Z¥(M) is the number of
electrons belonging to the metal atom itself, Z, is the number of vacant d-orbitals of the
metal atom and 4 is the number of bonded hydrogen atoms (A = 0 for metals).
Calculated 6(M) and y(M) values are presented in Table I.

The molar volumes (V) were calculated from functional group increments and
Van der Waals radii of atoms®.

The induction (¢*) and steric (Es) constants were calulated from fragmental
data'® according to the additivity principle or reference values were used'!. The
hydrophobic constants () and fragmental hydrophobic constants (f) were taken from
refs. 12 and 13.

The effective charges on metal atoms were estimated from the electronegativity
of metal (py) and donor atoms by using the principle of equalization of electro-
negativities'*. The orbital electronegativity values (Klopman parameters, E,) were
taken from the literature®>. The ratios of py to metal ion radius were calculated from
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TABLE I
5 AND y VALUES FOR METAL ATOMS

Metal d b4 Metal I3 1 Metal ) 1

Cd 0.178 10.05 Mn 0.320 7.49 Pd 0.186 9.83
Cu 0.320 7.49 Ni 0.320 7.49 Pt 0.105 13.08
Hg 0.104 13.15 Pb 0.107 12.96 Zn 0.296 7.79

reference data'®. The metal increments (Ay) were calculated as the difference between
the Kp values of the chelates and the chelating reagent.

RESULTS AND DISCUSSION

Our objective is to compare the heuristic properties of as large a number of
structural parameters as possible. In principle, to describe the effect of ligand structure
one can use all the parameters which are applicable for organic compounds: the
Hansch'? and Rekker!? constants, the number of carbon atoms'®, the molecular
connectivity indices®, etc. A more complicated situation arises when the influence of
the nature of the metal and the structure of the chelate molecule as a whole have to be
taken into account. For this purpose a knowledge of some special aspects of
coordination chemistry is necessary.

Distribution constants

The application of Ky, values for the determination of the chromatographic
properties of metal chelates (and of other compounds) is based on the idea that the
intermolecular interactions in chromatographic systems and in systems of two
immiscible liquid phases are similar!’. The water—n-octanol system is usually
considered as the optimum liquid-liquid system simulating the distribution of
substances between a water—organic mobile phase and an alkyl-modified sorbent®®.
The method we applied for the calculation of distribution constants in various media
allows the manipulation of the K values of chelates in an octanol-water—organic
system of the same composition as the mobile phase. This approach makes the
appropriate calculation of retention parameters more realistic.

Fig. 1 shows the dependences of log k' values of metal chelates on the
liquid-liquid distribution constants (r = 0.85-0.90). These dependences satisfy the
linearity hypothesis (according to the F-criterion at o = 0.05) although, in general, the
correlation between chromatographic and extraction parameters was worse than
expected. The reasons may be as follows: (i) the absence of reliable distribution
constant data; (ii) the limited nature of the approach to their evaluation based on the
principle of a linear free energy relation by using 1S* values$; (iii) the convention that
the alkyl-modified sorbent surface is simulated by the voluminous octanol phase
(according to our calculations the adsorption of metal chelates takes place without
their penetration into the volume of the surface layer).

Nevertheless, the distribution constants can serve well for the determination of
retention parameters, especially if one takes into account, in addition, a factor such as
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Fig. 1. Dependences of the retention parameters of (a) metal diethyldithiophosphates and (b) diethyldithio-
carbamates on distribution constants. {(a) Dioxane-water (80:20); (b) acetonitrile—water (80:20).

the differences between the donor—acceptor properties of an organic mobile phase
modifier and the water phase of the extraction system by introducing some correction
factors'?.

Stability constants

According to modern ideas', the character of chelate retention on non-polar
sorbents from polar eluents is determined to a great extent by the specific
intermolecular interactions of ligand donor (and other electronegative) atoms with
electron-acceptor groups and atoms of the mobile phase components. On the other
hand, in sulphur-containing chelates the metal-ligand bonds have essentially covalent
character. As a result, owing to easy polarizability of soft ligands, the electron density
is shifted into the interatomic region. The.more stable the chelate, the stronger is the
electron density shift to the central atom and, hence, the lower is the effective charge on
donor atoms and the energy of corresponding specific interactions. In other words,
more stable complexes should be less mobile than less stable complexes. The
correlation between capacity factors and stability constants is just of this nature
(Fig. 2; r = 0.97-0.99, s = 0.04-0.05).

One should note that stability constant data for many metal chelates are scarce
owing to the complexity of their experimental determination. Therefore, the solution
of the reverse problem, i.e., evaluation of stability constants from chromatographic
data, is worthwhile.

Molecular connectivity indices

The concept of quantitative structure—activity interrelation, based on an
incremental approach and widely used in modern chemistry, allows, in principle,
chromatographic properties to be estimated on the basis of the molecular topology2°.
The method, which uses molecular connectivity indices as the structural index®,
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Fig. 2. Log k' values of (a) metal dibutyldithiophosphates and (b) dlelhyldl[thCdrbdmd[CS vs. stability
constants. Mobile phases as in Fig. 1.

occupies an important position among the formal methods of describing molecular
structure.

Tables II and IIT show the general type of capacity factor dependences for metal
dialkyldithiophosphates with a molecular size expressed via connectivity indices of the
metal and ligand (the increase in correlation factor from ethyl to octyl derivatives, in
accordance with the decreasing contribution of the ¢ value of the metal atom to the
overall y value, is obvious). A similar analysis of the retention data of copper
dialkyldithiocarbamates®! also shows their good correlation with y (log k' =
0.224 y — 3.470; r = 0.993). In general, the closest interrelation with the retention
parameters of metal chelates is observed for the molecular connectivity indices.
However, the superiority of y values over all other parameters studied is not only due
to the higher correlation factors. Unlike the other parameters, the topological indices
allow the contributions to the total retention and the influence of both the metal atom
and ligand to be evaluated individually. According to the data in Tables [T and ITI, the
influence of the nature of the metal is most prominently expressed for hexyl and octyl
derivatives and the influence of the ligand for mercury chelates.

TABLE 11

DEPENDENCE BETWEEN RETENTION PARAMETERS AND MOLECULAR CONNECTIVITY
INDICES FOR METAL DIALKYLDITHIOPHOSPHATES

Mobile phase: dioxane-water (90:10). DEDTP = Diethyldithiophosphate; DBDTP = di-n-butyldithio-
phosphate; DHDTP = di-n-hexyldithiophosphate; DODTP = di-n-octyldithiophosphate.

Ligand Correlation equation Correlation factor

DEDTP log & = 0.064 y — 1.680  0.939
DBDTP log k' = 0.098 y — 2.166 0941
DHDTP log & = 0.140 y — 3467  0.946
DODTP log k' = 0.142 y — 3.702  0.965
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TABLE IlI

INTERRELATION BETWEEN LOG &' AND MOLECULAR CONNECTIVITY INDICES FOR
METAL DIALKYLDITHIOPHOSPHATES

Mobile phase: dioxane-water (90:10).

Metal Correlation equation Correlation factor
Hg log &' = 0.162 y — 4.206 0.951
Ni log k&' = 0.107 x — 2.760 0.933
Pb log £ = 0.111 y — 3.980 0.924

Molar volume

One of the most straightforward approaches for establishing the interrelation
between retention and sorbate structure is the correlation of log & and molar
volume??. The V,, value is directly related to the thermodynamic characteristics of the
intermolecular interactions of a metal chelate in the mobile phase and to the area of
molecular contact with the stationary phase. However, the limiting nature of this
parameter is revealed by the fact that the estimated increase in molar volume due to
branching of alkyl substituents was not confirmed experimentally by corresponding
retention changes. This is related to the supposition that chelate adsorption on
modified sorbents occurs at the mobile phase-modified layer interface.

Nevertheless, for metal di-n-alkyldithiophosphates and di-n-alkyldithiocarba-
mates, the log k' vs. V,,, dependence is met fairly well (r = 0.90-0.99). An insufficiently
good correlation for a series of metal chelates of the same ligand and different metals is
obviously due to inaccuracy in the evaluation of the metal increment®.

Carbon number

Another topological parameter used for the quantitative evaluation of ligand
structure is the number of carbon atoms in alkyl substituents (nc). Table IV
summarizes the characteristics of log k' vs. nc correlation relationships. High values of

TABLE 1V

CORRELATION BETWEEN CAPACITY FACTORS AND LIGAND PARAMETERS FOR METAL
DIALKYLDITHIOPHOSPHATES

Mobile phase: dioxane—water (90:10).

Parameter Parameters of correlation equation log k' = ax + b

Hg Ni Pb

a b r a b r a b ¥
ne 033 —~1.14 0957 021 —143 0927 023 —1.53 0929
a* -3.05 =339 0310 —557 =557 03816 —572 =709 0.794
Es 199 —1.24 0.895 263 —134 0.899 273 —1.42 0905
¥ 0.16 —1.25 0.957 0.10 —1.50 0928 011 —1.60 0.928

n 0.66 —1.15 0956 043 —1.44 0936 045 —154 0931
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the correlation factors indicate a good predictive ability of retention models based on
the topological principle of describing the chelate molecule structure.

The physical meaning of the correlation between retention parameters and alkyl
substituent chain length consists in increasing the solvophobic effect in the mobile
phase and the total energy of hydrophobic interactions with the stationary phase,
leading to an increase in retention. The selectivity of the separation of metal
dithiophosphates increases monotonously from methyl to octyl derivatives.

Induction constants

The induction effect of substituents must directly influence the electron density
of donor atoms and, hence, their capability to participate in the specific interactions in
the mobile phase. A linear correlation of log &' values with ¢* is observed for
small-sized substituents only, however, because, as the alkyl chain length grows, (i) the
induction effect rapidly attenuates and (ii) the contribution of hydrophobic adsorption
becomes significant. Therefore, the application of this parameter for an a priori
evaluation of the retention of metal chelates with alkyl substituents is limited by the
comparatively small number of carbon atoms in a ligand.

Steric constants

This parameter is of interest mainly due to the influence of steric effects on the
energy of specific interactions in the mobile phase. Of importance also is the decrease in
contact area between a chelate molecule and the alkyl-modified layer and the
probability of entry of a molecule into the sorbent surface layer when the branching of
substituents increases (for steric reasons). For example, according to published data??,
copper dialkyldithiocarbamates with branched substituents have slightly higher
mobilities than their linear analogues.

The data in Table IV demonstrate a good interrelation between the retention
parameters of metal dialkyldithiophosphates and Eg values. However, as the number
of carbon atoms increases, the effect of this parameter levels off (Fig. 3). This is
explained by two factors, in our opinion. First, the contribution of substituent
hydrophobic interactions with the stationary phase to retention becomes prevalent
and for non-linear substituents with larger Es values &’ does not increase, but remains
almost unchanged (curve 1). Second, the steric effect itself ceases to change beginning
from n-butyl derivatives, and the chelate retention continues to increase (curve 2).

Hydrophobic and fragmentary hydrophobic constants

Like the distribution constants considered above, both of these parameters
describe the hydrophobic nature of a molecule. The difference lies in the fact that the
Hansch (n) and Rekker (f) constants allow the hydrophobic nature of structural
fragments to be estimated individually. There is no difference in the physical meaning
of these parameters. The = and f values are obtained in the same manner, namely by
correlation with the experimental values of log K, with the subsequent isolation of the
contribution of some particular structural fragment to the integral value of the
hydrophobic parameter!?. By using the Rekker constants one can, however, more
accurately evaluate the hydrophobicity (the Hansch method does not differentiate the
contributions of methyl and methylene groups).

Hence, one can reasonably expect the correlation between log k' and for 7 values
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Fig. 3. Dependence of the capacity factors of mercury dialkyldithiophosphates on the steric effect of the
alkyl substituents. Dioxane-water (80:20). For curves | and 2, see text.

to be not worse, in any case, than that between log k" and log Kp,. This is seen from the
datain Table IV. Note that there is a large body of fand = data for functional groups in
the literature.

Effective charge of metal atom

It is generally accepted that the greater the effective charge on a metal atom, the
higher is the effective charge on donor atoms and the higher is the ability of the chelate
to undergo specific intermolecular interactions in the chromatographic system!.
However, the values of the correlation factors obtained for dependences between k'
and py have shown that the latter parameter (while possessing good heuristic functions
in normal-phase chromatography??®) has only limited application for predicting the
chromatographic properties of metal chelates in reversed-phase TLC. This may be
related to the fact that the relative contribution of specific interactions, especially for
the chelates of the S,S-type, is less significant in this variant of liquid adsorption
chromatography.

Ratio of electronegativity to metal ion radius

This parameter characterizes the degree of electron density transfer from donor
atoms of the ligand to the metal atom, i.e., the energy of their specific interactions in
the mobile phase. However, this parameter also showed low applicability to the
chelates studied (r < 0.6), although it can be applied to metal chelates with more polar
donor atoms (e.g., porphyrinates®*).

Orbital electronegativity of metal atom

The orbital electronegativity values (or the softness parameters) are well
correlated with the extraction, distribution and stability constants of metal chelates
formed by sulphur-containing reagents and soft (by Pearson?®) metals. Hence, it is also
logical to use E, for calculating the retention parameters for a given type of chelate.
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The respective correlation dependences for metal diethyldithiocarbamates and
diethyldithiophosphates, described by the equation

logk' = —aE, + b

are shown in Fig. 4.

The analysis of these dependences showed that the greatest influence of the
nature of the metal on the chromatographic properties of dialkyldithiophosphates (in
terms of a values) is observed for hexyl and octyl derivatives. Hence, one can
recommend dihexyl- and dioctyldithiophosphoric acids for practical purposes.

The high values of the correlation factors and the accessibility of E, values make
it possible to calculate the chelate retention parameters based on the preliminary
experimental determination of these values for three or four complexes.

Metal increment in distribution constant

The distribution constant, having an additive character, can be presented as
a sum of contributions of the groups and atoms in a molecule of a given compound.
With chelates, the metal contribution (increment), Ay, can be calculated to a first
approximation as

Ay = log KM — nlog KhL
where K§™ and K" are distribution constants of the metal chelate and chelating
reagent, respectively. It follows from this equation that, together with the existence of
a linear dependence between log &' and log KM the dependence

log k' = ady + b

must be met. Indeed, the correlation between log &" and Ay for chelates presented in

Eogk‘ foﬁk‘

En -4 -2 0

1
o

1
»o
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Fig. 4. Log k' vs. E, relationships for (a) metal diethyldithiophosphates and (b) diethyldithiocarbamates.
Mobile phases as in Fig. 1.
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Fig. 5. Plots of log X’ and metal increment for (a) diethyldithiophosphates and (b) diethyldithiocarbamates.
Mobile phases as in Fig. 1.

Fig. 5 is confirmed. It is important to note that the metal increments can be found by
calculations based on known characteristics of metal chelates (effective metal charge,
effective polarizability of metal and donor atoms)”.

Comparison of various parameters

The parameters considered can be subdivided into three groups: (i) parameters
characterizing the chelate molecule as a whole (Kp, f,, x» Vw); (ii) parameters related to
the ligand structure (nc, 6%, Es, 7w, f); and (iii) parameters describing the metal atom
properties (pm, xm/¥, En An).

As one would expect, the chromatographic behaviour of metal chelates in
reversed-phase TLC is best described by parameters in the first group. An advantage of
molecular parameters is that they allow both relative and absolute retentions to be
estimated and the influence of both the nature of the metal and the ligand structure to
be characterized. However, the most useful parameters, in our opinion, are molecular
connectivity indices, for which the highest correlation coefficients with the retention
parameters were obtained. The predictive ability of y values was additionally
confirmed with another class of chelates, metal dialkyldithiophosphinates. The
comparison of experimental and calculated capacity factors showed a satisfactory
reliability of such a prediction (Fig. 6; r = 0.91, s = 0.04).

It should be noted that y parameters can be obtained by computational methods
irrespective of the molecule complexity. The empirical calculations of distribution and
stability constants are still a non-trivial procedure.

The range of problems solved by using fragmental parameters (groups ii and iii)
is narrower, however. These parameters allow the prediction of the elution sequence
for a single type of chelate of the same metal or for chelates of the same class only.
Nevertheless, these parameters help in solving some practically important problems
such as the optimization of the chelating reagent.

The applicability of induction and steric constants for metal chelates with alkyl
substituents is limited, as in normal-phase chromatography??, by compounds having
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Fig. 6. Prediction of the retention of metal dipropyldithiophosphinates based on the log & = ay + b model.
Dioxane-water (90:10).

a small number of carbon atoms. These parameters, however, can hopefully be used

not only independently, but also simultaneously, if one applies two-dimensional
models of the type

log k' = a + bo* + cEg

Note also that ¢* and Eg values are sensitive to isomerism of the alkyl chain.

In contrast, nc, f and & are not sensitive to branching of the molecular structure,
but describe well the chromatographic properties of chelates with linear substituents
with any number of carbon atoms. Hence, the ligand parameters supplement each
other well. The correlation between retention and ligand structure parameters allows
the conclusion that the retention of metal chelates is determined to a great extent by the
size and hydrophobic nature of a molecule, which is in good agreement with the
solvophobic theory?>.

The correlation dependences for metal parameters have the lowest correlation
factors. This is due to the fact that, together with the specific interactions with polar
components of the mobile phase, the retention of the metal chelates studied is also
influenced by hydrophobic interactions. The latter are not related directly with the
electron-acceptor properties of metal atoms.

A more detailed analysis of structural parameters and separation of the most
meaningful ones should allow the retention mechanism for metal chelates in
reversed-phase TLC to be studied more thoroughly.

CONCLUSION

We have shown the possibility of using one-dimensional relationships for the
a priori estimation of chelate retention. However, despite the good predictive ability in
most instances, dependences of such a type cannot be considered to be universal. This
is due to the limited nature of the approach itself, which takes advantage of only one of
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the possible parameters. No one parameter considered takes into account completely
enough all chelate structure effects. A complete quantitative model of the reversed-
phase TLC of metal chelates must be based on a multi-dimensional approach to the
dependence of chromatographic properties on structure and on chromatographic
experimental conditions. The development of such a model is our next task.
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SUMMARY

Ammonium tungstophosphate [(NH,);PW,,0.0] has been tried as solid ad-
sorbent in gas—solid chromatography for the separation of lower hydrocarbons and
permanent gases. The ammonium tungstophosphate (20% on non-porous glass
beads) column was tested in the separation of C,—C, hydrocarbons in both isother-
mal and temperature-programmed runs. Ammonium tungstophosphate seems to be
an effective solid adsorbent for the separation of methane, ethane, ethylene, acety-
lene, propane, propylene and butane. The retention times and recoveries were highly
reproducible in both isothermal and temperature-programmed runs. The high surface
area, (> 150 m?/g), uniform pore-size distribution (6-13 A), uniform particle size
distribution, high thermal stability and moderate sorption capacity render ammoni-
um tungstophosphate a potential adsorbent in gas—solid chromatography.

INTRODUCTION

Gas—solid chromatography (GCS) and gas-liquid chromatography (GLC) are
extensively used for the separation of wide variety of chemicals and gases. Generally,
gases and low-boiling liquids are analysed by GSC and liquids and solids by GLC.
Because of the availability of numerous liquid stationary phases, it is usually easy to
choose a GLC column for the analysis of particular types of liquids and solids,
whereas the selection of a GSC column is limited because of the lack of a large
number of solid phases. The solid adsorbents used for the separation of lower hydro-
carbons and permanent gases include homogeneously macroporous solids (e.g., xero-
gels, macroporous glasses), homogeneously microporous solids (e.g., xerogels, micro-
porous glasses, zeolite molecular sieves, carbon molecular sieves, alumina, porous
polymers such as Chromosorbs, Porapaks), inhomogeneously porous solids (e.g.,
xerogels, chalky silica gel) and non-porous solids (e.g., graphitized carbon blacks,
aerosil, thermal ungraphitized carbon black'~!2. Inorganic salts such as NaCl, Zr
(KPOy,); and Zr (AsPO,); have also been tried as solid adsorbents for the separation
of hydrocarbons!-*3.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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) Tailing of peaks is a frequently observed phenomenon in GSC and is attributed

mainly to non-linear adsorption, sorption kinetics effects and the sorption capacity of
solid adsorbents’. The basic requirements for a solid to be used as an adsorbent in
GSC are a high surface area, a high thermal stability and a uniform pore size distribu-
tion!. A new class of microporous solid adsorbent, viz., ammonium tungstophos-
phate [(NH4)3PW,040] appears to be a promising solid phase in GSC. The potential
application of this non-siliceous, non-aluminous and non-carbonaceous material
stems from its high surface area (nitrogen BET surface area 150-170 m?/g), micro-
pores in the range 6-13 A and high thermal stability (>400°C). The sorption and
diffusion of aromatic and saturated and unsaturated aliphatic hydrocarbons and
aliphatic alcohols on ammonium tungstophosphate have been reported else-
where!4~!7, The reported sorption capacity of ammonium tungstophosphate for dif-
ferent organic compounds and the diffusivities of different organic compounds in
ammonium tungstophosphate are listed in Table 1.

Ammonium tungstophosphate is generally prepared by treating an aqueous
solution of 12-tungstophosphoric acid with an aqueous solution of an ammonium
salt. Ammonium tungstophosphate, which is a heteropoly oxometallate, is an ionic
solid with NH, " cations and a large, cage-like PW,,0,, anion often called Keggin
structure. The anion has a central phosphorus atom surrounded by four oxygen
atoms arranged tetrahedrally. The central tetrahedron is surrounded by twelve octa-
hedra with oxygen atoms at their vertices and tungsten atoms at their centres. The
central tetrahedron and the surrounding octahedra are connected by bridging oxygen
atoms and each octahedron is connected to its neighbouring octahedra by oxygen
atom.

