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Review

Beaded polymer supports and gels

I. Manufacturing techniques

Reza Arshady

Department of Chemistry, Imperial College of Science, Technology and Medicine, London SW7 2AY (UK)

(First received March 13th, 1991; revised manuscript received June 11th, 1991)

ABSTRACT

A general review of preparative aspects of beaded polymer supports and gels (microbeads) is presented. Basic features of manu-
facturing processes employed for the production of beaded organic and inorganic polymers and gels are discussed. Typical procedures
for the synthesis of beaded silica, polysaccharides, polyacrylamides, polymethacrylaies and polystyrene are described. Preparative
aspects of microspherical products based on inorganic—organic composites, interpenetrating networks, pellicular particles, core—shell
grafts and recently introduced amphiphilic copolymer resins are also discussed.
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1. INTRODUCTION

Beaded polymer supports and gels (gel micro-
spheres, microbeads; see Fig. 1) are widely used as
packing materials for various. chromatographic
techniques [1--5]. Microspherical polymer products
are also employed for a number of related applica-
tions, including biochemical transformations [6],
immunology [7], water treatment [8] and the extrac-
tion of precious mitals [9]. Reviews of the use of
polymer supports for solid-phase peptide synthesis,
catalysis and other chemical applications are cited in
Part II [10].

Fig. 1. Schematic presentation of typical particle morphologies of
beaded polymer supports and gels used for chromatography.
A = Homogeneous matrix (isoporous); B = heterogeneous
matrix (macroporous); C = pore-matrix composite; D =
interpenetrating network.
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Beaded polymer supports and gels are produced
from a wide range of natural and synthetic sources
(Fig. 2) and by numerous manufacturing processes
and technologies. For example, beaded polystyrene
resins are produced by oil-in-water (o/w) suspension
polymerization, whereas polyacrylamide gels are
obtained by water-in-oil (w/o) suspension polymer-
ization. Microspherical poducts based on polysac-
charides and silica are manufactured by a number of
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Fig. 2. Structures of different types of beaded polymer supports
and gels.
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related processes, the details of which are not
frequently reported in the literature. In either case,
manufacturing parameters are controlled to obtain
the beaded product with a relatively narrow particle
size distribution within the range of about 5-500 pm.
A variety of particle morphologies may also be
produced, as indicated in Fig. 1. The products thus
obtained may be hydrophilic or hydrophobic, gelat-
inous or rigid, or they may have low or high porosity
and surface area, depending on their chemical
structure, degree of cross-linking and manufac-
turing conditions. Following their production, the
microbeads may carry reactive groups, or they may
be derivatized and activated by an extensive array of
synthetic routes and reagents.

Despite widespread use of microspherical poly-
mer products as packing materials for chromato-
graphy [1-5], systematic coverage of the preparation
of these materials is lacking in the literature. This
two-part review is therefore intended to provide a
general picture of the manufacturing aspects of
beaded polymer supports and gels. Part I discusses
various . polymerization and particle formation
processes employed for the manufacture of both.
inorganic and organic polymer and gel microbeads.
It covers the preparation of all major packing
materials, including silica, polysaccharides, poly-
acrylamides, polymethacrylates and polystyrene,
and also composites and copolymers. Chemical
structure, derivatization and the control of physico-
chemical criteria (i.e. particle size, swelling behav-
iour, porosity and surface area) are discussed in
Part II.

It is hoped that this two-part discussion will
stimulate a better appreciation of the behaviour and
performance of microspherical packing materials on
the basis of their chemical structure and synthetic
methodology. It should also provide a useful guide
and source information for those who may be
interested in preparing tailor-made microbeads in
the laboratory. For this purpose, a full coverage of
more recently introduced beaded polymers, copoly-
mers and composites is provided.

2. BASIC FEATURES OF TWO-PHASE SUSPENSION
PROCESSES

2.1. Definitions and criteria [11,12]
Beaded polymer supports, whether silica, agarose,

183

cellulose, polyacrylamide or polystyrene, are all
produced by different variations of two-phase sus-
pension processes. Therefore, it is instructive here to
define the term “suspension process™ as a two-phase
system in which “liquid microdroplets” are con-
verted to the corresponding “‘solid microbeads”.

Suspension polymerization of water-insoluble
monomers (e.g. styrene and methyl methacrylate)
involves the formation of a droplet suspension of the
monomer in water and direct conversion of the
individual monomer droplets into the correspond-
ing polymer beads. Preparation of beaded polymers
from water-soluble monomers (e.g. acrylamide) is
similar, except that an aqueous solution of the
monomer is dispersed in an oil to form a water-in-oil
(w/o) droplet suspension. Subsequent polymeriza-
tion of the resulting monomer droplets produces the
corresponding swollen polyacrylamide beads. This
process is often referred to as inverse suspension
polymerization, but this terminology should not be
used because it implies a restrictive definition of the
term “suspension”. Beaded silica gel is produced by,
inter alia, suspension polycondensation and suspen-
sion gelation, while polysaccharide-based polymer
supports are mostly obtained by suspension gelation
and suspension cross-linking,

Among the various suspension systems men-
tioned above, the details of o/w suspension polymer-
ization are more fully known [13-15]. Accordingly,
the following discussion is based on this system.
However, it will become abundantly clear through-
out the subsequent sections that the criteria of
“droplet formation”, “droplet stabilization” and
“droplet hardening”, as discussed below for o/w
suspension polymerization, apply equally to the
preparation of beaded polymer supports in general.

2.2. Droplet formation

The most important feature of o/w suspension
polymerization is the formation of a droplet Sus-
pension of the monomer in water (the suspension
medium) and the maintenance of the individual
droplets throughout the polymerization process.
Droplet formation in an oil-water mixture is most
appropriately accomplished by mechanical stirring,
although other forms of mixing can also be em-
ployed. For most practical purposes, the volume
ratio of the monomer phase to water is smaller than
unity (usually 1:10-1:2), although stable suspen-
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sions with o/w ratios of >1 can also be produced.