Even though the sorption and catalytic properties of ammonium tungstophos-
phate and other similar heteropoly oxometallates have been studied in detail, their
use in gas chromatography for the separation of hydrocarbons and permanent gases
has so far not been reported. This paper describes the potential application of ammo-
nium tungstophosphate for such separations.

EXPERIMENTAL

Hydrocarbons and gases were supplied by Matheson. Ammonium tungsto-
phosphate was prepared as follows. An aqueous solution of 12-tungstophosphoric acid
(BDH) was treated with a stoichiometric amount of ammonium chloride solution.
The milky solution thus obtained was concentrated over a water-bath. The ammo-
nium tungstophosphate crystals were separated by centrifugation and washed with
distilled water. The solid was dried in an air oven at 110°C for 2 h, then stored in an
air-tight bottle. .

To prepare the column, 5 g of ammonium tungstophosphate were added to 50
ml of distilled water and stirred until a milky solution was obtained, then 20 g of
acid-washed glass beads (0.4 mm diameter) were added. The mixture was stirred
continuously and the water was distilled off slowly under vacuum. The ammonium
tungstophosphate crystals impregnated on glass beads were dried in an air oven at
110°C for 2 h, then transferred to a stainless-steel 6 ft. x 1/8 in column. GC analyses
were carried out with a Hewlett-Packard gas chromatograph fitted with a flame ion-
ization detector and a thermal conductivity detector.
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TABLE I

SORPTION AND DIFFUSION OF ORGANIC COMPOUNDS IN AMMONIUM TUNGSTOPHOS-
PHATE AT 293 K

Type Sorbate Sorption capacity Diffusivity
(glg) D x 10" (cm?[s)
Alcohols* Methanol 0.029 1.0
Ethanol 0.032 0.7
1-Propanol 0.040 0.5
1-Buthanol 0.044 04
2-Methyl-2-butanol 0.030 2.2
{-Hexanol 0.047 0.05
Aromatics® Benzene 0.028 2.4
Toluene 0.035 1.3
p-Xylene 0.021 0.8
m-Xylene 0.017 0.39
0-Xylene 0.019 0.45
Mesitylene 0.014 022
m-Diethylbenzene 0.025 0.13
Saturates® n-Hexane 0.026 4.8
3-Methylpentane 0.029 4.7
Cyclohexane 0.027 2.6
n-Heptane 0.026 4.1
n-Octane 0.029 27
Isooctane 0.029 2.2
Unsaturates* I-Hexene 0.032 2.9
2,3-Dimethyl-1-butene  0.026 1.9
1-Heptene 0.036 23
[-Octene 0.040 0.8
Cyclohexene 0.033 0.8
4-Methyl-1-cyclohexene 0.032 1.2
“ Ref. 17.
b Ref. 14.
¢ Ref. 1S.
¢ Ref. 16.

RESULTS AND DISCUSSION

Separation of C;—Cy4 hydrocarbons

Ammonium tungstophosphate seems to be effective for the separation of C,—C,
hydrocarbons. The baseline separation of methane, ethane. ethylene, acetylene, pro-
pane, propylene and n-butane obtained with the 6 ft. x 1/8 in. ATP column in a
temperature-programmed run is illustrated in Fig. . The reproducibility of the sep-
aration of C,—~C, hydrocarbons was high. The area counts of ethylene, acetylene and
propylene were as reproducible as those of methane, ethane, propane and n-butane.

In order to evaluate the contribution, if any, from the glass beads, the C;-C4
mixture was injected on to a 6 ft. X 1/8 in stainless-steel column filled with untreated
glass beads under identical conditions. It was found that all the C;-C, hydrocarbons
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Fig. 1. Chromatogram showing the baseline separation of (1) methane, (2) ethane, (3) ethylene, (4) acety-
lene, (5) propane, (6) propylene and (7) n-butane. Column 6 ft. x 1/8 in. 20% ammonium tungsto-
phosphate on glass beads; oven temperature, 30°C (4 min); increased at 10°C/min to 100°C, held for 30 min;
carrier gas (nitrogen) flow-rate, 7 ml/min; flame ionization detection (FID).

eluted together as one sharp peak. The retention time of this peak was close to that of
methane when the same mixture was injected on to the ammonium tungstophosphate
column under identical conditions. ,

An attempt to use ammonium tungstophosphate alone (without glass beads)
for the separation of C,~C4 hydrocarbons was unsuccessful because the large ex-
ternal mass transfer resistance prevented appropriate flow conditions from being
maintained. It was found that the use of giass beads as diluent helped to reduce the
pressure drop across the column even though no noticeable contribution from the
glass beads towards the separation of hydrocarbons was observed.

Separation of C1—Cy saturates

It appears that the separation of methane, ethane, propane and butane can be
achieved in a short time by using the ammonium tungstophosphate column. The
baseline separation of C;—C, saturates using a 20% ammonium tungstophosphate
column in a temperature-programmed run is shown in Fig. 2. The column temper-
ature was initially held at 50°C for 1 min, then increased to 150°C at 10°C/min and
held at 150°C for 10 min. The reproducibility of the separation of C,~C, saturates
was good. The retention characteristics of C;—C, alkanes in five successive temper-
ature-programmed runs are given in Table II.

The ammonium tungstophosphate column was also tested for its performance
in the separation of C;—C, alkanes under isothermal conditions. A baseline sep-
aration could be achieved within 15 min by using a 20% ammonium tungstophos-
phate column at 120°C. A representative chromatogram obtained by injecting a mix-
ture of methane, ethane, propane and n-butane is shown in Fig. 3. Even under
isothermal conditions the reproducibility of separation was good. The retention char-
acteristics of methane, ethane, propane and r-butane in five successive isothermal
runs are given in Table III.
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Fig. 2. Chromatogram showing the baseline separation of C,-C, saturated hydrocarbons. Column as in
Fig. 1. Oven temperature, 50°C (I min), increased at 10°C/min to 150°C, held for 10 min; carrier gas
(nitrogen) flow-rate, 20 mi/min; FID. Peaks: | = methane; 2 = ethane; 3 = propane: 4 = n-butane.

Fig. 3. Chromatogram showing the baseline separation of C,—C, saturated hydrocarbons under isother-
mal conditions. Conditions as in Fig. 2 except oven temperature (120°C). Peaks as in Fig. 2.

Separation of permanent gases

Ammonium tungstophosphate appears to be a promising sorbent for the sep-
aration of permanent gases, viz., nitrogen, methane, ethane and carbon dioxide. The
separation of permanent gases achieved under isothermal conditions is shown in Fig.
4.

The selective behaviour of the adsorbent towards adsorbated and the peak
broadening determine the separating capacity of the column®. The elution peaks of
lower hydrocarbons and permanent gases obtained with the ammonium tungsto-
phosphate column appear to be sharp and fairly symmetrical and to have a quasi-

TABLE II

RETENTION CHARACTERISTICS OF C,-C, ALKANES OBTAINED BY FIVE SUCCESSIVE
TEMPERATURE-PROGRAMMED RUNS WITH A COLUMN (6 ft. x 1/8 in.) OF 20% AMMO-
NIUM TUNGSTOPHOSPHATE ON GLASS BEADS

Temperature programme: 50°C (1 min), 10°C/min to 150°C, held for 10 min. Carrier gas (nitrogen) flow-
rate, 20 ml/min. Sample size, 0.025 ml.

Hydrocarbon Mean retention time (s) Standard deviation (s)
Methane 18.6 0.0
Ethane 104.2 04
Propane 399.6 0.7

n-Butane 795.4 04
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TABLE 111

RETENTION CHARACTERISTICS OF C,-C, ALKANES OBTAINED BY FIVE SUCCESSIVE
ISOTHERMAL RUNS WITH A COLUMN (6 ft. x 1/8 in) OF 20% AMMONIUM TUNGSTO-
PHOSPHATE ON GLASS BEADS

Column temperature, 120°C; other conditions as in Table 11.

Hydrocarbon Mean retention time (s) Standard deviation (s)
Methane 12.6 0.0
Ethane 28.8 0.3
Propane 120.6 0.3
n-Butane 792.4 1.7

Gaussian shape. In GSC only ideal conditions produce sharp and symmetrical Gauss-
ian-shaped elution peaks (with peak widths at the inflection point, at half-height and
at the base of 2a, 2.355¢ and 40, respectively, where o is the standard deviation of the
peak)! 18-2° Deviations from ideal behaviour are attributed mainly to the inhomo-
geneous distribution of active sites, non-linear adsorption, diffusional effects and
stronger specific interaction of adsorbate molecules with the active sites. For a partic-
ular adsorbent, the interaction of an adsorbate molecule with an active site depends
mainly on the molecular weight, molecular geometry and electron density of the
adsorbate molecule. Even if the distribution of active sites is uniform (Gaussian), the
adsorption is linear and the interaction of the adsorbate with the adsorbent is weak,
peak broadening can still occur as diffusional effects in a real column cannot be
eliminated completely. The effects of diffusion can only be minimized by using small
adsorbent particles of uniform size and shape distributed uniformly in a column, by
selecting a heavier carrier gas and by reducing the column diameter! '8-2° The
ammonium tungstophosphate crystals obtained by treating an aqueous solution of
12-tungstophosphoric acid with ammonium chloride solution seem to have a fairly
uniform size. A scanning electron micrograph of these crystals is shown in Fig. 5. As
there is a small number of smaller and larger crystals and as the rate of sorption is

—

0 [
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Fig. 4. Separation of permanent gases under isothermal conditions. Column as in Fig. 1. Oven temper-
ature, 35°C; carrier gas (helium) flow-rate, 10 ml/min; thermal conductivity detection. Peaks: I = nitrogen;
2 = methane; 3 = ethane; 4 = carbon dioxide.
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Fig. 5. Scanning electron micrograph of ammonium tungstophosphate crystals.

inversely proportional to the square of the crystal radius, some degree of peak broad-
ening, as in any real column, is to be expected. The fairly symmetric peaks for C,—C,
hydrocarbons show that the peak broadening due to an inhomogeneous active site
distribution and non-linear adsorption is small. It appears that the fairly uniform
particle size distribution, pore size distribution (6~13 A) and high surface area make
ammonium tungstophosphate an effective adsorbent in GSC.

GSC, introduced by Martin and Synge?!, is widely been used as a reliable
method for the separation of hydrocarbons and permanent gases. Since Golay’s in-
troduction of capillary columns for high-resolution gas chromatography??, much
interest has been shown in extending the use of solid adsorbents to capillary chroma-
tography. As the ammonium tungstophosphate packed column is capable of separat-
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ing light hydrocarbons and permanent gases, a porous-layer open-tubular (PLOT)
column containing ammonium tungstophosphate, by virtue of its high resolving pow-
er, should certainly find wide application in GSC.
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SUMMARY

Regularities of the gas chromatographic behaviour of Cs—Cq; alkylbenzenes,
C,0—C3 alkylnaphthalenes and Cg—C;, alkyl aryl carbamates are described by
structural models containing Van der Waals volumes and molecular connectivity
indices of different orders. The dependences are shown to be approximated by
seven-factor (for alkylbenzenes), five-factor (for alkylnaphthalenes) and three- or
five-factor (for alkyl aryl carbamates) polynomials of the first power. The correlation
coefficients are 0.998-1.000.

INTRODUCTION

Correlations of chromatographic retention with the physico-chemical and
structural characteristics of sample substances form the basis for the choice of
‘appropriate chromatographic systems and are of great significance for solving
problems of the identification of components of complex mixtures. Martin' was the
first to elucidate the quantitative relationships between the structure of dissolved
substances and their chromatographic behaviour. He proposed that a substituent
changes the distribution coefficient of a dissolved substance by an extent that depends
on the nature of the substituent and on the mobile and stationary phases used. This
phenomenon is considered to be an example of linear free energy relationships. In this
respect the parameters of chromatographic retention that are used in correlation
investigations are considered to be proportional to a free energy change that is
connected with the process of chromatographic distribution.

With non-polar or low-polarity stationary phases, the retention of compounds
on which is determined by dispersion forces, these correlation dependences are based
on the assumption of additivity of the free energies of interaction of the sorbates with
the stationary phase, which may be calculated by summation of the physico-chemical
and structural increments of the molecule.

The additive scheme proposed by Berezkin?3 for the calculation of elution
characteristics from the structural increments of compounds also assumes additivity of
retention indices (/)*5, the dependence of which on the molecular characteristics is

0021-9673/90/803.50 © 1990 Elsevier Science Publishers B.V.
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described by the equation

I= 2 ax;+ b )

i=1

where x; are physico-chemical and structural parameters of the compounds and ¢; and
b are constants.

Eqn. 1 is simplified if the linear correlations of / are considered as dependent on
one parameter x:

I=ax +b )

Although the field of application of eqn. 2 is limited in most instances to members of
the same homologous series, such dependences are worthy of attention and may be
used for the preliminary calculation of retention indices of aromatic hydrocar-
bons™12, .

The correct choice of molecular characteristics for the construction of a model
reflecting the nature of the chemical structure permits the prediction not only of
chromatographic behaviour but also general properties of a substance. The molecular
connectivity index!** and the Van der Waals volume'® provide wide opportunities
for describing the structure of organic molecules.

According to eqgn. 2, a close correlation is established between the retention
indices of aromatic hydrocarbons and molecular connectivity indices'®~22 and also
between the Van der Waals volume®=1%. It has been shown that the retention of
aromatic hydrocarbons may be described by eqn. 1, which contains connectivity
indices of different orders®2?® and their combinations with the Van der Waals
volume?*.

EXPERIMENTAL

The retention indices of the following compounds were used in this study:
C—C,; alkylbenzenes, obtained on open-tubular columns with squalane at 100°C2°
and OV-101 at 100°C2%; C;0-Cya alkylnaphthalenes, obtained on open-tubular
columns with heptaphenyl ether (HPE)® and OV-101 at 140°C2%; and Cs-C, alkyl
aryl carbamates, obtained on a packed column with 5% SE-30 on Chromaton N AW
HMDS (0.2-0.25 mm) at 140°C?7.

In eqn. 1, the Van der Waals volume and connectivity indices of different orders
were taken as independent variables. The Van der Waals volumes (V) were calculated
according to Bondi'> by summation of the contributions of the volumes of individual
groups forming the compound. The path connectivity (x,) and cluster (*x., x,.) indices
of the five orders were calculated according to Kier and Hall**. For connectivity
indices of the third to fifth orders, the total values of the path and cluster parameters
were also determined, i.e., *¥p+e *Yp+pe aNd 2y pe (ref. 28).

The boiling temperature, molar refraction (Ry), Vw and the total path
connectivity index of the three orders, 'y, = 'y + %y + 3y, were used as variables in
eqn. 2.
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TABLE 1

RETENTION INDICES AND PHYSICO-CHEMICAL PARAMETERS OF AROMATIC HYDRO-
CARBONS

Hydrocarbon” 25710 1,(°C) Ry Vi =3,

B 663.6 80.10 26.187 48.36 3.8214
MeB 766.4 110.63 31.097 59.51 5.0059
EtB 858.9 136.19 35.763 69.74 6.0616
1,4-DiMeB 867.7 138.35 36.008 70.66 6.1943
1,3-DiMeB 866.6 139.10 35962 70.66 6.1532
1,2-DiMeB 890.3 144.41 35.803 70.66 6.3373
n-PrB 949.3 159.22 40.453 79.97 7.0884
1-Me-4-EtB 958.2 161.99 40.702 80.89 7.2500
[-Me-3-EtB 955.9 161.31 40.658 80.89 7.2153
{-Me-2-EtB 974.2 165.15 40.450 80.89 7.3102
1,3,5-TriMeB 963.3 164.72 40.819 81.81 7.2632
1,2,3-TriMeB 1015.9 176.08 40.454 81.81 7.6363
n-BuB 1048.1 183.27 45.100 90.20 8.2223
1-Me-3-#-PrB 1043.4 181.75 45,323 9[.12 8.2423
1-Me-4-n-PrB 1047.5 183.45 45,343 91.12 8.2769
1-Me-2-n-PrB 1059.0 184.75 45.132 9[.12 8.3451
1.3-DiEtB 1040.4 181.10 45.347 91.12 8.2777
1,2-DIEtB 1052.7 183.42 46411 91.12 8.3047
1-Et-3-n-PrB 1125.8 201.00 49,742 101.35 9.3361
1-Et-2-n-PrB 1134.8 203.00 52.260 101.35 9.3396
[-Me-3-n-BuB 1140.7 206.50 49.971 101.35 9.3761
|-Me-4-n-BuB 1146.1 207.60 50.059 101.35 9.4108
1-Me-2-n-BuB 1154.8 208.60 49817 101.35 9.4789
1.2,.3.4-TetraMeB 1139.2 205.04 45,124 92.96 8.9389
n-PeB 1145.3 205.40 49.735 100.43 9.3258
n-HexB 1243.6 22735 54.301 110.66 10.4294
PentaMeB 1260.3 232.00 49.681 104.11 10.2038

“ B = benzene; Me = methyl; Et = ethyl; Pr = propyl; Bu = butyl; Pe = pentyl; Hex = hexyl.

TABLE I

CORRELATION COEFFICIENTS AND STANDARD DEVIATIONS (i.u.) FOR EQN. 2

Series of alkylbenzenes® ty Ry Vi 173y,
r s 7 s r $ r s

|-Me-2-EtB, 1,2-DiEtB, 1-Et-2-n-PrB 1.000 0.5 1.000 1.5 1.000 08 1.000 0.1
B, MeB, 1,3-DiMeB, [,3,5-TriMeB 1.000 3.3 1.000 1.5 1.000 1.8 1.000 0.2
1,3-DiMeB, 1-Me-3-EtB, 1-Me-3-n-PrB,

1-Me-3-n-BuB 1.000 1.8 1.000 3.0 1.000 2.7 1.000 0.5
MeB, 1,4-DiMeB, 1-Me-4-EtB,

1-Me-4-#-PrB, 1-Me-4-n-BuB 1.000 42 1000 23 1.000 2.3 1.000 0.7
B, MeB, EtB, n-PrB, n-BuB, n-PeB, n-HexB  0.999 10.t  1.000 28 1.000 2.7 1.000 0.7
1,2-DiMeB, 1-Me-2-EtB, [-Me-2-n-PrB,

1-Me-2-n-BuB 1.000 1.7 1.000 2.5 0999 35 1.000 1.0
1,3-DiMeB, 1-Me-3-EtB, 1,3-DiEtB,

1-Et-n-3-n-PrB 1.000 1.8 1.000 [.3 1.000 1.4 1.000 1.1
MeB, 1,2-DiMeB, 1,2,3-TriMeB,

1,2,3,4-TetraMeB, PentaMeB 0.999 7.9  1.000 0.7 1.000 1.3 1.000 1.1

“ Abbreviations as in Table I.
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CORRELATIONS FOR ALKYLBENZENES

The physico-chemical characteristics and retention indices of the alkylbenzenes
on OV-101 are presented in Table 1.

The results of regression analysis for different values of the parameter x in eqn.
2 are given in Table I1. The data obtained show that all the studied parameters can be
correlated with retention indices. The equations that include the structural charac-
teristics, in particular the equations containing' =3y, have the highest significance and
give the lowest standard deviations of the calculated retention indices. Hence the
connectivity index has an advantage over the Van der Waals volume and other
parameters.

The calculated values of ¥ and y for 39 C4—C, , alkylbenzenes?®+2¢ were used in
eqn. 1 for construction of structural models and for the determination of their
correlation with the retention indices by solving all possible linear regression equations
of the type

I = ﬂVW5 1Xa fees nXm) (3)

where # is the order number of the index and m is the designation of the path or cluster
index. The molecular descriptors have the physical meanings that the Van der Waals
volume describes solute size only and the connectivity index characterizes its shape.

The results of statistical processing of multi-factor equations having the highest
level of correlation with a successive increase in the number of structure parameters are
presented in Table III. The highest level of correlation is provided by structural models
which contain both the descriptor Vy and the different order connectivity indices. The
additional introduction of Vy into the structural models of molecular connectivity or
instead of some connectivity indices increases the significance of the equations and
lowers the standard deviations. The correlation level of equations containing only
different order connectivity indices does not exceed 0.993-0.995. Therefore, the
retention indices calculated by such equations are unsuitable for exact indentifications.

When evaluating the role of separate molecular connectivity indices, it ought to
be noted that in a series of path indices 'y, *x,, *1,, the descriptor 3, is the major
structural factor which affects the value of the retention indices and the correlation
level of the corresponding regression equations (Table IV). When characterizing
flexibility of the alkyl chains, one should take into consideration that the index ®y,, is
closely connected with a number of possible gauche—trans rearrangements and the
densities of the isomeric alkylbenzenes?®:3® and accounts for the major part of the
change in the retention indices. In a number of instances the effect of 3y, on the
correlation level considerably exceeds the contribution of the descriptor Vy, (Table
V).

One also ought to note the role of the path-cluster index *x,., whose significance
for the description of the structure of polysubstituted benzenes was discussed by
Kier*!. The descriptor *y,. reflects the fine-structure peculiarities of isomeric
alkylbenzenes and enters in almost all equations (Table III), its contribution being
essential in some instances.

Hence the relationship between retention and structure of alkylbenzenes is most
completely approximated by the seven-factor polynominal which contains con-
nectivity indices of five orders and the descriptor Vy as independent variables.
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TABLE IV

INFLUENCE OF THE TYPE OF THE CONNECTIVITY INDEX ON THE CORRELATION
COEFFICIENT OF HYDROCARBONS ON SQUALANE

Hydrocarbons Form of function r
Alkylbenzenes 1= 0%, 0.963
= ./(SXD’4ZPC) 0.981
= 1, 0.923
I=fVw, "0 *1p) 0.971
l - /(VW’ l%’21931ps4Xp) 0982
= fWw 021 * 10 o) 0.987
L= fWw 020200 e 1) 0,991
Alkylnaphthalenes I = f(Vw, '%) 0.953
1= W 1) 0974
= fVw *yspe) 0.995
L= fVws *Lpape) 0.978
=y %) 0.925
I= fCrp10) 0.976
I= 00 e pe) 0.989
I = %™ p0) 0.978

The practical applicability of the equations obtained was checked by elimination
of some retention indices from the bulk, determination of coefficients of new equations
(similar to seven-factor polynomials in Table IIT) and subsequent calculation of the
retention indices of the excluded hydrocarbons. The data obtained (Table V) indicate
sufficient reliability of the proposed equations to be applied to the prediction of

TABLE V

COMPARISON OF EXPERIMENTAL AND PREDICTED RETENTION INDICESOF ALKYLBEN-
ZENES

Compound*® Squalane ov-101
Iexp Iprcd Al chp ]pred al

B 651.1 656.2 -5.1 663.6 664.9 1.3
MeB 757.9 762.2 —4.3 766.4 769.1 -2
EtB 848.7 844.1 4.6 858.9 856.3 2.6
1,4-DiMeB 862.1 861.3 0.8 867.7 866.5 1.2
1,3-DiMeB 864.1 865.5 —14 866.6 868.2 —-1.6
n-PrB 936.8 934.0 2.8 949.3 946.4 29
1-Me-2-EtB 974.2 975.0 —0.8 964.3 965.1 —-038
1-Me-3-i-PrB 1002.4 1001.8 0.6 1011.9 1011.7 0.2
1-Me-2-i-PrB 1016.7 1017.8 ~1.1 1032.3 1031.1 1.2
1-Me-3-n-PrB 1033.8 1035.8 —-20 1043.4 1042.1 1.3
1-Et-4-i-PrB 1098.4 1099.4 —1.0 1104.9 1112.4 -7.5
1,2,3,5-TetraMeB 1112.6 1113.9 —13 1110.5 11123 —1.8
1-Et-2-n-PrB 1120.2 1119.2 1.0 1134.8 1134.5 0.3
1-Me-3-n-BuB 1129.8 1133.8 —40 1140.7 1142.1 —1.4
n-HexB 1230.4 1222.8 7.6 1243.6 1239.1 4.5

“ Abbreviations as in Table 1.
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retention indices and to be used for the standardless identification of alkylbenzenes in
complex mixtures.

CORRELATIONS FOR ALKYLNAPHTHALENES

The retention indices of fifteen C, ,—C 3 alkylnaphthalenes® 26 were studied. The
structural models of these naphthalenes were used for the solution of egn. 1.

The results of statistical processing of multi-factor equations possessing the
highest level of correlation with a subsequent increase in the number of structure
parameters are presented in Table VI. The highest level of correlation is provided by
a five-factor polynominal of the first power. The equations obtained on HPE have the
same high significance as those obtained on OV-101.

The alkylnaphthalenes investigated represent a comparatively narrow series of
isomeric hydrocarbons. Therefore, the role of the descriptor Vy is considerably less
and its contribution to the retention indices is comparable to that of certain
connectivity indices compared with alkylbenzenes.

The path-cluster indices *yp+ e and g, 4, carry information on the degree of
branching of alkylnaphthalenes and make an essential contribution to the retention
indices. Table IV gives comparative data on the influence of four types of connectivity
indices on the correlation coefficient of the regression equations. It is shown that the
above descriptors can be arranged in a series, ¥4 pe > “Xp+pe > “Ap > ‘1, according
to their contribution to the retention indices and their influence on the level of
correlation of the corresponding equations. Hence the total connectivity indices of the
fourth and fifth orders explain the major part of the variations in the values of the
retention indices of alkylnaphthalenes. These indices are sensitive to the positions of
the methyl groups on the naphthalene ring.

The path indices *y, characterize the flexibility of alkyl chains and may be
considered as additional fine regulating elements for the retention indices.

The practical applicability of the equations obtained (Table VI) was checked
systematically by elimination of the retention indices for some hydrocarbons from the
total bulk, determination of new equation coefficients (similar to the five-factor
equations given in Table VI) and subsequent calculations of the retention indices of the
eliminated compounds with help of the new equations. The data obtained (Table VIIT)
indicate sufficient reliability of the proposed equations for predicting the retention
indices of alkylnaphthalenes on OV-101 and HPE.

The reliability of the proposed equations (Table VI) for the prediction of
retention indices was examined on the example of I-ethylnaphthalene and 2,3,5-
trimethylnaphthalene, whose retention indices for the calculation of the correlation
equations on OV-101 were not used. The deviations from the experimental values®?
obtained for the retention indices calculated by means of a five-factor polynomial were
5.1 i.u. for l-ethylnaphthalene and 6.1 i.u. for 2,3 5-trimethylnaphthalene, i.e., the
error of the calculated values does not exceed 0.4%.

CORRELATONS FOR ALKYL ARYL CARBAMATES
The retention indices of 27 alkyl aryl carbamates (AAC)?7, whose structural

models in connection with eqn. 1 contained Vy and the connectivity indices of the four
orders, were studied.
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TABLE VIII

COMPARISON OF EXPERIMENTAL AND PREDICTED RETENTION INDICES OF ALKYL-
NAPHTHALENES

Compound” ov-101 HPE
Iexp Ipred AI Iexp [pred Al

N 1191.0 1189.1 1.9 1502.2 1506.4 —4.2
2-MeN 12939 1291.3 2.6 1608.2 1608.1 0.1
1,4-DiMeN 14259 1423.1 28 17594 1755.4 4.0
1,5-DiMeN 1428.0 1429.9 -19 1765.8 1764.9 0.9
1,2-DiMeN 1439.7 1435.5 4.2 1776.9 1772.9 4.0
2,3,6-TriMeN 1529.4 1531.1 —-1.7 1854.6 1856.9 -23

“ N = naphthalene; Me = methyl.

The regression equations obtained for all 27 AAC are characterized by a low
correlation coefficient (0.46-0.50), which can be explained by peculiarities of the
interactions of the different functional groups of AAC with the stationary phase. In
this connection it is expedient to divide the set of AAC into three groups, each group
containing compounds that are similar in structure and the pattern of intermolecular
interactions with the stationary phase: group 1, alkyl N-phenyl carbamates with an
unsubstituted phenyl radical; group 2, alkyl N-aryl carbamates with different alkyl
substituents in the phenyl radical; and group 3, ethyl N-(R-phenyl) carbamates where
R = halo or alkoxy.

The results of statistical processing of multi-factor equations which have the
highest level of correlation in each group of AAC with a subsequent increase in the
number of factors are presented in Table VII. The results demonstrate that the
correlation level of the equations increases in the order: group 3 < group 2 < group 1.
The number of parameters necessary to achieve an equal level of correlation is lower in
the same order. Thus, for the compounds of group 3 the correlation coefficient
r = 0.998 is obtained by means of the five-factor polynomial of the first power (Table
VII), and for AAC in groups 2 and 1 corresponding value is obtained by three- and
two-factor equations respectively.

When analysing the composition and nature of the factors in the equations
obtained, the predominant role of the cluster indices *y, and *,,. and of the total index
%70+ pes Which are present in aimost all equations, should be noted. The path index 2y
has the same essential meaning for compounds of group 3, whose contribution to
equations of this group predominates.

Similarly to the alkylnaphthalenes, the contribution of the descriptor ¥y to the
values of the retention indices is comparable to that of the connectivity indices, but
sometimes it is even lower (Table VII). In this case, the descriptor Vw and the

path-cluster indices 3y, and *y,. have an opposite influence on the values of the
retention indices.

CONCLUSION

Regularities of the gas chromatographic behaviour of alkylbenzenes, alkyl-
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naphthalenes and alkyl aryl carbamates may be described by structural models
containing the Van der Waals volume and molecular connectivity indices of different
levels. The investigations have shown that the role of the descriptor Vy is important
for correlations for alkylbenzenes, whereas isomeric alkylnaphthalenes and AAC are
differentiated only weakly by this descriptor.

It has been established that in addition to Vy, the path index %y, makes an
essential contribution to the retention indices of alkylbenzenes. The principal
contribution to the retention indices of alkylnaphthalenes is made by the total path
and cluster indices, *¥p+pc and >z, 4 pe-

It is expedient to determine the correlations for separate AAC groups which are
characterized by similar structures and intermolecular interactions with the stationary
phase. The greatest contribution to the retention of AAC is made by the path-cluster
index *y,. and the total index *y, . p.

The equations obtained are applicable to the prediction of the retention indices
on apolar stationary phases and for the standardless identification of compounds in
complex mixtures.
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SUMMARY

A sensitive gas chromatographic method for the determination of resin and
fatty acids commonly found in pulpmill effluents is presented. The acids are extracted
from effluent samples at pH 8 by methyl terz.-butyl ether and converted into their
respective pentafluorobenzyl ester derivatives. After silica gel column cleanup, sample
extracts are analyzed by gas chromatography with an electron-capture detector using
a 30-m DB-17 column. Mass spectral data of these esters obtained under electron
impact and electron capture negative ion chemical ionization conditions are also
described. The abundant and characteristic (M — 181) ™ ions are used for the identifi-
cation and quantitation of resin and fatty acids using a selected ion monitoring tech-
nique. Using an effluent with a low blank, spiked recovery of a mixture of 15 acids at
1000-, 100- and 10-ug/1 levels is quantitative. Based on a 25-ml sample and a concen-
tration factor of 10, the method detection limit is 1 pg/t for all acids. Application of
this procedure to some Canadian pulpmill samples is also presented.

INTRODUCTION

Diterpene resin acids are major constituents of rosin and are naturally occur-
ring in the bark of many softwood species such as spruce and pine. During the
debarking process of logs, these acids are dissolved and discharged into the envi-
ronment in the form of pulpmill effluents. Resin acids of concentrations as high as
mg/] have been reported in bleached kraft, sulfite, and thermomechanical pulping
effluents'. In general, hardwood effluents contain lower levels of resin acids than
softwood effluents. These acids and, to a smaller extent, the unsaturated fatty acids
also dertved from woodroom effluents, have been identified as the major contributors
to the toxicity of efftuents to fish?>. The 96-h LCs, values of the common resin acids

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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TABLE I
SOME INFORMATION FOR SELECTED RESIN AND FATTY ACIDS

All LC,, values, in mg/l, were determined for trout or salmon.

RFA FW? Purity (%)  96-h LCy,
Palmitic 256.43 99 NA*¢
Heptadecanoic 270.46 97 NA
Stearic 284.48 99 + NA
Oleic 282.47 99+ 3.2-8.0
Linoleic 280.46 99 2.0-4.5
Linolenic 278.45 99 3.0-6.0
Pimaric 302.46 85-90 0.7-1.2
Sandaracopimaric 302.46 85-90 0.4
Isopimaric 302.46 99+ 0.4-1.0
Palustric 302.46 90-95 0.5-0.6
Abietic 302.46 90-95 0.7-1.5
Dehydroabietic 300.45 99+ 0.8-1.7
Neoabietic 302.46 99 + 0.6-0.7
Chlorodehydroabietic 334.90 90-95¢ 0.6-0.9
Dichlorodehydroabietic 369.35 90-95 0.6-1.2

“ Supplied as an approximate 1:1 mixture of the 12- and 14-chloro isomers.
" FW = Formula weight.
°NA = Not available.

for salmon or rainbow trout (Table I), are similar to those of chlorinated guaiacols
and catechols found in bleached kraft effluents®”.

Recently, a paper on the direct gas chromatographic (GC) analysis of underiv-
atized resin acids in gum rosin on a non-polar fused-silica capillary column has been
reported®. However, most of the analyses of these resin and fatty acids (RFA) in
pulpmill effluents were done on their methyl esters by GC with flame ionization
detection®. Although this procedure is routinely used, it lacks the sensitivity required
for many environmental samples. An alternative and potentially more sensitive tech-
nique for the analysis of these methyl esters using GC with electron impact mass
spectrometry (EI-MS) has also been reported*®.

Pentafluorobenzyl (PFB) derivatives of many acidic phenoxy herbicides!'! and
phenols'? have been well characterized. Applications of the PFB derivatives to the
determination of above pollutants in environmental samples were also document-
ed!3-15, Since electron-capture detection (ECD) is highly sensitive to the pentafluoro
compounds, formation of such derivatives would bring the detection limit of the
non-halogenated acids such as the fatty acids and the majority of the resin acids to the
level currently attainable to the chlorinated phenolics. Application of electron cap-
ture negative ion chemical ionization mass spectrometry (EC-NICI-MS) has been
successfully demonstrated in the analyses of the PFB and other electron-capturing
derivatives of chlorophenols!*7 and chloroanilines'” as well as some fluorinated
derivatives of pesticides'®. In these cases, strong yet characteristic ions were used in
the quantitation and confirmation of the organics. EC-NICI-MS is, therefore, a po-
tentially powerful tool for the analysis of the RFA PFB esters.

In this paper, we describe a sensitive and selective GC method for the determi-

1
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nation of the more commonly found RFA in pulpmill effluents by the formation of
their PFB esters. The GC resolution of these derivatives on capillary columns of three
different stationary phases is discussed. The MS data of the ester derivatives obtained
under EI and NICI modes are also presented. Application of this procedure to Cana-
dian pulpmill effluents is also briefly described. A list of the selected RFA discussed in
this paper is given in Table I.

EXPERIMENTAL

Reagents and chemicals

All resin acids of purity from 85 to 99+ % (Table I) were obtained from Helix-
Biotech (Vancouver, Canada) and used without further purification. It should be
noted that chlorodehydroabietic acid was supplied in the form of an approximate 1:1
mixture of the 12- and 14-chlorodehydroabietic acids and the dichlorodehydroabietic
acid was the 12,14-dichloro isomer. Palmitic, heptadecanoic, stearic, oleic, linoleic,
linolenic and tricosanoic acids, and pentafluorobenzyl bromide (PFBBr, a-bro-
mo-2,3,4,5,6-pentafluorotoluene) were acquired from Aldrich (Milwaukee, WI,
U.S.A).

Stock solutions of individual RFA of 1000 ug/ml were prepared in distilled-in-
glass grade methyl tert.-butyl ether (MTBE; Burdick and Jackson, Muskegon, M1,
U.S.A)) and kept at 4°C in the dark. A mixture of the RFA each at 20 ug/ml was also
prepared in the same solvent.

A PFBBr solution was prepared by dissolving 1 g of the reagent in 20 ml of
acetone. A 30% (w/v) potassium carbonate solution was made by dissolving 3 g of the
anhydrous base in 10 ml of water. All other solvents used were of distilled-in-glass
grade.

Sampling of effluent samples

Grab effluent samples were collected in 100 ml brown screw capped bottles with
aluminum foil liners. After adjustment of their pH to about 8 by dropwise addition of
1 M potassium hydroxide solution or hydrochloric acid, these samples were kept at
4°C 1n the dark until analysis.

Extraction and derivatization of RFA

An aliquot of 2.5 ug of tricosanoic acid in 100 ul of MTBE was added to a
25-ml effluent sample at pH 8. The sample was extracted twice with 50-ml aliquots of
MTBE for 30 min each. After the extractions, the combined ethereal extracts were
passed through a 5-cm column of anhydrous sodium sulfate contained in a 4-cm 1.D.
Allihn funnel. Using a rotary evaporator and a water bath of 40°C, the solvent was
evaporated to near dryness and the residues were redissolved in 3 ml of acetone and
transferred to a test tube. The volume of acetone was further reduced to 0.5 ml under
a gentle stream of nitrogen. PFB ester derivatives of RFA were prepared by heating
the above sample extract in acetone with 100 ul of the PFBBr reagent and 30 ul of the
30% potassium carbonate solution at 60°C for 30 min in a tightly capped test tube. At
the end of the reaction, the mixture was evaporated to dryness and the residues were
redissolved in 2 ml of light petroleum (b.p. 30-60°C).
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Column cleanup

The extracts were applied to a 5.00-g 5% deactivated silica gel column pre-
washed with 20 mi of light petroleum. The column was then eluted with 50 ml of 5%
(v/v) dichloromethane in light petroleum and this fraction was discarded. The PFB
esters of the RFA were quantitatively eluted from the column by 75 ml of 25% (v/v)
dichloromethane in light petroleum. This fraction, after solvent replacement with iso
octane and adjustment to a final volume of 2.5 ml, was ready for final GC analysis.

Calibration standard

Known amounts of RFA were directly derivatized and cleaned up as described
above alongside the effluent samples and used as external standards for the quantita-
tion of the acids.

Instrumentation

For GC-ECD, a Hewlett-Packard 5880A gas chromatograph equipped with
split-splitless injectors and J&W DB-17 and DB-5 fused-silica capillary columns was
used. For GC-mass-selective detection (MSD), a Hewlett-Packard 5880A gas chro-
matograph equipped with a 5970B mass-selective detector with data system and a
Supelco SPB-5 column was used. In the case of EC-NICI work, a Finnigan 4500 gas
chromatograph/mass spectrometer with a Super INCOS data system and a J&W
DB-1 column were used. All injections were done in the splitless mode and 2 ul of the
sample were injected.

Chromatographic conditions

ECD analysis. Two 30 m X 0.25 mm L.D. x 0.25 um capillary columns, DB-5
and DB-17, by J&W Scientific were used. The initial oven temperature was set at 70°C
with a 0.75-min hold. It was then programmed to 210°C at a rate of 30°C/min and
then to 290°C at 2°C/min. The final temperature was further held for 15 min. The
injection port and detector temperatures were 250 and 300°C, respectively. Carrier
gas was helium and column head pressure was 105 kPa. '

MSD analysis. A 30 m X 0.25 mm I.D. X 0.25 um Supelco SPB-5 capillary
column was used. The temperature program as described for ECD work was used.
Injection port and interface temperatures were 250°C and 280°C, respectively. Carrier
gas was helium and column head pressure was 28 kPa.

EC-NICI-MS analysis. A 30 m x 0.32 mm I.D. x 0.25 ym J&W DB-1 capil-
lary column was used. The oven temperature was set and held at 80°C for 2 min. It
was programmed to 140°C at a rate of 10°C/min and then to 280°C at 6°C/min. The
final temperature was held for another 10 min. The manifold, ion source, and transfer
line temperatures were 100, 50 and 250°C, respectively. Carrier gas was helium and
column head pressure was 70 kPa. The reagent gas, hydrogen, was added as a make-
up to pressurize the ion volume to ca. 0.8 Torr.

Acquisition of mass spectral data

Full scan EI-MS data were obtained by scanning the Hewlett-Packard MSD
system from m/z 50 to 560 at a rate of 0.82 scans/s and a scan threshold of 1000. The
electron energy and electron multiplier voltage were 70 €V and 2000 V, respectively.
For EC-NICI-MS (Finnigan) experiments, full scan data were obtained by scanning
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the above mass range in 1.5 s. In the case of selected ion monitoring (SIM) work, the
(M —181) ions of the RFA PFB esters were used for confirmation and quantitation.
For better sensitivity, these ions were divided into the following five retention time
windows: (1) m/z 255 (palmitic) and m/z 269 (heptadecanoic), (2) m/z 283 (stearic),
m/z 281 (oletc), m/z 279 (linoleic) and m/z 277 (linolenic), (3) m/z 301 (pimaric, san-
daracopimaric, isopimaric, palustric and abietic) and m/z 299 (dehydroabietic), (4)
m/z 301 (neoabietic) and m/z 333 (chlorodehydroabietic), and (5) m/z 353 (tricosa-
noic) and m/z 367 (dichlorodehydroabietic), so that only a few ions were monitored at
a time.

RESULTS AND DISCUSSION

Formation of the PFB esters

PFB esters of the RFA were easily formed by mixing the PFBBr reagent and the
acids in acetone in the presence of potassium carbonate. For pure standards, the
reaction completed in 30 min or less at room temperature. However, the presence of
other effluent coextractives often slowed down the reaction. Thus, the derivatization
was carried out at 60°C for 30 min in order to ensure complete reaction. Longer
reaction times did not produce higher yields of the esters in effluent samples.

GC resolution of the esters
Because of the similarity in molecular structures in many resin acids, complete
GC resolution of these compounds either as free acids or as methyl esters could not be
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Fig. 1. GC-ECD chromatogram of the RFA PFB esters as chromatographed on a 30-m DB-17 column.
See Experimental for GC conditions. Acids: 1 = palmitic; 2 = heptadecanoic; 3 = stearic; 4 = oleic; 5 =
linoleic; 6 = linolenic; 7 = pimaric; 8 = sandaracopimaric; 9 = isopimaric; 10 = palustric; [1 = abietic;
12 = dehydroabietic; 13 = tricosanoic; 14 = neoabietic; 15, 16 = chlorodehydroabietic; 17 = dichlorode-
hydroabietic.
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Fig. 2. GC-ECD chromatogram of the RFA PFB esters as chromatographed on a 30-m DB-5 column. See
Experimental for GC conditions. See Fig. ! for peak identification.
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easily achieved even with high resolution capillary columns. For example, underiv-
atized isopimaric, levopimaric and palustric acids coeluted on a 15-m DB-1 fused-
silica column®. The methyl esters of palustric and levopimaric acids also coeluted on
10-m SE-30 and SE-54 columns, except at relatively low column temperatures'®.
However, their separation has been reported on a 25-m OV-17 column?® and on the
polar Silar 10C and butane-1,4-diol succinate (BDS) columns?®.