In a non-polymerizing suspension system [16], the
suspended droplets collide with each other, coalesce
into larger ones and rapidly redivide into smaller
ones again. Under these conditions the system is in a
state of dynamic equilibrium and remains appar-
ently stable upon continued mixing. In a polymer-
izing suspension system, although the same prin-
ciples apply initially, redivision of the coalesced
(larger) monomer droplets becomes gradually more
difficult as a result of polymerization and increased
viscosity. This means that at a certain stage of the
polymerization (beginning of the sticky period),
re-division of the partially polymerized droplets
becomes almost impossible and continued droplet
coalescence leads to coagulation of the entire bulk of
the monomer phase. However, assuming that the
individuality of the partially polymerized droplets
can be maintained by one means or another, prog-
ress of the polymerization reaction leads to gradual
hardening of the droplets. Again at a certain stage
(end of the sticky period), the hardened droplets will
no longer coalesce in the event of any collision. The
period during which the partially polymerized drop-
lets can combine but not redivide is termed the sticky
period, and is usually observed between 25 and 75%
conversion, depending on the nature and composi-
tion of the monomer mixture.

2.3. Droplet/particle stabilization

Mass coagulation during the sticky period can be
prevented by reducing the surface tension of the
droplets and minimizing the force with which they
collide. The latter is a matter of apparatus design
_ (principally of the distribution of the stirring force),
and the former is achieved by using a small amount
of a suitable droplet stabilizer (suspension agent or
coagulation inhibitor).

In o/w suspension polymerization, the addition of
a small amount of a water-insoluble inorganic salt to
the suspension system-causes the formation of a very
thin film around the monomer droplets and thus
greatly reduces the danger of coagulation. Organic
polymers which are insoluble in the monomer
droplets and have relatively low solubility in the
suspension medium are also highly effective as
droplet stabilizers. Organic polymers are usually
preferred to insoluble inorganic salts because they
are more easily removed from the surface of the
beads by aqueous stripping.

R. ARSHADY

Examples of inorganic droplet stabilizers used for
o/w suspension polymerization include talc, ben-
tonite, calcium sulphate and calcium orthophos-
phate. Among the most commonly used organic
stabilizers for o/w suspension systems are poly-
vinylpyrrolidone and poly(vinyl alcohol) (75-98%
hydrolysed). A wide range of other water-soluble
polymers such as methylcellulose, gelatin, acacia
and other natural gums are also used. In general, a
relatively low concentration of the stabilizer (ca.
0.1-1%)) is sufficient to maintain a stable suspen-
sion system under constant stirring conditions. It is
noteworthy, however, that droplet stabilization is a
surface phenomenon. Therefore, the minimum sta-
bilizer concentration required for a full monolayer
coverage of the droplets increases with decreasing
particle size.

The relationship between particle size and the
concentration of droplet stabilizer and other manu-
facturing parameters will be discussed in Part II.
Here it should be mentioned that the use of unneces-
sarily high concentrations of stabilizer should be
avoided, because they lead to increased monomer
solubilization, lower yields and poorer quality of the
beaded polymer product. In practice, both the type
and concentration of stabilizer are arrived at empir-
ically. Similarly, the design of the suspension poly-
merization reactor plays an important role in the
stabilization of the suspension system and the
quality of the beaded polymer product. Fig. 3 shows
a cylindrical suspension polymerization reactor ves-
sel especially designed [13,17] for laboratory prep-
aration of beaded polymer supports.

3. SYNTHETIC ORGANIC POLYMERS

Synthetic organic polymers used as polymer
supports or polymeric reagents are mainly based
on polystyrene and polyacrylamides. Polymethac-
rylates and poly(vinyl alcohol) are also used to a
lesser extent. Beaded polycondensates such as phe-
nolic and polycarbonate resins can be produced
readily by suspension polycondensation [18], but
polycondensates are generally less suitable for the
development of polymer supports.

3.1. Polystyrene
Styrene-based polymer supports are produced by
o/w suspension copolymerization of styrene and
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divinylbenzene (DVB), as indicated in Fig. 4. The
DVB monomer commonly used for this purpose is a
technical mixture composed of divinylbenzene iso-
mers (ca. 60%, mainly meta and para), ethylvinyl-
benzenes (ca. 36%) and small percentages of related
aromatic compounds. Suspension polymerization is
usually carried out by using a monomer-soluble
initiator such as benzoy! peroxide (BP) or 2,2-azo-
bis-2-methylpropionitrile (AIBN), at a temperature
of 60-80°C. A relatively high initiator concentration
[1-2% (w/w) based on monomer] is used, and the
polymerization is allowed to proceed to completion
(98-100%). The time required for complete
monomer conversion must be determined by prelim-
inary experiments, but is usually between 5 and 15 h,
depending on the initiator concentration, temper-
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Fig. 4. Synthesis of styrene-based polymer supports by copoly-
merization of styrene, divinylbenzene and ethylvinylbenzene.

ature and the exact composition of the monomer
mixture (see Table 1).

In addition to the monomers and the initiator, an
inert liquid (referred to as a monomer diluent or
porogen) may also be added to the monomer phase
to influence the pore structure and swelling behav-
iour of the beaded resin product. The monomer
diluent (not to be confused with the water used as the
suspension medium) is usually a hydrophobic liquid
such as toluene, dodecane or pentanol (see Table 1).
These liquids represent examples of good, poor and
non-solvents, respectively, for polystyrene, and their
use leads to the formation of isoporous, micro-
porous or macroporous beads [27,28], as discussed
in Part II.

It is noteworthy that the nature and percentage of
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TABLE 1

R. ARSHADY

TYPICAL PROCEDURES FOR OIL-IN-WATER (O/W) SUSPENSION POLYMERIZATION REPORTED FOR THE PREP-
ARATION OF BEADED COPOLYMERS OF STYRENE AND DIVINYLBENZENE

Monomer diluent o/w Droplet Remarks Ref.
vol. ratio stabilizer

Toluene, xylene or diphenylmethane 1:2 A Early synthesis and study of porous resins 19
Toluene, dodecane or isoamyl alcohol il ? Synthesis and evaluation of porous resins for

gel permeation chromatography 20
None or chlorobenzene 1:10 B Functionalized polymer supports 21
None 1:5 A Systematic study of suspension polymerization 22
None ? C Reduction in the amount of emulsified polymer 23
Ethylhexanoic acid 1:1 D Study of pore formation 24
Hexane-toluene 1:4 E Study of pore formation 25
None L:1.5 F Chloromethylated supports 26

@ A = Poly(vinyl alcohol); B = a mixture of polyvinylpyrrolidone, calcium orthophosphate and calcium sulphate; C = hydrophobically
modified polyethylene glycol or hydroxyethylcellulose; D = copoly(styrene-maleic acid) ammonium salt; E = bentonite and gelatin;

F = gelatin and poly(allyldimethylammonium chloride).

the monomer diluent also influence the rate of
polymerization. This may be mainly a concentration
or precipitation effect, depending on whether the
diluent is a solvent or precipitant for the polymer.
For example, when the diluent is a good solvent,
such as toluene or chlorobenzene, the polymeriza-
tion proceeds at a correspondingly slower rate,
whereas with a non-solvent such as pentanol the
opposite is true.