In this work, chromatographic resolution of the PFB esters of RFA has been
attempted on capillary columns with three different stationary phases, namely,
DB-17, DB-5 (or SPB-5) and DB-1 columns. Because of a purity problem of our
sample of levopimaric acid, it was subsequently excluded in our work. Resolution of
the PFB esters of the other RFA by the above columns was depicted in Figs. | to 3.
All three columns were suitable for the analysis of the acids in pulpmill effluent
samples. However, the PFB esters of stearic, oleic, linoleic and linolenic acids were
better resolved on the more polar DB-17 column than on the DB-5 and DB-1 col-
umns, On the other hand, the two less polar columns provided better resolution for
the esters of abietic and dehydroabietic acids, which were present in nearly all ef-
fluents. While the order of elution for many RFA PFB esters was the same with the
above three columns, the esters of the four C, g fatty acids as well as those of abietic
and dehydroabietic acids eluted in a different order on the DB-17 column as on the
DB-5 and the DB-! column. Because of the lack of pure standards for the two
individual chlorodehydroabietic acids in our laboratory, the order of elution for their
PFB esters could not be ascertained. However, if the PFB esters of these two resin
acids follow the same chromatographic pattern as their methyl esters, then, by anal-
ogy, the 14-chloro isomer would elute ahead of the 12-chloro isomer?*.

GC-ECD sensitivity

All RFA-PFB esters in our study had similar ECD sensitivity. The relative
molar response factors of all esters were within a factor of three, with the isopimaric
and neoabietic acid derivatives being the most and the least responsive compounds,
respectively. The ECD response was linear over a range from 50 to 1000 pg for each
PFB ester injected. About 0.5 to 1.5 pg of the ester was required to give a signal-to-
noise ratio of 10:1. »

GC-MS data for the PFB esters of the RFA

Under EI conditions, the mass spectrum of resin acid PFB ester was quite
complicated. In each case, it consisted of many peaks below m/z 150 and a very strong
PFB ion (m/z 181). Similar to the corresponding methyt esters, the following species
were also very prominent for PFB esters of various resin acids, namely: m/z 121
(pimaric and sandaracopimaric acids), m/z 241 (isopimaric, palustric and abietic
acids), m/z 135 (neoabietic acid), m/z 239 (dehydroabietic acid), m/z 273 (chlorode-
hydroabietic acids) and m/z 307 (dichlorodehydroabietic acid) (see Table II). The
structures of these species were not elucidated in our work but they were believed to
have arisen from the same fragmentation patterns as postulated for the methyl esters
of the same resin acids?2. The relative abundance of the molecular ion for the PFB
ester of a resin acid was low (6 to 30%) compared to the corresponding methyl ester.
In addition, the following characteristic ions, (M—CsFsCH,)* and
(M —C¢FsCH,—CO,)*, were also observed at lower intensities for some of the resin
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TABLE 11

MASS NUMBER m/z AND % RELATIVE ABUNDANCE (IN PARENTHESES) OF SOME CHARACTER-
ISTIC IONS OBSERVED FOR RESIN AND FATTY ACID PFB ESTERS UNDER ElI CONDITIONS

Parent acid M*: (M—181)% (M—181—-44)* Other

Paimitic 436(0) 255(6) - 181(100), 237(14)
Heptadecanoic 450(0) 269(9) - 181(100), 251(16)

Stearic 464(0) 283(7) - 181(100), 265(16)

Oleic 462(0) . 281(6) - 181(100), 263(14)

Linoleic 460(0) 279(19) - 181(100), 261(5)
Linolenic 458(3) 277(2) - 181(100), 261(6)
Tricosanoic 534(0) 353(4) - 181(100), 335(14)

Pimaric 482(6) 301(8) 257(23) 121(100), 181(95), 241(16)
Sandaracopimaric 482(8) 301(7) 257(15) 181(100), 121(90), 241(18)
Isopimaric 482(11) 301(33) 257(31) 181(100), 241(66)
Palustric 482(28) 301(0) 257(8) 241(100), 185(85), 467(43)
Dehydroabietic (480(6) 299(0) 255(3) 239(100), 181(30), 240(29)
Abietic 482(29) 301(59) 257(17) 181(100), 256(52), 241(39)
Neoabietic 482(17) 301(4) 257(3) 135(100), 181(39), 148(30)
Chlorodehydroabietic 514(9) 333(0) 289(2) 273(100), 181(59), 275(48)
Chlorodehydroabietic 514(6) 333(0) 289(4) 273(100), 181(52), 275(44)
Dichlorodehydroabietic 548(10) 367(0) 323(6) 307(100), 181(82), 309(60)

acid PFB esters. For the PFB ester of each fatty acid, the base peak in its mass
spectrum was invariably the PFB ion (m/z 181). The (M —C¢FsCH,)* ion was gener-
ally weak and the molecular ion was absent in all but one case (Table II).

The NICI mass spectra of the PFB esters of RFA using hydrogen, methane and
isobutane as reagent gases were also examined. In all cases, the molecular ion was not
observed and the base peak was always the (M — C¢FsCH;) ™ ion. Since the latter ion
is abundant and characteristic of the parent compound, it is therefore useful for
identification and quantitation of RFA. Aside from the (M—C¢FsCH,)™,
(M —Cg¢FsCH,+1)7, and (M — C4FsCH,+2) ions, no other ions of relative abun-
dance over 10% existed in the NICI mass spectra. The absence of pentafluorobenzyl
anion (m/z 181) was consistent with those observed for the PFB esters of prostaglan-
dins?? and some phenoxy acid herbicides?*.

Among the three reagent gases tested, hydrogen was chosen for routine analy-
sis. Although the overall sensitivity was lower by a factor of three or less with hydro-
gen, it did not contaminate the ion source as readily as the other two gases and thus
the response factors could be maintained for an extended period of time in routine
analyses. Since the sensitivity of EC-NICI under SIM mode was similar to ECD for
the detection of the PFB esters, the NICI technique was extremely useful for the
confirmation and quantitation of RFA in effluent samples as described later. EI-MS,
on the other hand, had much less potential applications because of lower overall
sensitivity and the lack of an abundant characteristic ion for some RFA PFB esters.

Extraction, cleanup, recoveries and detection limit
In the literature, solvent extraction®!° at pH 2-3 and XAD column extraction!
at pH 9-10 are the two major approaches for the recovery of RFA in effluent samples.
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In our work, the simpler and more rugged solvent extraction technique using MTBE
as described by Voss and Rapsomatiotis®® was employed. Although our results in-
dicated that this procedure provided virtually the same recovery of all the RFA at pH
2, 6 and 10, extraction was preferably carried out at a pH between 6 and 10 as the
extracts in those cases contained smaller amounts of non-RFA coextractives. The use
of dichloromethane on pulpmill effluents would generally cause emulsion and foam-
ing in the extraction steps, thus losses of the organics could occur. Using a less polar
solvent such as hexane would not produce any emulsion, yet the recovery of the resin
acids was found to be reduced to 60% or less.

In order to monitor any losses of the organic a01ds in the entire analytical
procedure, a known amount of tricosanoic acids was spiked to the effluent sample
prior to extraction. This acid was chosen as a surrogate since it was not detected in
pulpmill effiuent in any significant amount and also because its PFB ester did not
coelute with other resin acids and coextractives in the final analysis. A less commonly
available compound, O-methylpodocarpic acid, was also used as a surrogate for RFA
analysis by some workers?>2. However, it should be noted that the PFB ester of this
surrogate has a retention time very close to that of dehydroabietic acid when chroma-
tographed on cither a DB-5 or a DB-1 column, thus causing incomplete resolution.

To minimize interferences from other sample coextractives, a silica gel cleanup
step was included. All PFB esters of the acids in this work were quantitatively re-
moved from the column by dichloromethane-light petroleum (25:75, v/v).

The recoveries of RFA were obtained by replicate (n=7) analyses of fortified

TABLE I

MEAN RECOVERIES OF REPLICATE DETERMINATIONS OF RESIN AND FATTY ACIDS IN
SPIKED EFFLUENT SAMPLES

NA = Not available because of high levels of some fatty acids in the blank.

RFA Recovery £ S.D. (n=7) (%)

Level (ugfl)

1000 100 10

Palmitic 98.1 + 1.6 949 + 54 NA
Heptadecanoic 95.6 £ 29 91.7 £ 40 875+ 78
Stearic 964 + 19 100.2 £ 5.9 NA

Oleic 98.0 £ 2.6 964 + 7.9 91.8 £ 10
Linoleic 89.9 + 2.5 99.2 + 6.7 90.0 = 9.1
Pimaric 90.6 £ 29 955 + 59 896+ 73
Sandaracopimaric 90.5 + 2.8 940 + 5.6 894 + 8.7
Isopimaric 91.1 £ 2.6 948 + 6.5 90.8 + 8.3
Palustric 854 £ 1.9 950 £ 7.3 753 £ 65
Abietic 939 + 16 951 + 64 104 + 11
Dehydroabietic 9l.1 £ 1.2 91.7 £ 6.9 112 £ 82
Neoabietic 87.0 £ 2.7 914 + 7.4 76.7 £ 1.3
Chlorodehydroabietic 924 + 2.7 95.8 £ 5.1 86.8 + 8.2
Chlorodehydroabietic 93.7 £ 2.6 959 + 49 878 + 74
Dichlorodehydroabietic 96.7 £ 2.6 959 + 4.7 89.0 £ 7.6
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samples of a final effluent with a low RFA blank. As shown in Table 111, recoveries of
all acids at 1000, 100, and 10 ug/l levels were close to quantitative. It should be
pointed out that the recoveries of palmitic, heptadecanoic, stearic, oleic, linoleic as
well as dehydroabietic acids were blank subtracted. Also, the recoveries of two fatty
acids (Table IIT) at 10 ug/l could not be reliably obtained since their blanks were a few
times higher than the spiking level. The single-laboratory precision (coefficient of
variation) of the procedure was between 2 and 3% at 1000 ug/1, 5 and 8% at 100 ug/l,
and 8 and 11% at 10 ug/l.

For routine ECD analysis, the estimated method detection limit was 1 ug/l
based on a 25-ml effluent sample and a concentration factor of 10. Further improve-
ment of the method detection limit, if required can be achieved by using a higher
concentration factor through a larger sample size and/or a smaller final volume.

Application to pulpmill samples

The present analytical procedure was applied to the analysis of many effluent
samples collected outside of a few Ontario and Quebec softwood bleached kraft mills.
In many cases, palmitic, stearic, oleic, linoleic, abietic and dehydroabietic acids at
high pg/l levels were found. In addition, most of the other resin acids at lower concen-
trations were also detected, although the chlorinated dehydroabietic acids were less
commonly found. During the development of this method, the PFB ester procedure
was compared with the methyl ester procedure using split effluent extracts. Although
both methods gave similar results for RFA at high levels, the PFB ester-ECD method
was undoubtedly more sensitive and reliable than the methyl ester—flame ionization

TABLE IV

CONCENTRATION OF RESIN AND FATTY ACIDS FOUND IN SOME CANADIAN PULPMILL
EFFLUENTS

Resin and fatty acids Concentration (ug/l)

Effluent A Effluent B Efftuent C
Palmitic 288 176 85.3
Heptadecanoic 29.1 18.9 10.9
Stearic 257 105 56.3
Oleic 64.9 61.0 16.4
Linoleic 21.1 54.1 7.7
Linolenic <1 4.6 <1
Pimaric 35.2 32.1 3.7
Sandaracopimaric 12.2 42.7 4.2
Isopimaric 332 127 16.1
Palustric 16.4 112 53
Abietic 39.4 210 13.9
Dehydroabietic 335 161 14.9
Tricosanoic® (84.6%) 97.5%) (91.0%)
Neoabietic 16.5 129 15.5
Chlorodehydroabietic 12.7 <1 <l
Chlorodehydroabietic 71.3 <1 <1
Dichlorodehydroabietic 54.0 <l <1

¢ Surrogate results as % recovery.
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Fig. 5. GC-ECD chromatogram of the RFA PFB esters of effluent B.
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Fig. 6. GC-ECD chromatogram of the RFA PFB esters of effluent C.

detection method for the determination of low levels of RFA in final effluents. In
many instances, analytically and environmentally significant amounts- of RFA
though undetected by the methyl ester method were unequivocally determined by our
new procedure.

Examples of the RFA concentrations found in some typical softwood kraft mill
final effluents are given in Table IV. Among the effluents that we had examined,
sample A was one of the few cases that the chlorinated dehydroabietic acids were
found at significant levels. The EC-NICI-MS-SIM chromatogram of this sample is
depicted in Fig. 4 and it clearly demonstrates its sensitivity and selectivity for the
detection of RFA in a complex sample. The MS results also confirmed the identities
as well as the quantities of the RFA results obtained by ECD. While effluents B (Fig.
5) and C (Fig. 6) were sampled from the same mill, the results shown in Table IV were
consistent with the fact that effluent B was collected at a site much closer to the mill
than effluent C. The sensitivity of the PFB ester method was best exemplified by the
analysis of effluent C as its total resin acid content was only about 74 ug/l and resin
acid contents below 10 ug/l were readily detected.
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SUMMARY

The quantitative composition of white spirit vapours in workplace air may differ
considerably from the solvent being used, although all components are the same. By
calculating the hygienic effect from the threshold limit value (NGV) of each
component, a more reliable estimate is obtained of the occupational hazard than by
using the NGV for white spirit. In this method the analyses were performed by
on-column injection onto a temperature-programmed capillary column. Retention
indices based on n-paraffins and isooctane were calculated using spline functions.
Index tables were established for different hydrocarbon mixtures. The validity of the
retention indices was found to be satisfactory, depending on the stability of the column
and the possibility of optimizing the indices when replacing one column by another of
the same type and dimensions. Comparisons were made with alternative methods for
determining the concentration of white spirit vapours in air samples. A polar column
was used to check the total content of aromatics.

INTRODUCTION

Many attempts have been made in recent years to analyse complex hydrocarbon
mixtures, especially petroleum products such as gasoline, naphtha and kerosene!~%,
Progress in the gas chromatographic (GC) field has been substantial in the 1980s.
Fused-silica capillary columns with bonded phases show better temperature and
long-term stability than previous columns. The temperature stability of the instru-
ments has been developed, which is of special importance in temperature-programmed
gas chromatography. The importance of sound injection techniques has been
thoroughly discussed and summarized®1°. All this, in combination with the advances
in microcomputers and associated software, have created new possibilities for
improving upon the analysis of complex mixtures, both qualitatively and quantita-
tively.

White spirit vapours in workplace air are normally sampled on charcoal tubes.
GC analysis is made after carbon disulphide desorption!!. Calculations are based
either on the sum of the peak areas or on a set of peaks in the chromatogram, e.g., n-C,
n-Cyo and n-C,,. A sample of liquid white spirit is used as a standard. Errors may be
introduced in this calculation as the composition of vapours sampled often deviates
from the standard.

0021-9673/90/%03 .50 © 1990 Elsevier Science Publishers B.V.
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The aim of this work was to make more reliable analyses of white spirit in
workplace air by using the separation power of modern capillary columns in
a computerized environment.

EXPERIMENTAL

Gas chromatography :

The main GC instrument consisted of a Hewlett-Packard (HP) 5790 with an
on-column inlet system (“‘duck bill” isolation valve) and flame ionization detection
(FID). Non-polar columns (50 m x 0.21 mm [.D.) with 0.50-um cross-linked
methylsilicone (HP pretested PONA separation) were used. Runs with carbon
disulphide-diluted white spirit were temperature programmed from 45 to about 165°C
at 2.0°C/min. The injection volume was 0.25 ul or less. The carrier gas was helium at 35
p.s.i.,, measured linear velocity (methane) 23.8 cm/s at 45°C. FID data: temperature
250°C; flow-rates, hydrogen 36 ml/min, air 253 ml/min and nitrogen (make-up gas) 35
ml/min. Sample injections were made with a 10- or preferably 5-ul syringe with a silica
needle (100 mm x 0.17 mm O.D.) (Hamilton 75 RNFS).

A Carlo Erba 4160 chromatograph with a Grob on-column inlet system and FID
was used for complementary runs on polar columns (fused silica, 50 m x 0.32 mm
I.D., with 0.57-um CP WAX 57 CB; Chrompack). These runs were temperature
programmed from 45 to about 130°C at 1.8°C/min. The injection volume was 0.5 ul.
The carrier gas was helium at 21 p.s.i., linear velocity 40 cm/s at 45°C. FID data:
temperature, 230°C; flow-rates, hydrogen 30 ml/min, air 330 ml/min, nitrogen
(make-up gas) 33 ml/min. Sample injections were made with a Hamilton syringe
designed for this type of injector.

All columns were protected by moisture filters and the polar column by an
additional oxygen trap.

Mass spectrometry (MS)

A Hewlett-Packard HP 5985 quadrupole mass spectrometer equipped with an
HP 5840A -gas chromatograph was used. Optimum functioning of the jet separator,
originally designed for the flow from packed columns, was achieved by addition of
make-up heltum. Analyses of complex hydrocarbon mixtures were carried out mainly
on' the non-polar column (PONA). As far as possible, GC parameters in mass
spectrometric runs were reproduced from runs with FID. In the mass spectrometer,
however, for identification purposes the undiluted solvents (0.5 ul) were injected into
a split-mode injector (splitting ratio 250:1).

Four different products (cf., Table I) were analysed in the electron-impact mode
at 70 eV. Two of these (Varnolene and Exsol D 40) were also analysed by positive-ion
chemical ionization using methane as reagent gas.

Complete mass spectra were recorded at a rate of one to two per second.
Recorded spectra were studied manually or compared automatically with the built-in
library, containing about 35 000 (simplified) spectra. In the case of unseparated peak
clusters, mass chromatograms of a few specific ions were compared with the total ion
chromatogram. In this way, it was possible to find the position and group identity of
the different substances making up the cluster. In those instances retention times were
roughly estimated for each of the components. This made it possible to create large



GC OF HYDROCARBON MIXTURES IN WORKPLACE AIR 383

enough local windows, even if another component in the mixed peak dominated (see
below).

Data handling

A reporting integrator, HP 3390A with RS-232C interface lacking handshaking
lines, transmitting rate 1200 baud, was used to collect raw data from the GC
instrument. Normal integration parameters with the main GC instrument (HP 5790) at
1 V output signal were ATT 1, PK WD 0.04 min, THRSH -2, AR REJ 0. A Swedish
ABC-1600 computer (Luxor) with ABCenix operating system (Xenix-like) was used.
The primary memory was | Mbyte, and a 13-Mbyte Winchester disk was used for mass
storage. The Xenix software package included “The programmers workbench”,
containing a routine for spline function calculations. The programs were written in
Basic II (DIAB AB) with possibilities for structured programming by using its
multiline functions!2. From the Basic program, a call was made to the spline program
(written in C) that computed the spline function.

The integrator transmitted the report as an ASCII string to the external
computer, where it was stored in a file for further use. This file was used for making
index or retention time tables by the addition of missing data, e.g., NGV, name,
formula. A spline function consisting of cubic polynoms was used. The reference peaks
were used as knots in the spline curve (see Creation of index tables and window
handling). The number of knots used was given by the number of reference peaks found
in the sample. At least three knots are needed, but normally seven were used.

Chemicals and solutions
Carbon disulphide was Baker analyzed grade from J. T. Baker (Deventer, The
Netherlands) was used as a desorption agent and as the solvent for standards.
Isooctane (puriss p.a.) and tridecane (puriss., standard for gas chromatography), both
from Fluka (Buchs, Switzerland) were used as internal standards. Other solvents used
for identification purposes were obtained from different manufacturers.
Hydrocarbon solvents were obtained from different oil companies. Products

from Esso Chemicals were selected for detailed study and the creation of index tables
(Table I).

TABLE I
DATA FOR PRODUCTS USED FOR INDEX TABLE CREATION

Product® Aromatic content Boiling range NGV?
(%, wiw) (°C) (mgjm®)
Varnolene 20 152-195 500
Exsol D 40 <1 159-193 —
Solvesso 100 99 165-179 120
Solvesso 150 99 190-209 120

¢ Typical analysis data published by Esso Chemicals.

® The threshold limit values stated are the standard 8-h time-weighted averages published in AFS
1987:12 by the National Swedish Board of Occupational Safety and Health!3,

¢ No NGV exists.



384 O. EINARSSON e al.

Separate solutions were prepared from a number of pure hydrocarbons by
weighing 20 ul of each into 1.5 ml of carbon disulphide in a 1.5-ml screw-capped vial
with PTFE-faced discs, which were fitted tightly during the preparation. These
solutions were used for the determination of FID response factors. The internal
standard was n-C, 3 with isooctane acting as a test compound (to check the success of
injection). Immediately before use the solutions were diluted with carbon disulphide to
-a concentration of about 200 ppm (v/v).

Charcoal tubes (100 + 50 mg) were obtained from different sources.

Sample preparation

Hydrocarbons trapped in charcoal tubes during sampling were desorbed with
1 ml of carbon disulphide into 7- or 3.5-ml screw-capped vials. The solutions were
tested for compounds with the same retention time as the internal standards (n-C, 3
and isooctane). Internal standard (1 m! of a 100 ppm solution), was then added to the
sample vials. The vials were shaken for about 30 min.

RESULTS AND DISCUSSION

Extensive experience in analysing workplace air concentrations of white spirit
and other complex hydrocarbon mixtures has shown us that the liquid giving rise to the
air contamination seldom shows the same GC pattern as the gaseous phase. This can
easily be demonstrated experimentally. A small amount of white spirit was placed on
a filter-paper in a shallow dish and an air sample was taken above the evaporating
solvent at different times. Results are given in Table II, showing the normalized n-C,,
n-Cyo and n-C;; GC peak areas. Practical experience and the test in the laboratory
suggested the work presented in this paper.

Hygienic effect

The hygienic effect of the contaminants in an air sample is defined as the sum of
the ratios between the concentration and threshold limit value (NGV) of each
component'?. This is valid assuming that each component has a similar effect on man.
When the sum of the ratios exceeds unity, the NGV of the mixture is exceeded.

o ¢, G G C,
H ffect=—4+ "+ -+ ...+
ygienic etfec T + T, + T + + T,

TABLE 1
EVAPORATION OF WHITE SPIRIT

The table shows normalized concentration values (C,, = 100) at different times after the start of
evaporation.

Sample n-Cy n-Cio n-Cyy
Liquid solvent 37 100 45
Gas, 0 h 114 100 15
Gas, 1.5h 17 100 27

Gas, 4 h 0 100 588
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where C; = concentration of component i (i = 1,2,3,...,n)and T; = threshold limit
value of i.

In most instances NGVs refer to pure substances. In this context, however,
special interest is attached to NGVs assigned to complex hydrocarbon solvents. When
calculating such NGVs, the solvent (e.g., white spirit) is treated as a mixture of a very
limited number of typical components. As is obvious from this study, the NGV value
(and hence the hygienic effect), when calculated from all elements in an air sample
contaminated by hydrocarbons, may deviate considerably from that obtained by the
simplified method used up to now.

Creation of index tables and window handling

The GC of white spirit, even with highly efficient columns, produces very
complex chromatograms. The retention index calculation should give a reproducibil-
ity of the indices of better than 0.5 index unit.

Commercial solvents based on petroleum contain a certain range of paraffinic,
cycloparaffinic and aromatic hydrocarbons. In order to create reference index tables,
a set of representative products was selected from the range available from Esso
Chemicals (cf., Table I). Samples of undiluted solvent were analysed by GC-MS and
the components were identified or classified according to carbon number and
structure. In this way 234 different hydrocarbons were found in Varnolene and 255 in
Exsol D 40. The content of olefinic substances is usually low and for this reason, and
because of the difficulty in distinguishing them from the cycloparaffins, they were
classified as such. The results were transferred to corresponding chromatograms
obtained with FID. Retention times provided basic data for the index calculations with
Cs—C,, n-alkanes normally occurring in white spirit samples as reference points.
Isooctane and n-tridecane were added, acting both as reference points and internal
standards. The cubic spline interpolation method'*-'> was chosen for these calcula-
tions. A typical spline curve showing retention time versus index is shown in Fig. 1.

Index tables were created for Varnolene, Exsol D 40 and a mixture of Solvesso
100 and Solvesso 150 (1:1). Retrieving a given compound in a sample indicates
a certain amount of agreement between sample and reference indices. Normally, the
index was allowed to vary within the limits of a +0.25 index unit window centred on

1300
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Index
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600

T T T T L
<} 10 20 30 48 SO

Retention time (min)

Fig. I. A typical spline curve where Cg—C, ; n-alkanes and isooctane are used as reference points. The index
value of isooctane was initially calculated in a run using #-hexane and n-heptane as reference points in
addition to the regular n-Cg—n-C, 5 standards.
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T T T
F 1 E

Fig. 2. A case with three compounds in different concentration ratios. (A) Portion of the chromatogram of
the standard used for the creation of the index table. The complex peak is assigned an index I due mainly to
the contribution of the component eluted near the maximum of the peak cluster. (B) Hypothetical sample
chromatogram where the latter component is present in a much lower concentration relative to the others. In
this instance none of the components become classified as “‘not identified”, depending on the expansion of
the window before (F) and after (E) the index (I) assigned to the peak complex.

Index Rtime Compound Group Formula NGV __Note
945. 85 28.0@36 Cyo P Cio Hpz 500
947.01 28.123 Cy N CioH,y,y 500
947.01 28.123 Cypo P CioHyy 500
949.61 28.337 Cy N CioHy,y 500 FX
949.61 28.337 Cq A CoH oy, 120
951.76 28.514 Cg A CgHqp 120
951.76 28.514 Cq N Cio Hyp 5S@0 EEX
956. @9 28.871 Cqopo P CioHz, SO0 F
956. 09 28.871 Cqo P Ciwo Hzz 500
957.59 28.994 1,3,5-Trimethylbenzene A CoHi2 120

957. 59 28.994 Cyo N Ciwo Hyo 500 E
960. 46 29.231 Cqo N CioHzo SO0 F
960. 46 29.231 Cqo P Cio Hz S00

960@. 46 29.231 Cy N CioHy S00 E
962. 25 29.378 Copo P CioHzz - 500

Fig. 3. Example from an index table. NGV = Threshold limit value; X = excluded from the calculation
(see text); E, F = the window is opened one additional index unit behind (E), or in front of (F) the nominal
0.5 unit slot centred on the normal peak maximum; EE = two index units expansion. A = Aromatics; P =
alkanes; N = cycloalkanes. Rtime = Retention time in min.
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the peak maximum. However, in many instances two or more components merge,
forming an irregular peak. Often, such a peak is dominated by one compound
governing the position of the peak maximum. In order not to lose such a peak, should
the dominating substance be missing or occur in only minute amounts, the window is
extended locally by the use of special markers (Figs. 2 and 3). Therefore, depending on
the position of the underlying compounds, the index window of an irregular peak
could be widened by one or two index units.

In some mixed peaks a small trace of a compound with a different NGV was
found. It was considered reasonable to exclude such peaks (see Fig. 3, “X”) in order
not to influence the calculated hygienic effect (sce Field tests).

In order to test the applicability of the index tables, a number of white spirit
products from different suppliers were analysed (Table III). It is evident that the
various samples are very much alike qualitatively, as can be seen from the amounts of
unidentified substances shown in the table (see also Fig. 4).

Probably, because of the difficulty in defining the true baseline during the
integration of the very complex chromatograms produced by white spirit, the total
amount registered as ‘“identified”” and “‘unidentified” in Table III is less than the
amount actually injected. The yield was found to be about 90% when analysing
normal white spirit (ca. 20% aromatics) and about 85% for the low aromatic mixture.
Better results would be expected by the use of microcomputer-based integration
programs not available at the time this work was done.

Columns
A crucial point in this context has been the choice of stationary phase. Squalane
has often been used because of its non-polarity!-27-*6:17 However, squalane cannot be

TABLE III
WHITE SPIRIT FROM DIFFERENT OIL COMPANIES

Column: non-polar (and polar for aromatic compounds in parentheses; see Experimental). No. | was used to
produce an index table used for mixtures [-5. Mixtures 6-8 are declared as low aromatic and the estimation
was made with an index table of a hydrocarbon mixture (No. 6) of same type. The window was +0.25 1,
except for the polar column, where it was +2.5s. n-C,; was used as an internal standard.

No.  Identified Unidentified Aromatic compounds n-Co—n-Cyy
(mg) (mg) (mg) (%)
| 6.79 0.07 1.32-2.12 27.0
(1.65)
2 6.76 0.12 1.22-2.05 26.3
(1.48)
3 6.54 0.18 1.10-1.95 22.5
(1.12)
4 6.30 0.26 1.05-1.93 22.3
(1.12)
S 6.59 0.07 1.22-2.05 24.7
(1.53)
6 6.64 0.07 — 27.0
7 6.24 0.15 — 30.5

8 6.50 0.09 - 28.8
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used above 100°C, leading to long analysis times. The advent of the cross-linked
methylsilicone phase bonded to the inner surface of fused-silica capillary columns was
a great advantage in this work. This phase is nearly as non-polar as squalane but can be
used up to and above 300°C.

Both long- and short-term reproducibility is of great importance when using
index systems'®. In this work, the temperature is normally programmed to about
165°C. Further, the volumes injected are as small as 0.25 ul at a starting temperature of
45°C. These conditions guarantee a long column life. From the example shown in
Table [V, it can be seen that the indices are nearly the same over a 16-month period of
use. The choice of a pretested commercial product manufactured especially for
hydrocarbon mixtures makes it possible to ensure a future supply of columns differing
so little from each other that the index tables will remain valid.

Knoppel er al.'® discussed the possibility of changing one or more parameters,
e.g., column inlet pressure, temperature programming rate or column dimensions, to
obtain appropriate index adjustments. From Table IV, it is clear that the indices from
a new column (No. 2) can be adjusted by means of the column inlet pressure so that
they will agree with the indices from column No. 1, used when preparing the index
tables. Changing the inlet pressure for column 2 from 34.5 p.s.i., which corresponds to
35.0 p.s.i. in column 1 for the same flow-rate, to 33.5 p.s.i. gives more acceptable
indices. As expected, the improvement is obvious for the aromatic compounds, but the
cycloparaffin indices also show better agreement with previous values.

An alternative is to use a polar column for the analysis of white spirit. The peaks
after the unresolved peak consisting of o-xylene and n-dodecane are aromatics and the
peaks before are paraffins and cycloparaffins. This is apparent from Fig. 5, where
a low aromatic mixture (<0.5% aromatics) was run for comparison. Drawbacks are,

TABLE IV
INDEX VERSUS RETENTION TIME

Long-term stability of a non-polar column {column [) as measured during a [6-month period (T, = T, + 16 months).
Values obtained on new column (column 2) with (33.5 p.si.) and without (34.5 p.s.i.) column inlet pressure
optimization. Injected solution: 1000 ppm Varnolene + 25 ppm each of isooctane and n-tridecane (Varnolene was the
same as used for the index table). A = aromatics; P = alkanes; N = cycloalkanes.

Type Compound  Column | Column 2
Ty, 35.0 p.s.i. He T,, 35.0 ps.i. He Run 1, 34.5 p.si. He  Run 2, 33.5 p.s.i. He
tg (min) Al tg (min) Al tg (min) Al tg (min) Al
A Cg 22.747 881.62 +0.009 40.08 —-0.026 —0.17 +0.315 —-0.07
Co 31.049 982.52 —0.003 +40.04 -0.003 —0.19 +0.381 —0.03
Cio 38.091 1067.92 —0.008 +0.04 +0.022 —-0.22 +0427 —-0.05
p Co 22.078 87335  +0.003 -0.01 —-0.015 —-0.02 +0.314 —0.01
Cio 29.378 96225 —0.006 —0.02 +0.006 —0.02 +0373 +0.01
Cyy 37.558 1061.43 —0.012 -0.02 +0.035 —0.04 +0.428 0.00
N Co 19.487 839.87  +0.009 0.00 —0.024 —0.08 +0.289 —0.03
Cio 31.262 985.11  —0.007 —0.02 +0.006 —0.10 +0.389  +0.04

Cio 35.146 1032.15 —-0.010 —0.0t +0.016 —0.15 +0414 40.02
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Fig. 5. Chromatograms of white spirit containing (1) about 20% and (2) about 0.5% aromatics. Column
(polar): 50m x 0.32mm1.D., 0.57-um CP-WAX 57 CB. Oven programme: 45 to about 130°C at 1.8°C/min.
These chromatograms illustrate that only aromatics elute after the peak containing dodecane and o-xylene.
n-Tridecane is added as an internal standard.

however, the uncertainty in the integration of the badly resolved peaks at the beginning
and the difficulty in determining the identity of the peaks.

. The polar column was used as a complement, however, as it gave the possibility
of determining the aromatic hydrocarbon content more accurately. It is difficult to
make polar columns with identical properties and they are more apt to degenerate.
Therefore, it was not meaningful to make permanent index tables. Instead, retention
time tables for the aromatics were drawn up from integrator reports when needed.

On-column injection

The on-column injection technique discussed by many workers
some advantages for this type of analysis. One is that discrimination effects can be
reduced if the technique is handled correctly. It is evident from Table VIII that the
amount of white spirit differs very little when calculated with isooctane as internal
standard, eluted in the beginning of the chromatogram, or with sn-tridecane, eluted at
the end.

Another advantage is, of course, the increased sensitivity over that of the split
technique. To obtain the highest possible column efficiency, a column was used with an
I.D. of only 0.21 mm, which is less than normally recommended in on-column
injection. A consequence of this is that the solvent effect deteriorates and the peaks
become observably broadened in the latter half of the chromatogram when more than
about 0.30 ulis injected. This volume has so far been sufficient for the analysis but, if it
became necessary to inject a larger volume to increase the sensitivity, it might be
advisable to connect a short uncoated column prior to the coated column'®, When the
inner diameter is as small, as used here, it is important to centre the column, otherwise
it can be difficult to introduce the needle, resulting in poor injections.

Larger volumes can be injected onto the polar column without broadening the
aromatic peaks (for which this column was used) because the inner diameter is larger,

9.10,18,19 has



GC OF HYDROCARBON MIXTURES IN WORKPLACE AIR 391

in spite of the fact that carbon disulphide is not well suited to this column. The choice
of carbon disulphide is possibly not the best, even for the non-polar column. However,
it is an efficient desorption agent for hydrocarbons adsorbed on charcoal. The
injections were made without any secondary cooling with a column start temperature
of 45°C, just below the boiling point of carbon disulphide (46°C). Prior to the injection,
the solvent was drawn back from the needle to avoid the loss of part of the volume and
the needle was then cleaned. The injections were made rapidly, after which the needle
was quickly withdrawn. '

Choice of reference points in spline function calculations

From Table V, the necessity for using the same reference points in the spline
function for the sample as for the index table is evident. A typical example is shown in
run 2, where white spirit peaks totalled 99.1% of the area registered by the integrator at
window width 1.0 index unit (I). Omitting, for example, the point #n-Cy in the sample
spline function but not in the index table gives only 80% recovery. Under such
conditions, there is also reason to question the peak identities. These are of utmost
importance for the calculation of the hygienic effect. These errors become larger with
smaller windows. If, on the other hand, »-C;, is omitted in the sample spline
calculation, the result is considerably better, if not acceptable, owing to the fact that
the spline curve is more linear in this region. Even if only isooctane, n-C and #-C 4
are used as reference points, the results are fairly good, provided that the windows are
not set too narrow and the same reference points are used, in spite of the fact that the
indices differ by several units from those calculated with the use of all reference points.
In this instance, however, it is of special importance to keep the injection volumes as
similar as possible to those used when constructing the index tables in order not to
affect the retention times of early eluting peaks.

Table V also illustrates the inferior results obtained with narrow windows in run
1 {unoptimized carrier gas flow; ¢f., Table IV), even when using all reference points.

TABLE V

PEAKS-FITTING INDEX TABLE CALCULATED BY SPLINE FUNCTIONS USING DIFFERENT
SETS OF REFERENCE POINTS

Results are shown for three different windows. Reference points #n-Cg—n-Cy, are provided by n-alkanes
normally occurring in white spirit. The runs are the same as in Table IV (column 2). Index table and sample
runs were made on different occasions on two columns of the same kind.

Set of reference Peak area (% of total registered)
points used in

Index table  Sample table Run 1 Run 2

101° 051 0.21° 10 1¢ 051° 021°

All All 99.1 97.4 72.8 99.1 99.0 97.8

All Omitted: n-Cg, n-C > - — — 73.1 45.2 37.9
All except #-Cg, n-C,, - - — 99.1 99.0 97.9

All Omitted: n-Cg — — - 80.0 52.9 40.6

All Omitted: n-C,, — - - 97.6 95.4 82.0
3 reference points (isooctane, - — - 99.1 99.0 76.5
n-Cyg, n-Cy3)

“ Window (index units).
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Comparison with linear regression

Table VI shows the identified part of the peak area (for the same runs as shown in
Tables IV and V) with peaks identified by linear regression using retention times. The
window here was 0.04 min (0.50 I). With only one reference point (»-C;3) the whole
curve'is corrected by an offset equal to the difference between the retention times for
that point in the table and in the real sample.

From Table VI, it is clear that using linear regression in fitting the retention times
of sample peaks to the standard retention time table leads to a lower recovery than
using the spline method discussed above. This is particularly evident in run 1 (flow in
the new column not adjusted) and when fewer reference points are used in the
calculations. Again, the low recovery is indicative of considerable errors in peak
identification.

FID relative response factors

In the early 1960s, Ettre?® discussed data published on the FID relative
responses of Cs—C,o hydrocarbons. He found variations of up to +4%, with some
exceptions. Miller and Ettre?! studied the relative responses of a few typical
hydrocarbons and reported similar variations for saturated aliphatics but higher
responses for three C;—Cg aromatics studied.

It was deemed necessary to confirm these earlier findings using on-column
injection onto capillary columns as described above. Table VII gives results for some
different individual hydrocarbons. The data were corrected for impurities estimated by
separate runs on the non-polar column.

The response factor relative to n-tridecane (1.00) is defined by

Ailm;
fr(i) =
Agfmy

where 4; = peak area of compound i, m; = amount of compound i, Ay = peak area
of n-C,; standard and my = amount of »-C;; standard (all amounts corrected for
impurities). The results in Table VII are averages of one or more runs of at least two
different weighings. The same solutions were used for both instruments.

In the light of literature data®°~%? and results of this study, it is apparent that the
response factor can be accepted as being equal to 1 in this kind of analysis. The
aromatics examined in Table VII give up to 5% higher responses than the others.

TABLE VI

RUNS IN TABLE V CALCULATED WITH LINEAR REGRESSION USING RETENTION TIME
DATA

Reference points Peak area (% of total registered)
Run 1 Run 2

All points 75 90

Isooctane, n-C, 26 16

n-Cys 37 40

N
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TABLE VII
FID RELATIVE RESPONSE FACTORS OF HYDROCARBONS

Compound Purity Formula  Relative response factor
(%)
Instrument 1¢ Instrument 2

Isooctane 100.0 CgHys 1.00 -
n-Octane 99.9 CgHyg 1.00 —
n-Butylcyclohexane 99.6 CyoH,yo  1.01 1.01
n-Decane 99.6 C,oH,, 100 -
n-Butylbenzene 99.4 CioHis 104 1.05
1,2,3,4-Tetramethylbenzene 97.5 CioH,w 1.03 1.03
1,2,3,5-Tetramethylbenzene 99.0 C,oH{s 1.03 1.04
1,2,4,5-Tetramethylbenzene 99.9 C,oHys 104 1.05
Phenylcyclohexane 97.0 C,,H;s 104 1.04
n-Tridecane 99.5 C;3Hys  1.00° 1.00°

4 Instrument 1: Hewlett-Packard 5790, non-polar column. Instrument 2: Carlo Erba 4160, polar
column.
? Standard, 1.00 by definition.

Assuming that this holds for all white spirit aromatics and that the content of
aromatics is 20% (w/w) as in normal white spirit, the error will be less than 1% on
a weight basis when using the NGV values in Table I. In hygienic effect calculations
using NGV values for individual components, the error will be higher. This may be
taken into consideration by the use of a correction factor.

Field tests

Air samples taken by charcoal adsorption in different workplaces were analysed
by the spline index method. The results are given in Table VIII. In this table,
comparison is also made with the method using a set of larger peaks in the standard
(for samples 1-6 Varnolene and for samples 7-9 Exsol D40), namely the Co—C;,
n-paraffins, as a measure of calculating the total amount of hydrocarbons from the
same set of peaks in the samples. As the concentration of the Co—C n-paraffins may
vary considerable (cf., Table I11), it is obviously difficult to choose a suitable standard.
In the spline index method described here, this difficulty is circumvented as all peaks
fitting the index table with the window used (0.5 T) are taken into consideration. As can
be seen, only minute amounts fall outside the window (“‘unidentified’’). This holds for
moderate concentrations. Sample No. 2 is an example of column overloading.

The hygienic effect is presented as a range rather than a single value because, in
certain instances, hydrocarbons with different NGVs fall within the same window. The
lower limit is found by using the higher NGV in all such instances and vice versa. The
most important case is, of course, the coincidence of aromatic and® aliphatic
compounds. In certain instances, however, this rule must be abandoned. For example,
white spirits, other than those very high in aromatics, show two dominating peaks,
n-decane and n-undecane. Both are contaminated by negligible amounts of aromatics.
These must be'disregarded in order not to introduce very large errors in the calculation
(see comments on Fig. 3).

A third method often applied to the calculation of the amount of hydrocarbons
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TABLE VIl
RESULTS OF AIR SAMPLE ANALYSES

No.  Internal Identified Unidentified Hygienic effect Aromatic Total
standard (mg) (mg) compounds  amount
Individual Total (mg)° (mg)®
peaks area
I n-Cys 0.27 0.02 0.55-0.70 0.45 0.05-0.08 0.21
Isooctane 0.27 0.02 0.54-0.70 0.45 0.05-0.08
(0.05)
2 n-Cys 5.31 3.38 1.49-1.95 1.36 0.84-1.51 6.57
(1.43)
3 n-Cys 2.04 0.05 13.60-17.10  11.37 0.36-0.58 1.59
Isooctane 2.03 0.05 13.54-17.03  11.33 0.36-0.58
0.33)
4 n-Cys 0.55 0.02 0.12-0.16 0.10 0.11-0.17 0.46
Isooctane 0.54 0.02 0.12-0.15 0.09 0.10-0.17
(0.10)
5 n-Ci; 0.96 0.02 1.29-1.66 1.14 0.16-0.28 0.78
Isooctane 0.90 0.02 1.21-1.56 1.07 0.15-0.27
0.12)
6 n-Cis 0.32 0.01 0.20-0.26 0.16 0.05-0.09 0.24
Isooctane 0.32 0.01 0.20-0.26 0.16 0.05-0.09
(0.06)
7 n-Cyy 0.30 0.06 0.08-0.09 - — 0.31
Isooctane 0.31 0.06 0.09-0.09 - -
8 n-Ci3 1.77 0.03 1.33-1.46 - — 1.65
Isooctane 1.79 0.03 1.34-1.47 - -
9 n-Cys 0.62 0.02 0.35-0.39 — — 0.54
Isooctane 0.63 0.02 0.36-0.39 - -

“ Figures in parentheses refer to polar column runs.
* Calculated with Co—C,, n-alkanes (see text).

in the samples is based on the use of the total area of all peaks. The hygienic effect thus
found using the white spirit NGV (500 mg/m?) is shown for comparison. All these
values are lower than the lower limit of the range found. No figures are shown for the
samples low in aromatics as no NGV exists. A drawback with the total area method is
the error introduced if substances other than white spirit hydrocarhons are present in
the samples. The chances are that such ““foreign’ peaks will fall outside the windows of
the spline index method and thus become characterized as “unidentified”.