Following the completion of the polymerization
process, the beaded polymer product is recovered
from the suspension mixture and freed from the
stabilizer, diluent and traces of monomers and
initiator. In industry, this is usually accomplished by
steam stripping [29,30]. For laboratory prepara-
tions, repeated washing with water, a chlorinated
solvent (e.g. chloroform) and methanol, respec-
tively, is more appropriate [13]. Complete removal
of the monomer diluent, especially from macro-
porous resins, may require long equilibration times
with methanol, and some workers use a Soxhlet
apparatus at the final stage of the recovery process.

Monodisperse polystyrene beads are produced by
a special mode of seeded polymerization developed
by Elingsen et al. [31]. According to this method, an
aqueous polystyrene latex is equilibrated, first with a
suitable oligomer and then with styrene and DVB.
Under carefully controlled experimental conditions,
the monomers are absorbed uniformly by the seed
latex particles. Subsequent polymerization of the

swollen particles (i.e. monomer droplets in the
aqueous medium) produces the corresponding poly-
mer beads. The size and cross-linking of the resulting
particles are determined by the amount of the
monomers used for swelling. This method is general-
ly applicable, but is especially useful for producing
uniform particles in the range 2-20 um.

Beaded polystyrene resins can also be produced
by suspension cross-linking of preformed soluble
polystyrene. For example [32], a solution of the
polymer, the cross-linking agent, 3,6-dimethyl-1,4-
dichloromethylbenzene and a Friedel-Crafts cata-
lyst (SbCls) in dichloroethane is dispersed in silicone
oil (oil-in-oil suspension). The polystyrene droplets
obtained in this way are then converted to the
corresponding swollen polymer beads by effecting
the cross-linking reaction at 70°C. This procedure is
basically similar to those used for the preparation of
beaded polysaccharides, as will be discussed in
section 4.

3.2. Polyacrylamides :

Literature on the synthesis of acrylamide resins
for chromatography can be traced back to the late
1950s [33]. Early workers [33-37] produced bulk
cross-linked polymers by homogeneous copolymer-
ization of acrylamide and methanediacrylamide
(methylenebisacrylamide, Bis), followed by grinding
of the bulk polymer to obtain small gel particles.
Hjerten and Mosbach [38] passed the swollen acryl-
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TABLE 2
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TYPICAL PROCEDURES REPORTED FOR THE SYNTHESIS OF BEADED POLYACRYLAMIDES BY WATER-IN-OIL
(W/O) SUSPENSION COPOLYMERIZATION OF ACRYLAMIDES WITH BISACRYLAMIDE

Beaded polymer

Monomer Oil Droplet Remarks Ref.
diluent phase stabilizer”
Polyacrylamide 0.1 M sodium 1,2-Dichloro- CAB Early example of beaded 39
(Bio-Gel) acetate ethane hydrophilic gels
Water Toluene A Use of methacrylamide and 40
hydroxymethylacrylamide
0.1 M sodium Chloro- CAB Alternative cross-linking 41
acetate benzene monomers
Polyacryloylmorpholine Water Liquid Span 85 Resins for gel permeation 42
(Enzacryl gel) paraffin chromatography
Polyacryloyltrihydroxymethyl- Water Petroleum ? Resin for enzyme immobiliza- 43
acrylamide (Trisacryl gel) tion
Polydimethylacrylamide Water~-DMF? [,2-Dichloro- CAB Functional resins for peptide 44, 45
(Pepsyn) ethane synthesis and catalysis
Water ? CMC Resin for gel permeation 46, 47

chromatography

¢ CAB = Cellulose acetate butyrate; A = calcium stearate and dodecylphenoxypolyethoxyethanol; CMC = carboxymethylcellulose.

® DMF = Dimethylformamide.

amide gel through a pressurized jet to obtain a
granular product. However, in a patent issued in
1964, Flodin [39] described a suspension polymer-
ization procedure for the preparation of beaded
acrylamide resins, which has remained the basis of
much of the later work in this area.

Beaded acrylamide resins are generally produced
by w/o suspension polymerization. This involves the
dispersion of an aqueous solution of the monomer
and an initiator (e.g. ammonium peroxodisulphate)
in an immiscible liquid (the oil phase, see Table 2). A
polymerization catalyst, usually N,N'-tetramethyl-
ethylenediamine (TEMED) or riboflavin, may also
be added to the monomer mixture. Under these
conditions, the polymerization of most acrylamides
proceeds at substantially faster rates than that of
styrene in o/w suspension polymerization. For this
reason, preparation of beaded acrylamide resins
is carried out at relatively low temperatures (20—
50°C), and the polymerization is complete within
relatively short periods (1-5 h). All of these condi-
tions reduce the risk of droplet coagulation during
the suspension polymerization. Accordingly, the
problem of droplet coagulation during the synthesis
of beaded polyacrylamides by w/o suspension poly-
merization is less critical than that of styrene-based
resins.

Recently Patel et al. [48] described an interesting
method for the preparation of beaded polyacryl-
amide gels involving droplet formation by.a vi-
brating needle. Thus, the aqueous monomer solu-
tion (containing the initiator and catalyst, TEMED)
is dropped into the suspension medium (chloro-
benzene—xylene) from an 18-gauge needle at a rate of
0.5-7 g/min. The use of a catalyst and a temperature
of 75°C leads to a relatively high rate of polymeriza-
tion. Under these conditions, the polymerization is
complete probably within 5-10 min, and the poly-
mer beads (300-1000 um) settle at the bottom of the
polymerization tube. This procedure provides a
particularly versatile method for producing small
amounts of polymer, and is also adaptable for
large-scale preparations.

3.3. Other synthetic polymers

In an early publication, Heitz et al. [49] described
the preparation of beaded poly(methyl methacryl-
ate) cross-linked with ethanedimethacrylate, and
poly(vinyl acetate) cross-linked with butanediol
divinyl ether. The latter polymer is the basis of the
Merckogel series of gel permeation chromatogra-
phic packings, and its hydrolysed derivative, poly-
(vinyl alcohol), is marketed as Fractogel and Toyo-
pearls. Beaded methacrylic polymers, poly(hydroxy-
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ethyl methacrylate) (Spheron, Separon) [50] and
poly(glycidyl methacrylate) (Eupergit) [51,52], have
been introduced and extensively studied at the
Czechoslovak Academy of Macromolecular Sci-
ences. The most recent addition to the range of
beaded polymer supports is poly(oligooxyethylene
dimethacrylate)s, described by Trijasson et al. [53].

4. POLYSACCHARIDES

Beaded polysaccharide resins (gels) are produced
by a variety of closely related suspension processes,
one example of which for non-cross-linked cellulose
beads is shown schematically in Fig. 5. Most of the
techniques developed for the preparation of beaded
polysaccharide resins are based on droplet forma-
tion processes more or less similar to w/o suspension
polymerization, but they differ in the conversion of
the droplets to the corresponding solid particles.
This may involve a simple gelation or chelation
process, solvent extraction, covalent cross-linking,
or in the case of allyldextran, suspension copolymer-
ization with bisacrylamide. Representative exam-
ples of different processes used for the preparation
of beaded polysaccharide gels are described below.

1. Excess methanol
2. Water - @

Cellulose
microspheres

Droplets of
dissolved cellulose

CHZOH
0 o—
Solubilized i K 0
cellulose OH H
chains o H
++ CH,0H H OH
+t Ca(SCN), 2
Basic chemical structure of
4. Water cellulose

Fig. 5. Schematic presentation of solvent extraction process used
for the preparation of beaded cellulose.
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TABLE 3

PREPARATION OF AGAROSE BEADS BY SUSPENSION
GELATION (ADAPTED FROM REF. 56)

Agarose in  Oil phase, Droplet Stirrer  Bead
300 ml of toluene- stabilizer  speed  size
solution (g) CCl; (ml) (g)* (rpm)  (US mesh)
3 490-110 SSO (0.5) 250 30-60
9 470-130 SSO (0.5) 1150 100-170
18 450-150 SSO (1) 1700 100-170
18 450-150 SSO (1.5) 1700 170-300
24 455-155 PSO (5) 1500 60-100
24 455-155 PSO (12) 1700 170-300
30 440-160 PSO (15) 1700 170-300
45 429-180 PSO (395) 1700 170-300

¢ §SO = Sorbitan sesqui-oleate; PSO = polyethylene oxide
derivative of sorbitan monooleate.

4.1. Agarose

Agarose is obtained from a variety of marine
algae [54,55). It is a linear alternating copolymer of
(1-3)-p-p-galactopyranose and (1—4)-3,6-an-
hydro-a-L-galactopyranose, and usually contains a
small percentage of sulphate groups (<0.2% sul-
phur). Agarose is soluble in water at above 50°C up
to a concentration of 20% or more, and the solution
gels readily when cooled to room temperature. This
favourable sol-gel behaviour is the basis of a
relatively simple process for the preparation of
non-cross-linked beaded agarose (Sepharose), as
described by Hjerten in 1964 [56].

Thus, an aqueous solution of 1-5% agarose is
stirred in a mixture of toluene and carbon tetra-
chloride at 50°C, in the presence of a droplet
stabilizer. The resulting droplet suspension is then
cooled to room temperature under continuous stir-
ring to effect gelation, and hence the formation of
non-cross-linked agarose beads (c¢f. Sepharose B).
Table 3 provides quantative details of a series of
beaded agarose gels obtained according to this
procedure [56].

For the preparation of cross-linked agarose beads
(cf. Sepharose CL-B), the non-cross-linked gels
described above are treated with epichlorohydrin,
diepoxides, 2,3-dibromopropanol or divinyl sul-
phone at high pH and 60°C for 2 h. The resulting
cross-linked beads are then desulphatized at a higher
temperature (120°C). These reactions are usually
carried out in the presence of small amounts of a
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reducing agent (sodium borohydride) to avoid oxi-
dative degradation of the polymer [57,58].

More recently, agarose gels containing two types
of cross-linking have been described [59]. Thus, the
aqueous agarose droplets are prepared as described
above. The w/o droplet suspension is treated with a
diepoxide, e.g.

CH,-CHCH,0(CH,) ,0(CH,) ,O0CH,CH-CH
\(2)/CH ,O(CH2)40(CHy)4 2\({2

which is soluble in the organic phase, followed by
reaction with epichlorohydrin. This cross-linking
procedure probably results in the formation of
microcapsular particles in which the outer shells are
more hydrophobic and more highly cross-linked
than the inner cores.

4.2. Cellulose

Cellulose has long atrracted interest as a suitable
column packing material for liquid chromatography
and other chromatographic separations. However,
conventionally produced cellulose powders (known
as microcrystalline cellulose) consist of irregularly
shaped fibrous particles, and as such do not meet the
requirements of modern chromatographic tech-
niques.

Regularly sized cellulose microspheres (referred
to as regenerated cellulose) are produced by dissolu-
tion of cellulose powder in a suitable solvent (see
below), followed by droplet formation in a suspen-
sion medium, and subsequent solvent extraction or
covalent cross-linking.

Early examples of the preparation of cellulose
beads by solvent extraction are those described by
O’Neill and Reichart [60] and Determan and Wie-
land [61]. In the last example, linter cellulose is
dissolved in Schweitzer solvent (aqueous ammo-
nium cuprate) and the solution is then stirred in
benzene in the presence of a suspension stabilizer
(Emulphor EL) to form the desired aqueous cellu-
lose droplets. Addition of the resulting suspension
mixture to a large volume of benzene containing
acetic or benzoic acid results in solvent extraction,
and hence the formation of the corresponding
cellulose beads.