In addition, Table VIIT shows the complete lack of discrimination effects due to
boiling-point differences; the same results are found with isooctane and s-tridecane as
internal standard. Not shown in this table is the good repeatability between injections.
In no instance did the results from two runs differ more than +2% from their mean
value.

CONCLUSION

This study has shown the possibility of calculating the hygienic effect of white
spirit in workplace air using spline functions in calculating retention indices. The
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method, general in nature, can be applied to many other analytical tasks dealing with
complex analytes. In this context it should also be mentioned that this possibility of
obtaining better resolution and identification of complex workplace air contaminants
is a prerequisite for the estimation of occupational hazards based on individual NGVs.
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Chiral flavour compounds from apricots

Distribution of y-lactone enantiomers and stereodifferentiation of di-
hydroactinidiolide using multi-dimensional gas chromatography
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Laboraioire de Recherches sur les Aromes, Institut National de la Recherche Agronomique, B.V. 1540,
F-21304 Dijon Cedex (France)

and
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Institut fiir Lebensmittelchemie, Universitéit Frankfurt, Roberi-Mayer-Strasse 7-9, D-6000 Frankfurt am
Main (F.R.G.)

(First received August Ist, 1989; revised manuscript received September 12th, 1989)

y-Lactones possess an intense aroma, often described as fruity, peach or coco-
nut-like!2. A sensory evaluation of these y-lactones by a panel, using odour profiling,
showed that an apricot note was attributed to the y-octa- and y-decalactone®. These
evaluations were made on synthetic racemic compounds. Tang and Jennings were the
first to identify y-lactones in apricots*:>. These compounds were later related to the
pleasant aroma of the French cultivar Rouge du Roussillon by Rodriguez et al.®.
More recently, Guichard and co-workers’® found a good correlation between the
amounts of y-octa- and y-decalactones in six apricot cultivars and the notes attributed
by a panel for the typical apricot aroma of these different cultivars. Finally, Mosand]i
and Giinther® demonstrated that the two enantiomers possess different flavour notes
in addition to different intensity levels.

The aim of this work was to determine the enantiomeric composition of C¢~C;
y-lactones in these fruits. The direct stereodifferentiation of Co—C;, y-lactones has
already been carried out by Mosandl and co-workers!®~!3by multi-dimensional
(MD) gas chromatography (GC)!**> on different commercially available fruit nec-
tars.

EXPERIMENTAL

Apricot samples

Six apricot cultivars, which exhibited different organoleptic characteristics,
were analysed. Characterization of the selected cultivars and details of the isolation of
the aroma extracts have been described’. Apricot slurries were submitted to vacuum
distillation under reflux and the distillates extracted with dichloromethane. The
amounts of volatile compounds in the concentrated extracts for cultivars harvested in

“ Exchange scientist at the University of Frankfurt during the summer, 1989.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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19857 and in 1986° have been reported previously. Analysis by GC coupled with mass
spectrometry (MS) led to the identification of 82 compounds, 60 of which were found
for the first time in this fruit.

Analyses of the extracts

A Siemens Sichromat 2 MD-GC system, with two separate ovens and two flame
ionization detectors was used. The carrier gas was hydrogen, with a precolumn pres-
sure P, = 0.9 bar and a main column pressure Py = 0.75 bar. Columns: a fused-
silica retention gap (10 m x 0.25 mm L.D.), according to Grob'®, coupled to a
DB-1701 fused-silica column (J & W Scientific) (15 m x 0.25 mm [.D.), 1-um film
thickness, coupled to a glass capillary column of heptakis (3-O-acetyl-2,6-di-O-pen-
tyl)-B-cyclodextrin (38 m x 0.2 mm 1.D.). The temperature programme for the pre-
column was 90°C isothermal for 2 min, increased at 3°C/min to 200°C, and that for
the main column was 90°C isothermal for 20 min, increased at 5°C/min to 170°C.

The chiral main column with modified f-cyclodextrin (Lipodex D) and the
modified a-cyclodextrin-containing column (Lipodex B) aré now commercially avail-
able from Macherey-Nagel (Diren, F.R.G.). Using Lipodex B the 4-alkylated y-lac-
tones are stereoanalysed in addition to 3,4-dialkylated y-lactones. For both chiral
stationary phases the order of elution of 4-alkylated y-lactones was proved to be I(R),
[I (S) as shown using optically pure references®.

Nine extracts were analysed by MD-GC: the six cultivars harvested in 1986,
Bergeron harvested in 1985 and Rouge du Rousillon harvested in 1985 and 1988.
These last two cultivars possess a typical apricot aroma and contain a large amount
of y-lactones®.

To evaluate the relative amount of each enantiomer, peak heights were mea-
sured on the gas chromatograms obtained from the heptakis(3-O-acetyl-2,6-di-O-
pentyl)-f-cyclodextrin (Lipodex D) column. The proportion of each of the y-lactones
and the proportion of the (4 R)-enantiomer of each y-lactone was calculated. As large
differences were observed between the amounts of the y-lactones studied, each extract
was injected twice, first with a 1:10 splitting, in order to quantify the highest peaks
(hexa-, octa- and decalactone) and then with splitless injection, for the smaller peaks
(hepta-, nona- and dodecalactones).

For mass spectrometry (electron-impact mode, 70 €V), a Finnigan-MAT ITD
800 mass specrometer was used, connected with a DB-5 column (J & W Scientific) (25
m X 0.32 mm 1.D.), 0.25-um film thickness.

RESULTS AND DISCUSSION

Fig. 1A shows the chromatographic profile of the C¢—C, , y-lactones studied on
the achiral DB-1701 column. This model solution was injected a second time and cut
times were given to transfer each of these lactones onto the Lipodex D chiral column.
Fig. 1B illustrates the enantiomeric separation of these synthetic racemic y-lactones.
The (R)- and (S)-enantiomers are all well separated, thus allowing a good quantifica-
tion of the enantiomeric composition.

The good repeatability of the retention times on the first column allowed us to
transfer, at the same cut times as for the standards, all the y-lactones contained in the
apricot extracts, from the achiral precolumn onto the chiral main column. Fig. 2A
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Fig. 1. Multi-dimensional GC of the y-lactone standard mixture. (A) Preseparation of racemic y-lactones
(C¢—C,,) on DB-1701. Conditions: 0.9 bar H,, column temperature isothermal at 90°C for 2 min, increased
at 3°C/min to 200°C. (B) Racemic y-lactones (C4—C,,) transferred from DB-1701 precolumn onto the
chiral main column. Conditions: 0.75 bar H, column temperature isothermal at 90°C for 20 min, increased
at 5°C/min to 170°C. Order of elution assigned from optically pure references®!”.

illustrates the complexity of one of the extracts and Fig. 2B shows the enantiomeric
composition of the transferred y-lactones. The identity of the peaks was determined
by comparison with the GC profile obtained with racemic y-lactones. Table I gives the
proportions of each of the y-lactones in the extracts investigated and the amounts of
the (4R)-enantiomers.

Precoce de Thyrinthe and Palsteyn, which are known to be weakly aromatic
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Fig. 2. Multi-dimensional GC of y-lactones from the apricot cultivar Bergeron (1986). (A) Raw flavour
extract, preseparated with with DB-1701. Conditions as in Fig. 1A. (B) Chirality evalution of y-lactones
with modified S-cyclodextrin as the chiral stationary phase. Conditions as in Fig. [B.
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Fig. 3. Mass spectrum (70 eV) of substance XX’ from the apricot cultivar Bergeron (1986), identical with
the reference dihydroactinidiolide.

cultivars, were poor in lactones, and of these y-hexalactone was the most abundant.
In the other cultivars, which were assessed as more typical®, y-decalactone, with its
apricot-like aroma, was present in large amounts and often the most abundant y-lac-
tone. The y-octalactone, which would also contribute to the aroma of this fruit,
represented between 7 and 25% of the y-lactones; y-undecalactone was present only
in traces and y-hepta- and y-nonalactones did not exceed 2.5%. Only a small amount
of y-dodecalactone was present in all except two of the extracts, in which it reached
11%.

Considering the enantiomeric relationships, it can be seen that the (4R)-
enantiomer always predominated; y-hepta-, y-octa-, y-deca- and y-dodecalactone con-
tained more than 80, 86, 91 and 98% of the (4R)-enantiomer, respectively. For
y-nonalactone, 64% was found for Precoce de Thyrinthe but the peak was very small
and so the precision of the measurement is limited. y-hexalactone contained a high
proportion of the (4R)-enantiomer in five out of six cultivars (>80%) and a lower
proportion in Rouge du Roussillon (61% in the 1985 harvest and 71% in the 1986
and 1988 harvests). As all extracts were obtained by the same procedure, no explana-
tion could be given for this phenomenon.

As we reported recently®, optically pure y-lactone isomers differ in their odour
quality. The (4R)-configurated y-hexalactone has a faint and sweet odor. These find-
ings are now confirmed by the sensory judgement of the y-hexalactone fraction from
the investigated apricot flavour extracts. Although high proportions of y-hexalactone
were detected, their contribution to the aroma of the apricots investigated was in-
significant. On the other hand, y-octa- and y-decalactones in the analysed extracts had
a predominantly (4R)-configuration (Table I). Their sensory characteristics are
known to be spicy-green, coconut and almond notes [(4R)-y-Csg] and strong, fatty-
sweet fruity note somewhat reminiscent coconut and caramel [(4R)-y-C,o]. This dem-
onstrates that both the relative amounts and the optical purities of chiral flavour
compounds are of decisive importance for the aroma profiles of fruits.

A further compound was present as a racemate and was not eluted at a reten-
tion time corresponding to a 4-alkylsubstituted y-lactone (XX', Fig. 2B). This com-
pound was identified as dihydroactinidiolide by coinjection of an authentic reference
and the identical mass spectrum (Fig. 3). This compound coeluted with y-undecalac-
tone on the DB-1701 column and was therefore transferred to the chiral main col-
umn. Chairotte e al.'®, who identified dihydroactinidiolide for the first time in apri-
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cots, suggested that this compound was probably generated during the processing of
apricot purée or during the aroma extraction by vacuum steam distillation. However,
Guichard and Souty’ found this compound in extracts obtained from fresh apricots
without any heating. Dihydroactinidiolide is known to be formed by heating of f-car-
otene'®, but Isoe et al.?® obtained it by photooxidation of S-carotene or f-ionone.
The formation of this compound by photooxidation can explain the racemic propor-
tions in the extracts of fresh and deep-frozen fruits.
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graphic determination of epinephrine in bupivacaine and epinephrine
injection
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(First received July 3rd, 1989; revised manuscript received October 10th, 1989)

Epinephrine, (—)-3,4-dihydroxy-a-[(methylamino)methyljbenzyl alcohol, as
the bitartrate salt at a 1:200 000 dilution is contained in the 0.5% bupivacaine
HCI, 2-piperidinecarboxamide, 1-butyl-N-(2,6-dimethylphenyl)-, monohydrochloride
monohydrate, injecton in order to reduce the rate of absorption and peak plasma
concentration of the local anesthetic'. This combination product available as
Marcaine® - HC] with epinephrine 1:200 000 (Winthrop Pharmaceuticals, New York,
NY, U.S.A)) is packaged in single-dose 30-mi ampules, 10-ml and 30-ml vials and
multi-dose 50-ml vials. The development and validation of a sensitive and specific
stability-indicating high-performance liquid chromatography (HPLC) assay method
utilizing amperometric detection was desired as an improvement over and simplifica-
tion of previous methods for epinephrine in this product.

Amperometric detection has been used for the HPLC determination of the
non-catechols chlorpromazine? and acetaminophen® in plasma with oxidation at
glassy carbon electrodes at +0.85 and +0.80 V vs. Ag/AgCl respectively. Quantita-
tion of non-catechol drugs in dosage forms as well using amperometric detection has
been studied. These studies have included cis-platinum* and naloxone® injections and
atropine in tablets and tinctures®.

Epinephrine has been measured in dosage forms previously by non-electro-
chemical methods such as specific rotation and spectrophotometry. The method for
epinephrine in “Bupivacaine and epinephrine injection” found in the United States
Pharmacopoeia (U.S.P.) XXI is spectrophotometric with detection at 490 nm
following an oxidation with potassium ferricyanide’ while that for epinephrine in
“Epinephrine bitartrate inhalation aerosol” is also spectrophotometric, measured at
530 nm following a ferrocitrate reaction®. An UV spectrophotometric method
measured at 280 nm is applied to “Epinephrine ophthalmic solution”®, whereas the
specific rotation method is currently official for “Epinephrine nasal solution”1°. An
HPLC method with UV detection at 254 nm has been applied to “Epinephrine
injecton”, U.S.P., whereas electrochemical detection (ED) with oxidation at +0.70 V
was used for an impurity analysis in that study*’.

The catechol functionality of epinephrine makes its detection amenable to
oxidative amperometry at relatively low positive voltages. This, coupled with the

0021-9673/90/%03.50 © 1990 Elsevier Science Publishers B.V.
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extreme sensitivity of amperometric detection has been successfully applied to
innumerable studies using HPLC separations of catechols, catecholamines and their
metabolites from biological tissues and fluids. A recent literature sampling include
measurements from plasma and urine!?~!7,

Several previous HPLC assay methods for epinephrine in dosage forms have
included amperometric detection. Epinephrine in “Lidocaine and epinephrine injec-
tion” has been measured by two alternate amperometric HPLC methods with
oxidation at +0.90 and +0.65 V, respectively!®'°. Similarly, epinephrine in
“Epinephrine injection”'® and in “Prilocaine and epinephrine injection”*® was
determined by HPLC-ED at +0.65 V. The optimization and validation of an
amperometric HPLC method for epinephrine analysis in “‘Bupivacaine and epineph-
rine injection” appearing in the seventh supplement to U.S.P. XXI?! is described in the
present study.

EXPERIMENTAL

Reagents

Methanol from Fisher Scientific and water (Sybron/Barnstead) were HPLC
grade. Sodium phosphate monobasic monohydrate, ethylenediaminetetraacetic acid
disodium salt, 85% phosphoric acid, sodium metabisulfate, glyceraldehyde, oxalic
acid, ascorbic acid and sodium nitrite were reagent grade from Fisher Scientific.
Octanesulfonic acid sodium salt from Eastman and sodium hydroxide and hydro-
chloric acid from Mallinckrodt were reagent grade.

Compounds studied

The compounds utilized in the study including epinephrine bitartrate, epineph-
rine-2-sulfonate, norepinephrine bitartrate, dopamine - HCI, isoproterenol bitar-
trate and bupivacaine * HCIl were from Sterling Drug, while 3,4-dihydroxybenzyl-
amine - HBr was from Sigma.

Apparatus

The HPLC-ED system consisted of a Waters M6000 pump at a flow-rate of
1.2 ml/min and a Bioanalytical Systems LC-4 amperometric detector set at +0.65 V
with a 50 nA/V sensitivity. This was equipped with a TL-5 thin-layer glassy carbon
working electrode versus a Ag/AgCl reference electrode. A Micromeritics 725
autoinjector with a 10-ul injection loop and a Fisher Recordall 5000 strip-chart
recorder with input set at 1.0 V were used.

Chromatographic conditions

HPLC columns used were 25 cm x 4.6 mm [.D. stainless steel, 5-um and 10-pm
ODS-3 from Whatman. The mobile phase consisted of water—methanol-2 M sodium
phosphate monobasic—ethylenediaminetetraacetic acid, disodium salt (20 mg/mtl in
water)-85% phosphoric acid—octanesulfonic acid, sodium salt (900 ml:50 m1:50 ml:2
ml:0.4 ml:0.4 g) with an apparent pH of 3.2.

Epinephrine standard linearity
An epinephrine bitartrate standard solution was accurately prepared at about
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0.2 mg/ml in mobile phase and 5.0 ml was diluted to 100.0 mi with mobile phase. This
solution was further diluted by transferring 5.0, 7.0, 10.0, 15.0 and 20.0 ml to 50 ml
volumetric flasks and filling to volume with mobile phase.

Linearity of recovery from simulated samples

Duplicate samples were prepared at 80, 100 and 120% of the epinephrine
bitartrate claim values in placebo and diluted with mobile phase to 0.002 mg/mi for the
100% samples for analysis.

Specificity

Separation of analogues. Solutions of epinephrine bitartrate, epinephrine
sulfonate, norepinephrine bitartrate, dihydroxybenzylamine - HBr, dopamine * HCIl
and isoproterenol bitartrate were prepared in mobile phase at about 0.002 mg/ml and
chromatographed individually and combined.

Stressed drug substance. Weighed portions of epinephrine bitartrate were
stressed with water, 0.1 M hydrochloric acid and 0.05 M sodium hydroxide on a steam
bath for 4, 4 and 0.5 h, respectively. These solutions were neutralized and diluted for
analysts. In addition, a sample was held in water at room temperature for 4 h with
a stream of air flowing for comparison to a non-stressed water solution at room
temperature.

Stressed placebo

A placebo was prepared containing all constituents except epinephrine bitartrate
and held a 70° for 42 h. It was cooled and diluted for analysis while a second portion,
fortified with epinephrine bitartrate to give a 100% sample, was also analyzed.

Resolution factor
A resolution factor standard was prepared containing 0.002 mg/ml each of
epinephrine bitartrate and dopamine - HCI.

Void volume indicators

Solutions of glyceraldehyde, oxalic acid, ascorbic acid, sodium nitrite and
sodium metabisulfite were chromatographed in order to determine the column void
volume.

RESULTS AND DICUSSION

Data which are to be submitted to regulatory authorities as obtained from
pharmaceutical stability studies and for release of clinical supplies must be supported
by appropriate method validation information. This is true whether the assay is
performed by titration, spectrophotometry, electrophoresis or chromatography,
either thin-layer chromatography (TLC), gas chromatography (GC) or HPLC. It also
is true irrespective of the method of detection utilized in the latter cases including
amperometric detection for HPLC. In dosage form studies sufficient levels of drug can
normally be realized for effective detection by ordinary UV-visible means whereas the
added specificity inherent in electrochemical detectors gives an advantage to this
detection mode.
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TABLE 1
LINEARITY OF RECOVERY OF EPINEPHRINE BITARTRATE FROM SIMULATED SAMPLES

Added (mg) Found (mg) Recovery (%)
0.0162 0.0162 100.0
0.0162 0.0165 101.8
0.0203 0.0204 100.5
0.0244 0.0242 99.2
0.0244 0.0246 100.8
S.D. 0.000185 Average 100.6
Correlation coefficient 0.9989

Linearity of the detector response-concentration relationship for the present
method was found. Concentrations ranging from 0.001 to 0.004 mg/ml epinephrine
bitartrate, or one-half to two times the nominal standard concentration, gave
a correlation coefficient of 0.99986 as related to peak response.

Accuracy of the method is illustrated by results in Table [ where placebos were
fortified with epinephrine bitartrate at 80, 100 and 120% of the claim value. The
average percent recovery of 100.6% as well as the high linear correlation coefficient
and low standard deviation of mg found attest to the acceptable method accuracy.

Suitable method precision was also obtained in contrast to the supposed
unreliability of amperometric detection methods. These results shown in Table II for
four replicate assays on each of two lots of drug product include extremely low percent
relative standard deviation (R.S.D.) values on the level of the best UV detection
available.

Method specificity was obtained from two lines of evidence: chromatography of
chemically stressed drug substance and separation of structural analogs using the
proposed method. Recoveries for neutral, acid, base and air stressed epinephrine
bitartrate in solution are shown in Table III with no interfering peaks found in any of
their respective chromatograms. Fig. 1 shows the baseline separation obtained for
a mixture of six catechol analogues studied using the proposed method. These were

TABLE 1I

REPLICATE ANALYSIS OF TWO COMMERCIAL BATCHES OF BUPIVACAINE - HC! WITH
EPINEPHRINE

Determination Epinephrine base found

(mgjmi)

Batch 1 Batch 2
l 0.00544 0.00561
2 0.00550 0.00561
3 0.00556 0.00561
4 0.00550 0.00561
Average 0.00550 0.00561

RS.D. (%) 0.89 -
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TABLE 111

EPINEPHRINE BITARTRATE RECOVERY FROM CHEMICALLY STRESSED DRUG SUB-
STANCE

Stress conditions Time (h) Recovery (%)
0.1 M Hydrochloric acid-steam bath 4 96.6
0.05 M Sodium hydroxide-steam bath 0.5 55.6
Water-steam bath 4 98.5
Aeration-room temperature 4 97.8

each separated by a minimum of 4 min, even for such similar compounds as
norepinephrine and dihydroxybenzylamine. The compounds clearly elute in order of
decreasing polarity with increasing number of methylene or methyl units.