Two more recent reports on the preparations of
non-cross-linked cellulose beads, by Peska et al. [62]
and by Kuga [63], are also based on solvent extrac-
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tion procedures. In the latter work, cellulose (What-
man CF-1, DP 180 or cotton linter, DP 1620) is
dissolved in a highly concentrated solution of cal-
cium thiocyanate at 120-140°C. The polymer solu-
tion is then stirred in dichlorobenzene at above its
gel point (ca. 80°C). The resulting droplet suspen-
sion is added to cold methanol to effect solvent
extraction and to form the corresponding cellulose
beads as indicated in Fig. 5. If the dichlorobenzene
suspension is prepared below the gel point of the
cellulose solution, only irregular cellulose particles
are obtained. Fig. 6 shows photomicrographs of
both spherical and irregular cellulose particles pro-
duced from a 6% solution of cellulose CF-1.
Preparation of cross-linked cellulose beads by
suspension cross-linking has been studied by Chi-
tumbo and Brown [64]. In this work, a viscose
solution (9.2% cellulose, 7.5% sodium hydroxide
and 28% carbon disulphide) is vigorously stirred in
dichloroethane cortaining a suitable suspension
stabilizer (e.g. Cremophor EL) and a small percent-
age of sodium borohydride. The temperature of the
droplet suspension is brought to 40°C, epichloro-
hydrin is added, and the stirring is continued until
the desired degree of cross-linking is reached (14 h).

4.3. Dextran

Dextran, a branched homopolymer of D-glucose,
lacks the structural rigidity which is the basis of the
favourable sol-gel transformations in agarose and
cellulose. Accordingly, all dextran-based polymer
supports are cross-linked. Preparation of Sephadex
[65] by cross-linking of dextran with epichloro-
hydrin or 2,3-dibromopropanol is similar to that of
Sepharose, as described above. In the case of
Sephacryl [66], bead formation is accomplished by
w/o suspension copolymerization of allyldextran
with bisacrylamide (cf. section 3.2).

4.4. Other polysaccharides

The preparation of cyclodextrin beads has been
described in some detail by Fenyvesi et al. [67]. The
cross-linking agent used in this work is a diepoxide
similar to that used in the two-stage cross-linking of
agarose beads [59]. Epichlorohydrin cross-linked
starch microspheres [68] and bisacrylamide cross-
linked acrylstarch microspheres [69] are produced in
basically the same way as those of Sephadex [65] and
Sephacryl [66], respectively. Chibata et al. [70] have



Fig. 6. Phase contrast micrograph of beaded and irregular
particles of cellulose produced by solvent extraction (from
ref. 63).

described the preparation of k-carrageenan beads by
suspension cross-linking with epichlorohydrin in a
fashion similar to that described for agarose [56,57].

5. INORGANIC SUPPORTS

Porous silica (silica gel) is widely used as a
sorbent, catalyst and polymer support. Related
sorbents such as alumina, titania and zirconia are
also used to a lesser extent. Controlled pore glass
(CPQG) has attracted considerable interest in recent
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years for enzyme immobilization and affinity chro-
matography. Zeolites are also extensively used as
catalysts and sorbents, but do not fall within the
scope of this review. This section discusses the
production technology of porous silica in general,
and those of microspherical and pellicular silica
supports in particular. A brief section is also devoted
to CPG for the sake of completeness.

5.1. Granular silica gel

The term “silica” in the specific sense refers to
SiO, as a stoichiometric compound. However, silica-
based supports to be discussed here contain various
proportions of bound water [i.e. SiO,(H,0),].
Granular silica is produced by the conventional
sol-gel process, as outlined in Fig. 7. The process
involves the formation of a series of silica inter-
mediates, including sodium silicate solution (ob-
tained from caustic dissolution of sand), silicic acids,
“silica sol””, “silica hydrogel”” and “silica xerogel”.

5.1.1. Silica sol. The term “silica sol” is used to
describe an aqueous dispersion of nanometre-sized
silica particles (10-100 nm, colloidal silica), ob-
tained by controlled polycondensation of silicic
acid. Thus, acidification of a solution of sodium
silicate leads to polycondensation and the formation
of poly(silicic acid)s. As the polycondensation pro-
ceeds, precipitation takes place and silica nuclei (or
primary particles) are formed. These nuclei subse-
quently grow to colloidal size, and hence the forma-
tion of “silica sol”” [71]. This process is reminiscent of
dispersion polymerization [11].

5.1.2. Silica hydrogel. The growth of the colloidal
silica particles in the silica sol can be controlled by a
number of parameters, notably silicate concentra-
tion, pH, temperature and stabilization by electro-
lytes [71]. As the number and size of the particles
increase, they coagulate and form larger (micro-
metre sized) particles as a result of interparticle
bonding. The continuation of this process (ageing)
gradually leads to mass coagulation, and hence the
formation of aqueous silica gel (or silica hydrogel).

5.1.3. Silica xerogel. The bulk hydrated gel pro-
duced in the sol-gel process is converted to porous
dry silica (xerogel) by thermal dehydration. An
interesting observation related to the dehydration
process is that when the swelling water in the
hydrogel is replaced with an organic solvent, and the
latter is removed by heat treatment, relatively more
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Starting Materials
Sodium Silicate, Silicone tetrachloride
alkoxysilanes, etc.

Hydrolysis and
polycondensation

Silica Sol
Colloidal silica particles (5-100 nm)
dispersed in the aqueous medium

polycondensation, aggregation and

gelation (intenl)aﬁlc bonding)

Silica Hydrogel
Mass coagulated gel occupying the
entire sol volume

Further polycondensation, aging,
dehydration and grinding

Silica Xerogel
Hard porous silica particles (grains)
with the desired particle size and
porosity

Fig 7. Different steps and intermediates involved in the prepara-
tion of irregular silica particles by the conventional sol-gel
process.

highly porous particles are obtained [72]. This effect
is similar to the diluent effect observed in the
synthesis of organic polymer supports in the pres-
ence of a monomer diluent (¢f. section 3.1). The
silica gel obtained at the end of the drying stage may
be soaked in a salt solution, followed by sintering for
further adjustment of particle rigidity and pore
structure [73]. The product is finally milled and
sieved to produce several particle size ranges (ca.
5 um-5 mm).