A chromatogram of a bupivacaine with epinephrine bitartrate sample using the
conditions described is shown in Fig. 2A while an epinephrine bitartrate standard at
0.002 mg/ml is shown in Fig. 2B. The large peak at the solvent front in the sample
chromatogram represents readily oxidizable excipients. The retention characteristics
of bupivacaine in the sample were studied by tandem UV detection which showed no
elution from the column under the conditions of the method owing to the high aqueous
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Fig. 1. Chromatogram of catecholamine mixture separated using a mobile phase of: water—methanol-
2 M sodium phosphate monobasic-ethylenediaminetetraacetic acid, disodium salt (20 mg/ml in water)-85%
phosphoric acid—octanesulfonic acid, sodium salt (900 ml:50 m1:50 ml:2 ml:0.4 ml:0.4 g) on a 10-um ODS-3
column at 1.2 mi/min. These include: epinephrine-2-sulfonate (1), norepinephrine (2), epinephrine (3),
3,4-dihydroxybenzylamine (4), dopamine (5) and isoproterenol (6).
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Fig. 2. Chromatograms of a bupivacaine - HCl with epinephrine bitartrate sample (A) and an epinephrine
bitartrate standard at 0.002 mg/ml (B) showing the epinephrine retention time of about 10 min. HPLC
conditions as described in Fig. 1.

content (95%) and the presence of the pairing ion in the mobile phase. Even if the
compound had eluted, it would not have been detected because of the additional
selectivity afforded by the amperometric detector. Aliphatic amines do not readily
oxidize under these conditions and thus, as opposed to aromatic amines, bupivacaine
did not represent a potential interference.

A stressed placebo study using the method described in ‘Fig. 1 gave very
interesting results which reinforce the regulatory edict that this type of study be
included in submissions. In the case of epinephrine bitartrate and bupivacaine - HCl an
unstressed placebo chromatogram is shown in Fig. 3A. When this placebo was stressed
at 70° for 42 h the additional peak seen at 5, 8 and 19 min in Fig. 3B were found with
amperometric detection. Utilization of a lower water content or lower pairing-ion
concentration resulted in interference fromm peaks in the stressed placebo with the
main epinephrine peak. This was alleviated using the conditions described as shown in
Fig. 3C, an epinephrine-spiked stressed placebo, showing no interference. This exercise
serves to emphasize the importance of making these determinations, a conclusion not
frequently encountered in the literature.

The question of accurately measuring the void volume was confronted in
determining capacity factor (k') values using amperometric detection. Commonly in
UV detection systems a concentrated salt solution is used, such as 1 mg/ml sodium
nitrate which would show no retention and elute with the solvent. Under conditions of
the current method, however, a very polar electrochemically active substance was
sought. Among those tested, it was found that a 1| mg/ml solution of sodium
metabisulfate gave the best indication of the void volume as shown in Table IV.
Sodium nitrite, glyceraldehyde, oxalic acid and ascorbic acid were retained by the
column past the void volume although they were detectable.
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Fig. 3. Chromatograms of unstressed bupivacaine - HC] with epinephrine bitartrate placebo (A), placebo
stressed at 70° for 42 h showing degradation peaks at 5, 8 and 19 min (B) and the same stressed placebo with
epinephrine bitartrate added showing no interference (C). HPLC conditions as described in Fig. 1.

TABLE IV
VOID VOLUME INDICATORS

Indicator Concentration (mgiml)  Result

Glyceraldehyde 0.001 Eluted after void

Oxalic acid 0.001 Eluted after void

Ascorbic acid 0.001 Eluted after void

Sodium nitrite 10.0 Eluted at void with second peak after void

Sodium metabisulfite (Na,S,05) 1.0

Eluted at void

The amperometric detection method developed for epinephrine in the injectable
drug product Marcaine - HCl with epinephrine took advantage of the selectivity of this
detector in avoiding the potential bupivacaine peak although it faced the additional
problem of detection of stressed placebo products which were not observed with
conventional UV detection. The validation results in terms of accuracy, precision,
linearity, specificity and ruggedness pass the normal criteria for suitability much the
same as any dosage form method would and suggest that amperometric detection
should be considered when an added degree of selectivity or sensitivity is desired.
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Prediction of retention times of hydroxylated triacylglycerols in re-
versed-phase high-performance liquid chromatography
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(First received June 8th, 1989; revised manuscript received September 26th, 1989)

Enzymic modification of lipids appears to be a promising area of industrial
lipase technology, in which substrate- or regiospecificities of these enzymes are uti-
lized to produce ester lipids for tailor-made applications’~*. Castor oil, for example,
containing up to 90% ricinoleic acid (12-hydroxyoctadec-9-enoic acid), is an excellent
natural source of hydroxylated fatty acids that are used to modify fats and oils via
interesterification with lipase. Although no single analytical technique can resolve all
triacylglycerol species produced, reversed-phase high-performance liquid chromato-
graphy (RP-HPLC) nevertheless provides a powerful tool for the rapid routine analy-
sis of such complex mixtures. One problem in RP-HPLC analysis, however, is the
formation of “critical pairs”, i.e., triacylglycerol species having the same equivalent
carbon number (ECN) in spite of differences in chain length and number of double
bonds>®. The problem of hydroxylated species in such analyses has not been ad-
dressed so far, only one group having reported the separation of castor oil triacylglyc-
erols by RP-HPLC":8. In this paper we report a new equation based on equivalent
carbon numbers (ECN), which allows relative retention times of hydroxylated tri-
acylglycerols to be predicted and such species to be identified in complex mixtures
with straight-chain triacylglycerols.

EXPERIMENTAL

Materials

Castor oil was purchased from Alberdingk and Boley (Krefeld, F.R.G.) and
beef tallow from Fischermanns (Duisburg, F.R.G.). Crude lipase from Chromobacie-
rium viscosum was obtained from Toyo Jozo (Shizuoka, Japan). Triricinolein was
isolated from castor oil by flash chromatography®, 12-hydroxystearic acid was pur-
chased from Serva (Heidelberg, F.R.G.) and juniperic (16-hydroxypalmitic) acid,
tripalmitin, tristearin, triolein and trilinolein were purchased from Sigma (Munich,
F.R.G.). Mixtures of standard triacylglycerols containing hydroxylated fatty acids
were obtained by lipase-catalysed interesterification of the standard straight-chain
triacylglycerols (25 pumol) with triricinolein (25 gmol), juniperic acid (75 umol) and
12-hydroxystearic acid (75 umol), respectively. The reactants were dissolved in 4 ml of
light petroleum (b.p. 60-80°C) and incubated with 7.7 mg of crude lipase for 48 h at
50°C after addition of 5 ul of 0.1 M phosphate buffer (pH 7.0).

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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Analytical techniques

The RP-HPLC system consisted of an HPLC pump (Kontron Model 420)
coupled with a differential refractometer (Erma ERC-7510) and a Rheodyne Model
7125 loop (20-ul) injector. An integrator (Shimadzu Chromatopac C-R6A) was used
to monitor accurate retention times at a chart speed of 0.2 cm/min. The columns used
for separations were arranged in series and consisted of a 30 x 4.0 mm [.D. guard
column and two 120 x 4.0 mm I.D. Spherosil S3 ODS-2 main columns, 3-um parti-
cles (Knauer, Berlin, F.R.G.). The columns were maintained at 35°C by means of a
column oven (Microlab, Aarhus, Denmark). RP-HPLC analysis was performed iso-
cratically using acetonitrile-tetrahydrofuran (74:26, v/v) as the mobile phase at a
flow-rate of 1 ml/min; the solvents were degassed with helium for 5 min before use.

The sample size was 20 ul of a 10-20% solution of triacylglycerol in acetone—
dichloromethane (50:50, v/v).

RESULTS AND DISCUSSION

It is well known that the retention times of triacylglycerols with constituent
saturated and unsaturated fatty acids (including the polyunsaturated type with a
divinylmethane system of double bonds) can be predicted from their equivalent car-
bon umber (ECN) using the formula ECN = CN — 2n, where CN is the sum of the
carbon numbers of the acyl groups and » the sum of double bonds in a triacylglycerol
molecule®®. This concept was very helpful when the resolving power of RP-HPLC
was limited. Modern HPLC stationary phases, solvent systems based on acetoni-
trile'® or propionitrile!* and lower temperatures'? allow, however, the resolution of
triacylglycerols that earlier were considered “critical pairs”.

A mixture of two natural fats alone leads to an enormous number of different
triacylglycerol species, and after interestification of these oils additional species are
obtained. The situation is even more complex when a hydroxyl group, such as in
12-hydroxyoctadec-9-enoic (ricinoleic) acid, becomes a third parameter determining
retention times. However, when product formation of triacylglycerols with hydroxyl-
ated compounds is monitored by RP-HPLC, rapid interpretation of the chroma-
tograms of the complex mixtures formed is necessary for further optimization of the
reaction conditions and product control.

As standards containing hydroxylated triacylglycerols were not available, we
prepared such mixtures by interesterification of triricinolein with, e.g., triolein, cata-
lysed by nonspecific lipase from Chromobacterium viscosum. The resulting mixture,
composed of RRR, RRO, ROO and 00O, was analysed by RP-HPLC (for abbrevia-
tions, see legend to Fig. 1). All other standard mixtures containing RRP, RRS, RRL,
ROL, RSP, etc., were synthesized in the same way and identified by their retention
times in RP-HPLC in comparison with those of the starting triacylglycerol mixture.
The number of individual standards thus prepared equalled the number of triacylglyc-
erol species expected from interesterification of castor oil with beef tallow. On com-
bining two or more standard mixtures of triacylglycerols that contain ricinoleic acid,
several critical pairs, e.g., RRS and RLL or RSP and LLO, are seen in RP-HPLC
analysis. By comparing the retention times of such critical pairs, we found that the
ECN concept can be applied to triacylglycerols containing hydroxylated fatty acids,
based on the observation that one hydroxyl group reduced the retention time by the
equivalent of six carbon atoms.
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Fig. 1. RP-HPLC of a 2:1 (w/w) mixture of castor oil and beef tallow. (A) Analysis of triacylglycerols of the
initial blend; (B) analysis of triacylglycerols after lipase-catalysed interesterification of the initial blend.
Analytical conditions as described under Experimental. Abbreviations: OO0, POO, etc., denote
triacylglycerol species containing the fatty acyl groups designated P, S, O, L, R, H, J (palmitoyl, stearoyl,
oleoyl, linoleoyl, ricinoleoyl, hydroxystearoyl and juniperoyl, respectively) regardless of their position in
the glycerol moiety. FFA, free fatty acids. The numbers, e.g., 46, denote equivalent carbon numbers
(ECN), where ECN = CN — 2n — 6m. All critical pairs having the same ECN, e.g., 48 for OO0, POO,
etc., are denoted as fraction ECN 48 in the text. Peaks and shoulders not denoted are triacylglycerols
containing the minor fatty acids of castor oil and beef tallow.

The ECN equation can now be extended to
ECN = CN — 2n — 6m

where m is the sum of hydroxyl groups in a triacylglycerol molecule. To compromise
between sufficient resolution and an acceptable analysis time and with omission of
time-consuming derivatization procedures, we used acetonitrile-tetrahydrofuran
(74-26, v/v) as the mobile phase. More polar solvent systems lead to the precipitation
of saturated compounds. The RP-HPLC analysis was performed at 35°C to avoid
further broadening of peaks of high-melting triacylglycerols. In this instance the
resolving power is limited and cannot be improved by inclusion of additional columns
in series owing to the pressure drop.

One important application was the expeditious identification of newly syn-
thesized triacylglycerols that were obtained by interesterification of castor oil and
beef tallow, catalysed by lipase from Chromobacterium viscosum. Fig. 1A shows the
RP-HPLC trace for an initial blend of castor oil and beef tallow (2:1, w/w) that was
analysed with sufficient separation within 45 min. After incubation of this mixture
with the lipase a complex pattern of old and newly synthesized triacylglycerols was
obtained with new peaks arising from ECN 36 to 46 (Fig. 1B). The new equation
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TABLE I

EQUIVALENT CARBON NUMBERS (ECN) AND RELATIVE RETENTION TIMES OF TRIAC-
YLGLYCEROLS CONTAINING HYDROXYLATED FATTY ACIDS

Abbreviations as in the legend to Fig. .

ECN  Triacylglycerols Retention Triacylglycerols containing Retention
containing time® in Juniperic acid or time® in
ricinoleic acid RP-HPLC 12-hydroxystearic acid RP-HPLC

36 RRP/RRO 0.29 11O 0.28

38 RRS/RLL 0.34 JIS 0.34

40 RPL/ROL 0.41 HHO 0.39

42 RPP/RPO/ROO/RSL 0.52 JOO/HHS 0.54

44 RSP/RSO 0.65 HOO 0.61

46 RSS 0.84 JSS 0.87

48 - - HSS 1.00

@ Relative to triolein (OO0 = 1).

allowed the precise identification of all triacylglycerols containing ricinoleic acid by
their predicted retention times (Table I).

Further investigations showed that the extended equation is applicable not only
to the RP-HPLC analysis of triacylglycerols containing ricinoleic acid, but also to
those containing other hydroxylated fatty acids, such as juniperic acid or 12-hydroxy-
stearic acid. As demonstrated in Table I, good correlations between calculated ECNs
of hydroxylated triacylglycerols and their retention times relative to triolein were
observed.

The ECN concept as reported here may be transferred to other hydroxylated
compounds. As a rule of thumb, this concept is very helpful for the identification of
complex reaction mixtures in routine RP-HPLC analyses, where a complete sep-
aration of hydroxylated compounds in the presence of unsaturated triacylglycerols is
tedious and time consuming.
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Direct resolution of the optical isomers of fenoldopam and one of its
derivatives
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(Received August 29th, 1989)

Fenoldopam (1) (6-chloro-2,3,4,5-tetrahydro-1-(4-hydroxyphenyl)-1H-3-benz-
azepine-7,8-diol) is a new drug currently at an advanced stage of development by
Smith Kline and French. Oral administration of this drug leads to an increase in renal
blood flow and a corresponding reduction in arterial pressure*. The biological activ-
ity of fenoldopam is attributed? to stimulation of renal dopamine D;-receptors.

cl cl
HO CH,O
HO CH,O

OH OCH,
1 2

Following oral administration, fenoldopam is extensively metabolised® to give
methoxy, sulphate and glucorinide derivatives. Both fenoldopam and its metabolites
have been successfully analysed*® under reversed-phase conditions. All these studies
were carried out using racemic fenoldopam.

In this Note we describe an analytical method that is suitable to differentiate
between the optical isomers of fenoldopam. This method was also used to resolve the
optical isomers of 2, where the three hydroxy groups in fenoldopam have been re-
placed by methoxy substituents. These studies are expected to be relevant for phar-
macokinetics and pharmacodynamic studies on fenoldopam. The enantiomers of fe-
noldopam have been chemically resolved® previously after formation of a single
diastereoisomeric salt with enantiomerically pure dibenzoyl tartaric acid.

EXPERIMENTAL
Chemicals
n-Hexane (Rathburn, Walkerburn, U.K.) and propan-2-ol (BDH, Poole, U.K.)

were filtered through a Millipore 0.45-um membrane filter and degassed with helium

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.



NOTES 415

before use. The racemic 1 and 2 used were greater than 98% purity. 2 is an intermedi-
ate in the penultimate step in the preparation’ of 1.

High-performance liquid chromatography

A Perkin-Elmer Series 3B liquid chromatograph was used. Enantiomers were
monitored with a Perkin-Elmer LC90 UV spectrophotometric detector set at 220 nm.
The chromatographic column used for the chiral separation was a Chiralcel OJ (250
X 4.6 mm LD., 10 um) column (Daicel, Tokyo, Japan), operated at room temper-
ature. The best resolution of the enantiomers of 1 and 2 was obtained using hexane—
ethanol (80:20) and flowing at 1 ml min~!,

Specific rotation [a]}

Repeat injections of racemic 1 gave adequate quantities of the respective optical
isomers for the measurement of their specific rotations. These were determined by
dissolving the samples in methanol and measuring optical rotation in a cell of 100 mm
pathlength, thermostatted at 25°C and using a Perkin-Elmer 241 polarimeter set at
the sodium D-line (589 nm).

RESULTS AND DISCUSSION

Fig. 1 and 2 show the chiral resolution of the optical isomers of fenoldopam 1
and its methoxy derivative 2. The « values were measured as 1.32 and 1.33, respec-
tively. In the case of 1 the (—)-enantiomer elutes before the (+ )-isomer with retention
times of 18.4 and 23.5 min. The retention times of the enantiomers derived from 2 are
shorter than those of 1 and were measured as 13.3 and 16.4 min. Unfortunately, the
enantiomers from 2 could not be characterised by their optical rotation as the racemic
material was not available in a sufficient quantity.

From an examination of the chemical structure of fcnoldopam 1 and its me-
thoxy derivative 2 it is expected that the former is more hydrophilic than the latter
compound. This agrees with the order of elution of these molecules using the re-
versed-phase conditions in this study. Thus the more hydrophilic compound 1 is

2] ]
A
—_ 1 1 1 ] | I— 1 1 J
0 10 20 30 40 0 10 20 30
minutes minutes

Fig. 1. Separation of the enantiomers of fenoldopam 1. For conditions, see Experimental.
Fig. 2. Resolution of the optical isomers of 2. For conditions see Experimental.
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retained by the polar stationary phase to a greater extent than 2. This difference in
retention time is augmented if the ratio of hexane to ethanol is increased and could be
convenient for the study of any stereoselective metabolism involving methoxylation
or dehydroxylation of any of the three hydroxy groups in fenoldopam. At least four
of the metabolites formed from fenodopam have in fact been found to result from
such processes®, although no stereoselective studies have been carried out. These
types of metabolites are expected to have retention times lying in between those of 1
and 2.

Polarimetric analysis of enriched fractions from repeat injections was carried
out in order to characterise the optical isomers of fenoldopam by their ability to
rotate the plane of polarisation of plane-polarised light. Reanalysis of the first and
second fractions collected showed that each contained the respective optical isomers
in a purity greater than 99%. The specific rotations, [«]3> for the first and second
eluted isomers (corresponding to the first and second fractions) were measured in
methanol at a concentration of 2 mg ml~! and were found to be —11.3°and +11.8°
respectively. These values are of the same order of magnitude as the values of —10.5°
and +9.2° reported® for the S- and R-isomer, respectively. Combining our [o]3’
values with the latter information it also appears that the S-isomer elutes before the
R-isomer using a Chiralcel OJ column operated under the chromatographic condi-
tions reported in this Note.
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high-performance liquid chromatography under non-denaturing con-
ditions
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High-performance liquid chromatography (HPLC) mainly in the reversed-
phase and ion-exchange modes has been widely applied to the preparation of
ribosomal proteins'~*, The principal disadvantage of these methods is the use of
denaturing conditions in the extraction process or/and elution.

Generally, proteins are extracted with LiCl-urea or with 66% acetic acid and
separated by ion-exchange HPLC using 6 M urea or by reversed-phase HPLC using
0.1% trifluoroacetic acid in elution buffers. Various studies have shown that second-
ary and especially tertiary structures are very sensitive to the purification process®. It
was found that proteins prepared by salt extraction show a large proportion of the
a-helix, but are not very different from urea-treated proteins’-8. More recently, NMR
studies and proteolysis experiments have demonstrated that salt-extracted ribosomal
proteins have a better defined tertiary structure than urea-treated proteins®. There-
fore, to determine the secondary or tertiary structures of ribosomal proteins, it is
useful to have samples that are as native as possible. The principal means of purifying
these proteins so as to be as native as possible is the salt extraction method described
by Dijk and Littlechild'®, but unfortunately this purification procedure consumes
large amounts of 30S subunits and also is time consuming.

[n order to avoid these problems, we have developed a method using HPLC
and salt-extracted proteins that allows the simpler preparation of “core” proteins in
pure and native form. This method does not require large amounts of material and
needs few concentration and purification steps (one gel permeation and one ion-
exchange HPLC). In addition, it allows the direct use of the collected fractions for
spectroscopic studies (UV, fluorescence, etc.), owing to the simplicity of the buffers

used.
EXPERIMENTAL
Chemicals

Urea was for biochemical use (Merck) and all other chemicals were of analyt-
ical-reagent grade (Merck).

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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Buffers

The following buffers were used: TSM (0.01 M Tris—0.03 M succinic acid-0.01
M MgCl,, pH 8), TMK (0.03 M Tris—0.02 M MgCl,-0.35 M KCl, 0.006 M S-mer-
captoethanol, pH 7.4), buffer A (0.05 M ammonium acetate—6 M urea, 0.006 M
f-mercaptoethanol, pH 5.6), buffer B (buffer A-0.5 M NaCl), buffer C (0.05 M
ammonium acetate, pH 5.6) and buffer D (buffer C-1 M NaCl).

Isolation of core particles

The 308 subunits of Escherichia coli MRE 600 ribosomes were isolated as de-
scribed previously by zonal sucrose gradient centrifugation'! and stored in TSM
buffer at —80°C in small aliquots (200 A%¢c/ml).

The method of preparing core particles described by Venyaminov and Gogia'?
was used with some modifications. The 30S subunits (200 A4,60) were fractionated by
3.5 M LiCl into two main groups (1 ml of 30S subunits solution was mixed with the
same volume of 7 M LiCl). The two groups are'?!3 the core particles, containing
mainly S4, S7, S8, S15, S16 and S17 in association with 16S RNA and in reduced
amounts S6, S11, S18 and S19, and the split proteins, i.e. S1, 82, S3, S5, §9, 510, S12,
S13, S14, S20, S21 and S6, S11, S18, S19. Instead of centrifugation (300 000 g, 10 h),
we preferred to use gel permeation HPLC to collect the core particles. Electrophoresis
and urea ion-exchange HPLC showed that core particles prepared by centrifugation
and gel permeation HPLC possess the same composition of proteins, except S1 and
S2, which were often recovered with the last core particle fractions, and S11, which
was found in very small amounts. The core particle fractions were then pooled (5 ml)
and concentrated to 1 ml in a Centricon 10 centrifugate (Amicon) before extraction.

Extraction of core proteins

Extraction of core proteins was effected with TSM—4.5 M LiCl-6mM f-mer-
captoethanol for 20 h at 4°C. The precipitate of RNA was removed by centrifugation
(5000 g, 5 min) and the supernatant equilibrated in the ad hoc buffer (buffer A or
buffer C) through a PD 10 column (Pharmacia) before application to the ion-ex-
change column. To check the total extraction, the precipitate was dissolved in acetate
buffer (pH 5.4) and re-extracted with 3.5 M LiCl-4 M urea. Fig. 1 shows that the
extraction can be considered to be complete.

Identification of ribosomal proteins
Polyacrylamide gel electrophoresis at pH 4.5'* was used in combination with
urea ion-exchange HPLC to assess the identity of the chromatographic fractions.

Chromatography

Chromatography was performed using a Pharmacia fast protein liquid chroma-
tography (FPLC) system. The absorbance of the eluate was monitored with a Phar-
macia UV-1 detector (254 or 280 nm) or a Waters Assoc. Model 480 spectrophotom-
eter. In all instances, separations were carried out at room temperature. Samples with
a volume greater than 1 ml were injected with a Pharmacia superloop.

“One A, unit is the amount of substance in 1 ml of a solution giving an absorbance of 1.0 when
measured at 260 nm with a path length of 1 cm.
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Fig. 1. lon-exchange HPLC in 6 M urea of re-extracted proteins from core particles (dashed line). The CM
column was eluted at pH 5.6 in buffer A by a salt gradient of NaCl (0-0.35 M). The gradient began with
100% eluent A for 30 min and was then linearly ramped to 100% eluent B over 150 min. Proteins were
identified by comparison with their usual elution order (solid line).

Gel filtration

Gel permeation HPLC was performed using a Pharmacia Superose 12 column
(30 cm x 10 mm I.D.). Generally, sample solutions (200 4,40 per 2 ml) were eluted at
a flow-rate of 0.5 ml/min in TMK.

Ion exchange

The ion-exchange column was an LKB Ultropac TSK CM-3SW (150 x 7.5
mm 1.D.). Samples (50 4,50 per 3 ml) in buffer C containing 0.15 M NaCl to prevent
precipitation were eluted at a flow-rate of 1 ml/min with buffers C and D. The gra-
dient shape is shown in Fig. 2. Changing the gradient at 0.4 M increases the resolution
in the range 0.4-0.65 M where many proteins are eluted. Fractions of 1 ml were
collected and could be used directly for spectroscopic studies (the typical 4,50 was ca.
0.01).

Spectroscopy

Absorbance spectra were recorded on a Varian Cary 2200 spectrophotometer
interfaced with a PC AT computer.
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Fig. 2. lon-exchange HPLC of core proteins under non-denaturing conditions. 50 A4, of core proteins in
2-3 ml of buffer C with 0.15 M NaCl was applied to the CM column. Following a 30-min equilibration
with buffer C-0.15 M NaCl, gradients were applied from 0.15 to 0.4 M over 40 min, from 0.4 to 0.7 M over
100 min and from 0.7 to 1 M over 50 min at a constant flow-rate of 1 ml/min. Proteins were identified by
rechromatography in 6 M urea and by polyacrylamide gel electrophoresis.

RESULTS AND DISCUSSION

Core particles were isolated by gel filtration HPLC instead of ultracentrifuga-
tion, which is time consuming and requires more material. Only 30 min is needed to
separate core particles from split proteins.

Normally, the manufacturer’s instructions recommend the use of sample voi-
umes of not more than 200 ul for the best resolution. Routinely, we loaded the
column with 2 mi of solution without any problems, because core particles migrate in
the void volume.

Ion-exchange HPLC was carried out as described under Experimental. Fig. 2
shows the different peaks corresponding to the core proteins.

The principal results are summarized in Table I. Although the gradients were
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TABLE I

CHARACTERISTICS OF ION-EXCHANGE HPLC OF CORE PROTEINS UNDER NON-DENA-
TURING CONDITIONS

Elution conditions as in Fig. 2

S8 S6 §i7 Sie  S7 S4 Si5 S19 Si8

Buffer A:
Elution order 1 2 3 4 5 6 7 8 9
NaCl concentration (M) 0.1 0.125 0.19 0.205 0.225 0.24 0.26 0.265 0.28
Yield” 1 094 065 0.7 0.6l 056 N.D* N.D. 094
Buffer C:
Elution order I 3 6 2 4 9 7 8 5
NaCl concentration (M) 0.27 048 051 046 0.52 0.63 0.59 0.605 0.58
Recovery” + 0.1 0.9 0.15 06 1.5 1 0.95 1 N.D. 05
Yield® £+ 0.2 0.9 0.15 04 1 0.6 0.5 >0.5 ND. 05
Classical yield? 035 0 0.1 013 0 0.26 0 0.19 0

“ Previous results®. The yield of each protein is calculated for 200 A4, , units of 308 using a protein
concentration as determined by absorbance measurements at 280 or 230 nm.

» Relative recovery defined as the ratio of the peak areas under non-denaturing and denaturing
conditions.

¢ Absolute yield obtained by multiplying the yield with buffer A by the recovery with buffer C.
¢ Previous results’C.
¢ N.D. = not determined.

different, we observed an enhancement of ionic strength when proteins were eluted
under non-denaturing conditions. Protein recovery efficiencies were measured by
comparing the peak areas obtained under denaturing and non-denaturing conditions.
For the main core proteins (S8, S7, $4, S15), the recoveries were very close to 100%;
S16 is the only exception with a recovery greater than in urea. It has been shown
previously®# that recovery efficiencies using urea are greater than 50%, so we can
conclude that there is minimal loss of material using this procedure.

Fractionation into two groups by salt washing has been used by many workers
with different conditions!®'2:13:15 The composition of the extract depends on the
salt concentration but also on Mg?* concentration. The principal problem was to
obtain two groups with a stable composition. We chose salt washing with 3.5 M LiCl
because we obtained groups with a more reproducible composition than with salt
washing in medium low in Mg2™*. LiCl is an inorganic denaturant that causes only
partial unfolding. Various studies on proteins other than ribosomal proteins showed
that 5 M is the upper limit of LiCl concentration that can be employed for salt
washing a subunit without denaturation®!7,

To prevent interfering absorbances, we used the simplest buffers without urea
and f-mercaptoethanol. The rapidity of the chromatography allows optical mea-
surements to be made with a very low diffusion level. In this medium, samples were
usually stable for few hours.

The recovery efficiencies are good except for 86, which is poorly soluble. The
reason why the recovery of S16 is greater than in urea is not known. We thought it
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might be a mixture of S16 and S17 owing to bad LiCl dissociation, but gel electropho-
resis and urea HPLC showed a high purity of this protein. All the yields obtained with
this method are greater than those obtained by the classical method. In particular,
good yields of 87, S15 and S18, which were not recovered by the other method, were
obtained.

Separations can be made without any interferences in the pH range 5.4-7.
Ion-exchange and gel permeation HPLC consume only small amounts of materials,
so it is easy to prepare fresh samples on demand, whereas classical methods which
require large samples, need conservative methods for preparation of the samples.
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During radioisotopic investigations of receptor-mediated breakdown of tri-
phosphoinositide to inosito triphosphate and diglyceride (DG) and conversion of the
latter compound to monoglyceride (MG) and fatty acid (FA), a thin-layer chroma-
tographic (TLC) system was needed that would ensure that FA, MG and DG would
be sufficiently separated from each other and other neutral lipids to allow them to be
scraped from the plate and counted. Of the existing chromatographic systems for the
separation of neutral lipids'~®, only the systems of Freeman and West® and Chabard
et al.® seemed to provide this degree of separation. The latter system, however, re-
quires specialized equipment® and the separation reported by Freeman and West®
could not be reproduced as FA overlapped DG. Studies were therefore undertaken to
design a system that would provide the required separation. The resulting system
effects a separation that allows the following lipid fractions listed in order of in-
creasing Rp values, to be scraped from the plate for determination: phospholipids
(PL, at the origin), FA, MG, cholesterol (C), DG, triglyceride (TG) and cholesterol
esters (CE). The system described here was compared with that of Freeman and
West®, which provided guidelines in designing the present chromatographic system.

EXPERIMENTAL

Materials

TLC plates were prepared with the following silica gels: without binder, silica
gel 60 HR (Merck), silica gel 60 H (Merck), silica gel (Camag, D-O); and with binder
(calcium sulphate), silica gel G (Merck). A Desaga spreader (Merck) was used to give
an adsorbent layer 0.3 mm thick. Commercial TLC plates were silica gel 60 (Merck).
Cholesterol palmitate, triolein, 1,2-diolein-rac-glycerol, 1-monooleoyl-rac-glycerol,
linoleic acid and arachidonic acid were obtained from Sigma, linolenic acid from
Fluka and cholesterol from Merck. Phospholipid was a mixture of phosphatidylcho-
line and phosphatidylethanolamine, both prepared from egg yolk”. All reference sub-
stances were more than 99% pure. Organic solvents were of analytical-reagent grade,
except triethylamine, which was a Merck product for synthesis, purity 99%.

Thin-layer chromatography
TLC plates were activated for 1 h at 105°C prior to use and delineated into

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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2-3-cm lanes by means of a needle. In addition, a front line was scored corresponding
to the longest distance of development. After each development, including predevel-
opment when used, the plates were dried for 5 min with a hair-dryer set in the
“no-heating”” mode. Samples in hexane-diethyl ether (9:1, v/v) were applied 2 cm
from the lower edge of the plates. Approximately 20 ug of each reference compound
were applied.

RESULTS AND DISCUSSION

Fig. 1 shows the separations obtained at each stage of the three-step chroma-
tographic analysis of a mixture of reference compounds. The first solvent resolves the
mixture into DG, C, MG, a mixture of CE and TG and a mixture of FA and PL
which remains at the origin (cf., chromatogram 1). When development is done with
the first solvent followed by the second solvent, an additional separation of CE and
TG is obtained while the mixture of FA and PL still remains at the origin, as seen in
chromatogram 2. Resolution of the mixture of FA and PL is obtained with the third
solvent, as seen in chromatogram 3, which shows the complete separation of neutral
lipids by the proposed chromatographic system with PL remaining at the origin.

3]

Fig. 1. Progression of lipid class separation by TLC using three-step development. Solvent systems (pro-
portions by volume): 1, diethyl ether—benzene—ethanol-triethylamine (40:50:2:1); 2, diethyl ether—hexane—
triethylamine (10:90:1); 3, diethyl ether—hexane—acetic acid (75:25:2). Chromatogram 1, developed with
solvent 1 up to arrow 1, ca. 16 cm; chromatogram 2, developed with solvent [ up to arrow 1, ca. 16 cm, and
with solvent 2 up to arrow 2, 19 cm. Chromatogram 3, developed in succession with solvents 1, 2 and 3 up
to arrows numbered correspondingly, ca. 16, 19 and 6 cm, respectively. Before application of samples, the
plates were predeveloped with solvent 1, 19 cm. CE, cholesterol ester; TG, triglyceride; DG, diglyceride; C,
cholesterol; FA, fatty acid; MG, monoglyceride; PL, phospholipid. The four samples applied across each
plate, from left to right, were (i) cholesterol palmitate and triolein, (ii) linoleic acid, (iii) I-monooleoyl-rac-
glycerol, linoleic acid and phospholipid and (iv) cholesterol palmitate, triolein, 1,2-diolein-rac-glycerol,
cholesterol, 1-monooleoyl-rac-glycerol, linoleic acid and phospholipid. The amount applied of each com-
pound was ca. 20 ug. Detection by charring with 95% sulphuric acid.
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Fig. 2. Examination of neutral lipids of egg yolk and egg white by TLC using three-step development.
Conditions as described for chromatogram 3 in Fig. 1. Applications: lanes 1 and 6, reference compounds
mentioned in Fig. 1; lane 2, egg yolk lipid; lane 3, lipids extracted from egg yolk to which a mixture of
neutral lipid reference compounds had been added; lane 4, lipid extract from egg white; and lane 5, lipids
extracted from egg white to which a mixture of reference compounds had been added. The samples applied
to lanes 2, 3, 4 and 5 were prepared by extracting 25 mg of egg yolk, 25 mg of egg yolk to which was added
0.5 mg of each reference compound, 250 mg of egg white and 250 mg of egg white to which was added 0.5
mg of each reference compound, respectively. The extracted lipid samples were dissolved in 0.5 ml of
hexane—diethyl ether (9:1, v/v) and 20 ul were applied. Abbreviations and detection as in Fig. 1.

Fig. 2 shows the results obtained when the chromatographic system is used to
study the neutral lipids of a biological material. It can be seen (lane 2) that TG and C
are the only important neutral lipids in egg yolk. Trace amounts of the other neutral
lipids were discernible on the original chromatogram, but only FA are visible on the
photographic reproduction. Lane 3, which represents the separation of the lipids
extracted from egg yolk enriched with standards, shows the usefulness of the system
in separating neutral lipids likely to be encountered in a biological material. Lane 4
shows the absence of neutral lipids from egg white and lane 5 shows that standards
added to egg white are recovered by the lipid extraction and adequately separated in
the subsequent chromatography. The elongated spot of DG on the chromatograms in
Figs. 1 and 2 contains the two isomers of diolein, owing to isomerization on the

adsorbent. The 1,3-isomer is known to have a slightly higher Ry value than the
1,2-isomer?.
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Fig. 3. Separation of neutral lipids by the double-development procedure of Freeman and West®. Chroma-
togram 1: solvent system, diethyl ether—benzene—ethanol-acetic acid (40:50:2:0.2), development up to ar-
row, ca. 27. Chromatogram 2: solvent system, diethyl ether—benzene—ethanol-acetic acid (40:50:2:0.2),
development up to arrow 1, followed by development in diethyl ether—hexane (6:94) up to arrow 2, 33 cm.
The plates (20 x 34 cm) were prepared with silica gel G, 0.3 mm thick. No predevelopment was performed
before application of samples. The four samples applied across each plate, from left to right, were identical
with those in Fig. 1. Abbreviations and detection as in Fig. 1.

Fig. 3 shows the results using the system of Freeman and West®. The first
development (chromatogram 1) separates the mixture of standards into PL, which
remains at the origin, MG, C, a mixture of DG and FA and a mixture of CE and TG.
When the first development is followed by the second, CE and TG are separated
whereas DG and FA remain unresolved, as seen in chromatogram 2. When the
chromatograms in Fig. 3 were compared with those reported by Freeman and West®,
it was clear that the only disagreement concerned the chromatography of FA, which
according to them migrates to a position between that of MG and C.

The natural strategy for constructing a modified system was therefore to pre-
serve the successful separation of CE, TG, C and MG and direct the migration of FA
to a vacant area of the chromatogram by using suitable basic and acidic solvents.
Consequently, a basic component, triethylamine, was substituted for acetic acid in the
first solvent of the system of Freeman and West® and was also included in the second
solvent of that system while maintaining approximately the same proportions of the
other organic solvents. When silica gel H plates predeveloped with the first solvent
were used, FA remained at the origin during development with the first and second
solvents, as might be expected because FA exist as their polar anions under these
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conditions. At the same time, the good separation of the other neutral lipids reported
by Freeman and West was preserved (¢f., Fig. 1, chromatogram 2). In the subsequent
third development with the acidic solvent, FA are converted to their undissociated
form of far less polarity allowing migration to the middle of the vacant area between
the origin and the position of MG (¢f., Fig. 1; compare chromatograms 2 and 3).

In order to localize the positions of the various fractions in the analysis of
biological samples, a mixture of reference compounds must be applied on the far left
and right lanes of a plate, as done in Fig. 2. After chromatographic development the
reference lanes are rendered visible by exposure to iodine vapour while covering the
remainder of the chromatogram with a glass plate. The zones corresponding to vari-
ous fractions are then delineated in the unexposed lanes with a needle guided by the
positions of the reference compounds on the iodine-treated lanes.

The designed three-step TLC system works equally well with different brands of
silica gel without binder. In contrast, it does not work with commercial plates and
plates prepared with silica gel G. The system employs very short periods of drying
without heating between chromatographic developments and consequently the risk of
autoxidation of unsaturated lipids during the chromatographic analysis is small. No
sign of autoxidation during the analysis was observed even when the very unsaturated
fatty acid arachidonic acid was chromatographed.

It is of interest to compare the present system with that of Chabard et al.3,
because the chromatography of FA is controlled by similar principles. In that system,
which also employs three-step one-dimensional development, FA are likewise kept at
the origin during development with the first two solvents by maintaining FA in their
anionic form. Chabard et al.® achieved that by the use of a 3-cm lower adsorbent
layer made from silica gel G slurried in 0.4 M sodium hydroxide solution. The re-
mainder of the plate was coated with silica gel G slurried in water. Development with
an acidic third solvent was finally used to move FA from the origin to a vacant area of
the plate. Approximately the same degree of separation is achieved in the two sys-
temns, but the method of controlling the chromatography of FA used in this work is
more convenient and only standard equipment is required. It is believed that the
present system, in addition to its usefulness in the investigations mentioned in the
Introductory remarks, constitutes a valuable supplement to already existing systems
which may be preferable in other quantitative studies of neutral lipids. Naturally, if
quantitative data for FA are not required in a particular study, it is convenient to
omit development with the third solvent.
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The thin-layer chromatography of metals on supports impregnated with humic
acids!, soils? and modified soils® has been reported, some information being given
about the movement of various metals, partially simulating natural conditions.

The movement of metals through soils is mainly governed by complexation
with active functional groups of humic substances, i.e., hydroxy and carboxy
groups®*. Degradation methods such as acid hydrolysis and oxidation®®, when ap-
plied to humic material yield, in addition to other compounds, salicylic and syringic
acids. These acids and phthalic acid contain functional groups (vicinal carboxy and
hydroxy, vicinal carboxy and carboxy, and hydroxy, carboxy and methoxy groups,
respectively) which can be found in the presumed structure of humic acid’. This
prompted us to investigate the chromatographic behaviour of some metals on thin
layers of silica gel impregnated with the above-mentioned acids, using distilled and
tap waters as developers, simulating natural river and rain water. This represents an
extension of our previous work on the interaction of such functional groups with iron
as the impregnant®-°,

EXPERIMENTAL

Phenolic acids and phthalic acid were purchased from Fluka (Buchs, Swit-
zerland) and Merck (Darmstadt, F.R.G.). All other chemicals were of analytical-
reagent grade. Precoated plates of silica gel 60F,54 (Merck), plain and impregnated
with phenolic and phthalic acids (by spraying with a 5% ethanolic solution), were
used. Distilled water (I) and tap water (II) were used as developers. Detection was
performed by spraying with bromcresol green indicator reagent, by inspection under
UV light or by exposure to ammonia followed by hydrogen sulphide vapour'®. The
chromatograms were developed by the ascending technique with a solvent ascent of
8-11 ¢cm. Ry values were determined using the arithmatic means of 2-5 runs.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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RESULTS AND DISCUSSION

In Table [, the Ry values of metals on plain and impregnated plates with devel-
opers [ and IT are presented. All metals behave very similarly in both waters. [t can be
seen that on the plain plates no separation can be obtained for any of the metals as
they all have very small Ry values in spite of being soluble in water. This could be a
consequence of their binding to the silanol groups of silica gel.

Phenolic and phthalic acids were used as impregnants because of their low
solubility in water and hardly any movement with water as developer. On plates
impregnated with salicylic acid, Co and Hg can be separated from all other metals.
The separation of Cu from all metals except Co can be achieved on plates impregnat-
ed with phthalic acid. Fe and Pb exhibit poor separation.

On plates impregnated with salicylic acid and phthalic acid, Co and Cu show
considerable movement, whereas on syringic acid-impregnated plates the effect is
weaker. Regarding the molecular structure of the impregnants, the mobility of the
metals generally increases on impregnated plates in the order phthalic > salicylic >
syringic acid. This phenomenon may indicate the complexation affinity of the metals
for the functional groups of the impregnants. Thus, two vicinal carboxy groups and
also carboxy and hydroxy groups are more efficient than carboxy and hydroxy
groups in 1,4-positions in binding the metals and consequently causing a better solu-
bility in water.

Extending the results obtained to natural conditions, it can be concluded that
the hydroxy and carboxy groups of humic material influence the mobility of metals
through soils, depending on the characteristics of the complexes formed, which con-
firmed our previous findings.

TABLE 1

R, % 100 VALUES OF METALS ON PLAIN SILICA GEL PLATES AND PLATES IMPREGNAT-
ED WITH PHENOLIC AND PHTHALIC ACIDS

Developers: (I) distilled water; (II) tap water.

Metal* Developer Impregnated plates

Phthalic acid Salicviic acid Syringic acid Plain plates

Co 1 78 76 37 23
1 79 70 29 13
Cu I 74 35 18 I
1 74 32 20 16
Fe I 12 25 10 1
I 10 24 9 1
Hg I 11 0 8 7
I 12 9 12 10
Pb I 9 21 20 10
) 7 26 23 1

¢ As water-soluble nitrates.
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