5.2. Silica microbeads
The introduction of beaded silica supports (silica
microbeads) in the late 1960s and early 1970s [74]
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followed the popularity of beaded organic polymer
supports in chromatography. Accordingly, different
suspension systems initially developed for the pro-
duction of beaded organic polymer supports are also
the basis of most of the procedures described for the
manufacture of beaded silica. Typical examples of
these procedures are outlined below.

5.2.1. Suspension gelation. This procedure is basi-
cally similar to the sol-gel process (Fig. 7), except
that “gelation” is effected while the silica sol is
suspended in the form of small droplets in an organic
liquid (suspension medium). Following the sol-gel
conversion, the resulting “silica hydrogel beads” are
separated, washed, dried and calcined to obtain the
corresponding dry silica microbeads [75].

5.2.2. Suspension polycondensation. According to
this method [76], a low-molecular-weight poly-
cthoxysilane (PES) is first prepared by partial
hydrolysis of tetraethoxysilane. The PES oligomer is
then stirred in a water-methanol mixture to form a
droplet suspension, followed by addition of a cata-
lyst (e.g. ammonia) to effect polycondensation and
the formation of the corresponding silica micro-
beads. This procedure represents an interesting
quasi-suspension system in which a single liquid
apparently serves both as a solvent (monomer
diluent) within the monomer droplets and as a
suspension medium in which the droplets are
formed.

5.2.3. Microencapsulation. This method involves
the entrapment of silica sol particles within an
organic polymer matrix, followed by sintering and
burning of the organic polymer. For example [77,
78], formaldehyde and urea are added to a well
dispersed silica sol, followed by adjustment of the
pH to effect the simultaneous polycondensations of
silica sol and the organic monomers. This is basically
a “dispersion polycondensation” process [18], in
which a network of nanometre-sized silica particles
are encapsulated within a micronmetre-sized net-
work of the organic polycondensate. The resulting
microcapsules are then subjected to heat treatment,
first at 500°C to burn the organic polymer, and then
at 1000°C to effect a slight sintering of the final silica
microbeads.

5.2.4. Spray drying. According to this procedure
[79], small droplets of silica sol are sprayed into an
oven at 400°C. This results in the evaporation of
water and simultaneous polycondensation within
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Fig. 8. Schematic presentation of (left) pellicular and (right)
superficially porous polymer supports.

the droplets. The semispherical particles obtained in
this way are then subjected to a hydrothermal
treatment for the adjustment of porosity.

5.3. Pellicular silica

Pellicular and superficially porous silica supports
are composed of a compact core and a porous shell
or coat, as shown schematically in Fig. 8. The
preparation of pellicular silica supports was first
introduced by Hal4sz and Horvath in 1964 [80], and
a number of modified procedures have since been
reported, as outlined below.

5.3.1. Single-step aerosil coating. According to
the original method reported by Halasz and Hor-
vath [80], clean glass beads are shaken with a
dispersion of colloidal silica (Aerosil, 5-50-nm par-
ticles) in an organic liquid. The liquid is then
removed, and the silica coat is cemented around the
glass core by heat treatment.

5.3.2. Multi-step aerosil coating. In this proce-
dure [81], the core particles are first coated with a
monolayer of colloidal silica (see above), and then
with a positively charged organic polymer such
as poly(methacryloxyethyldimethylammonium ace-
tate), followed by drying. This alternating silica—
organic coating is then repeated until the desired
coat layer thickness (0.5-1 um) is reached. The
coated microbeads are finally subjected to a two-
stage heat treatment to burn off the organic polymer
and to adjust the pore structure and mechanical
stability of the silica coat.

5.3.3. Polycondensation coating. This method [82]
involves the formation of a silica layer around the
glass particles by direct polycondensation of poly-
ethoxysilane (PES). Thus, cleaned glass beads are
dipped in a solution of PES in a low-boiling solvent,
followed by evaporation of the solvent. The PES-
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coated particles are then suspended in a mixture of
ethanol and water, and polycondensation of the
adsorbed PES is effected by addition of a catalyst
(e.g. ammonia). The resulting product is allowed to
age before washing and drying.

5.4. Controlled pore glass

CPG is obtained from borosilicate glass (SiO,,
B,0;, Na,0) by acid treatment. The process is
based on the observation that, on heat treatment,
certain borosilicate compositions from two-phase
systems in which tiny borate-rich particles exist
within a continuous silicate-rich matrix [83]. When
this material is treated with acid, the borate phase is
leached out and a porous product is thus obtained.

The pores formed by acid leaching are relatively
small (30-60 A). For the preparation of larger pore
glasses, the acid leaching is followed by a mild
caustic treatment [84,85]. This results in controlled
dissolution of silicate from the interior of the pores,
and hence the formation of larger pores. The initial
phase separation process of borosilicate glass, as
well as acid and base treatments, can be carefully
“controlled” to produce relatively narrow pore sizes
of up to about 3000 A (300 nm) or larger (Fig. 9).
CPG produced in this way typically contains about
95-96% silica glass, 3-5% B,0; and traces of
related metal oxides.

6. COMPOSITE SUPPORTS

The variety of polymer supports described in the
preceding sections cover a wide range of chemical

A

Fig. 9. Scanning electron micrograph of controlled pore glass
(magnification 10 500) (adapted from ref. 85).
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structures, solvent compatibility, mechanical rigid-
ity and thermal stability. However, most of these
polymers have well defined characteristics within
relatively sharp boundaries. For example, poly-
styrene is strongly hydrophobic and is not suitable
for aqueous applications, whereas simple polyacryl-
amide is strongly hydrophilic and not suitable for
use in organic media. Some of the more recently
introduced products (e.g. Enzacryl and Spheron)
have intermediate properties, and hence a wider
range of applications.

Silica-based supports are rigid (do not swell), but
most polyacrylamides and polysaccharides form
soft gels in the swollen state. Mechanical rigidity of
the support is an important advantage in, for
example, high-performance liquid chromatography,
especially when a high capacity is not essential. On
the other hand, soft gels provide high capacity and
increased site accessibility, but they collapse under
high pressure.

Most of the supports described here are chem-
ically stable under most operating conditions. How-
ever, silica and (to a lesser extent) methacrylate
supports are not stable under strongly alkaline
conditions. Polysaccharides are prone to degrada-
tion by strong acids, oxidants and microorganisms.
The methylenebisacrylamide bridges in acrylamide
resins are also labile towards strong acids.

In order to benefit from the desirable features of
different polymer types, and at the same time
minimize their shortcomings, attempts have been
directed towards the design of composite and multi-
component polymer supports. The variety of com-
posite polymer supports described in the literature
can be divided into four broad categories: (1)
pore-matrix composites, (2) interpenetrating net-
works, (3) cores-shell grafts and (4) pellicular sup-
ports.

6.1. Pore-matrix composites

This category of composite supports has attracted
considerable interest owing to its simple design and
ease of production, as illustrated in Fig. 10. Thus, a
porous inorganic support (e.g. porous silica or CPG)
is soaked in a solution of the organic monomer
mixture, usually containing a cross-linker and an
initiator. Subsequent polymerization under care-
fully controlled conditions leads to the formation of
the desired organic polymer within the pores of the
beaded inorganic support [86-88].
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Microbeads

(Porous, nonswellable)
Polymerization 2

Monomers ———b

Initiator, Solvent

Fig. 10. Preparation of pore-matrix composite supports.

It should be emphasized, however, that the or-
ganic polymer must usually be sufficiently cross-
linked to be permanently “entrapped” within the
pores of the inorganic matrix. Alternatively, a less
highly cross-linked organic polymer may be co-
valently “anchored” to the pore surface. Covalent
attachment can be accomplished either by copoly-
merization with vinyl residues attached to the pore
surface [89] or by reaction between appropriately
chosen reactive groups on the organic polymer and
the inorganic matrix [90].

Another example of pore-matrix type composite
supports is that of polyacrylamide-agarose (Ultra-
gel) described by Uriel [91] and Monsigny et al. [92].
Here, the composite beads are obtained by suspen-
sion polymerization in the same way as polyacryl-
amide beads (section 3.2), except that the required
percentage of agarose is also dissolved in the mono-
mer mixture. Thus, suspension copolymerization of
acrylamide and bisacrylamide produces polyacryl-
amide beads which entrap the agarose chains initial-
ly present in the monomer droplets. A scanning
electron micrograph of a partially dried Ultragel
bead obtained from 4% acrylamides and 4%
agarose is presented in Fig. 11 [92]. The micrograph
shows a loose network of polyacrylamide rods (ca.
100-500 nm thick) and relatively large loops filled
with collapsed agarose particles.

6.2. Interpenetrating networks

Beaded polymer supports composed of two inter-
penetrating networks are produced according to the
general scheme shown in Fig. 12 [93]. This method
involves the formation of one cross-linked polymer
network within the matrix of a preformed beaded
polymer. An interesting example of beaded inter-
penetrating networks is provided by the recently
reported molecular organometallic composites [94].
Fig. 13 shows an X-ray microprobe image of a
copolymer of vinylferrocene formed within a beaded
polydimethylacrylamide matrix [94]. This image
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Fig. 11. Scanning electron micrograph of partially dried agarose—
polyacrylamide composite supports (from ref. 92).

Microbeads
(Nonporous, swellable)

Swelling
Monomers (M) ?

Initiator, Solvent (S)

Polymerizzationl

Fig. 12. Preparation of beaded interpenetrating networks.

shows that the organometallic network is homo-
geneously distributed throughout the initial poly-
acrylamide network.

6.3. Core-shell grafts

An ideal model of a core-shell graft composite,
having a rigid core and relatively long flexible graft
chains, is shown in Fig. 14A. The rigid core may be
an inorganic material (e.g. glass) or an organic
polymer (e.g. polystyrene). Such an ideally grafted
surface can be produced by attaching specifically
monofunctionalized linear chains to suitably acti-
vated surfaces. A more practical approach is, how-
ever, the attachment of initiator groups [95] or vinyl
residues [96] to the surface, followed by direct graft
polymerization. Graft polymerization onto the sur-
face of the core produces a different shell structure

R. ARSHADY

Fig. 13. X-ray microprobe image of a cross-linked (network)
copolymer of dimethylacrylamide and vinylferrocene formed
within a preformed network of cross-linked polydimethylacryl-
amide [94].

(Fig. 14B) as a result of chain transfer and termina-
tion reactions. Note that when the core particles are
porous, the illustrations in Fig. 14 still apply, albeit
the overall morphology approaches that of pore-
matrix composites shown in Fig. 10. For representa-
tive examples of these preparations, see refs. 97-100
and section 5.4 in Part II.

)

(B)

Fig. 14. Schematic presentation of core-shell grafts. (A) Ideal
structure; (B) typical structure available via attachment of
monomer on the surface, followed by graft polymerization.
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Fig. 15. Amphiphilic polymer supports with copoly(styrene-
acrylamide) structures.

6.4. Pellicular supports

Pellicular supports are essentially similar to core—
shell grafts shown in Fig. 14B. However, the term
“pellicular” is used to describe materials in which
the outer shell is relatively thicker than that in
coreshell supports. In addition, in pellicular sup-
ports the shell is deliberately cross-linked by the
inclusion of a cross-linking monomer, and the shell
may or may not be covalently attached to the core.
Here again, the pellicular terminology is equally
used whether the core is rigid or porous. The topic of
pellicular supports has been reviewed thoroughly by
Horvath [101].

7. COPOLYMER SUPPORTS

A logical extension of the concept of composite
supports is the development of copolymer supports.
In a formal sense, all of the cross-linked beaded
resins and most of the composite supports described
above are copolymers. In addition, activated (func-
tionalized) polymer supports (see Part II) may also
be regarded as copolymers. However, in all of these,
the main repeating units on the polymer backbone
have essentially the same structure. The term “co-
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polymer support” is here meant to describe a
copolymer structure incorporating two (or more)
distinctly different types of monomeric units in the
polymer backbone.

An interesting class of copolymer supports is the
alternating copoly(styrene-acrylamide) structures
shown in Fig. 15. These copolymers combine the
structural units of polystyrene with those of polydi-
methylacrylamide or polyhydroxyalkylacrylamide.
As a result, they cover the solvent and substrate
compatibility ranges of both hydrophobic and hy-
drophilic polymer supports, and hence are suitable
for general use in aqueous media and in polar and
non-polar organic solvents. The new copolymer
supports are also ideally suitable for multi-step
processes involving the use of aqueous and non-
aqueous solvents at different stages.

It is interesting that beaded copolymer supports
of the type shown in Fig. 15 cannot be produced by
suspension copolymerization of the respective co-
monomers. This is because the two comonomers
have opposite water solubilities and unfavourable
copolymerization reactivity ratios. These copolymer
supports are, however, obtained readily by a new
synthetic method based on the chemistry of “acti-
vated esters” or “leaving group substitution” [102,
103].
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ABSTRACT

A systematic description of morphology, physicochemical criteria, functionalization and activation of beaded polymer supports and
gels is presented. The products covered include polystyrene, polyacrylamides, copoly(styrene-acrylamide)s, polysaccharides, poly-
methacrylates and silica gel. Morphological aspects of beaded polymer products (i.e. bead size, porosity and surface area) and swelling
behaviour are discussed. Various chemical reactions employed for derivatization and activation of polymer supports and gels are
charted and their limitations and side reactions are outlined. The significance of physicochemical criteria such as matrix architecture,
chemical structure of the polymer backbone, site accessibility and spacer arm are also briefly covered.
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[. INTRODUCTION

Microspherical polymer products (beaded poly-
mer supports and gels, both organic and inorganic)
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are widely used as packing materials for chromato-
graphy and a variety of other applications (see Table
1) [1-20]. Gel (permeation) chromatography (or gel
filtration) [1-3] is based on the pore structure of the
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polymer microbeads. Porosity and surface area also
play an important role in other applications such as
ion-exchange and affinity chromatography and poly-
mer-supported catalysis. However, in these and
most other uses of polymer supports listed in Table
1, the “function” of the polymer is based essentially
on specific functional residues (or reactive sites). In
either case, the size of the microbeads, the swelling
behaviour and the chemical structure of the polymer
backbone strongly influence the overall perfor-
mance of the product.

This review follows the general introduction and
preparative details of beaded polymer products
discussed in Part I [21]. The present discussion
focuses on morphological, chemical and physico-
chemical aspects of beaded polymer supports and
gels, including polystyrene, polyacrylamides, poly-
methacrylates, polysaccharides, silica gel and co-
poly(styrene—acrylamide)s. The manufacturing ba-
sis of bead size, porosity, surface area and bulk
expanded volume are discussed. Various chemical
reactions employed for the functionalization and
activation of beaded polymer supports and gels are
systematically reviewed. The significance of phys-
ico-chemical criteria, such as the chemical structure
of the polymer backbone, architecture of the poly-
mer matrix, site accessibility and spacer arm are also
pointed out.

TABLE 1

R. ARSHADY
2. PARTICLE SIZE

Beaded polymer supports and gels are produced
by two-phase suspension processes in which “mi-
crodroplets” of a monomer or polymer solution are
directly converted to the corresponding “micro-
beads” (see Part I). The size of the microdroplets
(and hence that of the microbeads) is determined by
anumber of interrelated manufacturing parameters,
including reactor design, the rate of mixing (stir-
ring), ratio of the monomer (or polymer) phase to
the suspension medium, viscosity of both phases and
type and concentration of the droplet stabilizer
[22-24].

The size distribution of the polymer beads ob-
tained by two-phase suspension systems depends
mainly on the configuration of the reactor and
“artful” management of the suspension process.
With the cylindrical apparatus introduced in Part 1,
it is possible to obtain relatively uniform beads in
which the deviation from the average size is not
greater than about 100% (see Figs. 3 and 4 in Part I)
[22]. More generally, however, two-phase suspen-
sion systems produce beaded products with con-
siderably broader particle size distributions (e.g.,
5-50 or 20-200 pm). Such products are usually
separated (graded) into a series of relatively narrow
particle size ranges as desired. The actual classifica-

MAIJOR APPLICATIONS OF BEADED POLYMER SUPPORTS AND GELS

Application Bead functionality needed or preferred” Ref.
Chromatography:
Gel (permeation) or size exclusion Porosity 1-3
Ton-exchange SO;H (Na), CO,H (Na), NR;X 4-6
Affinity OH, NH,, CHO COOH, COOAr 7-9
Enantioselective Asymmetric centers (e.g., *C) 10
Biotransformations (immobilized enzymes/cells) OH, NH,, COOH, porosity 11, 12
Solid-phase peptide synthesis OH, NH, 13, 14
General organic synthesis Various 15, 16
Chemical catalysis PPh;, NC, CN, others 15-17
Hydrometallurgy (metal ion extraction) Various 18

Diagnostics and immunoassay

OH, NH,, CHO, COOH

19, 20

R = alkyl; X = Br, Cl, OH; Ar = activating/leaving group; Ph = phenyl.
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tion process depends on the size range involved, the
nature of the beaded product and its intended
application. Relatively large (> 50 um) and mechan-
ically stable particles can be easily sieved in the dry
state. Smaller particles are processed more conve-
niently in the swollen (or wet) state. Highly porous
particles may be fragile and irregular in the dry state.
For these, and also for very fine particles (<20 um),
classification is accomplished by wet sedimentation,
counterflow settling (elutriation) or counterflow
centrifugation [25-27] (see also ref. 1, pp. 109-112).
Fig. 1 shows the particle size distribution of a typical
polystyrene resin and those of its fractions obtained
by the counterflow centrifugation method.

Among various factors influencing particle size,
stirring speed (or more generally, the power of
mixing) provides a relatively convenient means of
particle size control for most practical purposes. Fig.
2 illustrates a typical example [28] of the effect of
stirrer speed on the size of polystyrene particles
obtained by suspension polymerization. The pattern
of particle size variation versus stirrer speed indi-
cated in Fig. 2 applies equally to beaded polymers
obtained by other two-phase suspension systems
discussed in Part 1. -

It must be emphasized, however, that there are
limits within which particle size can be controlled by
the adjustment of the stirring speed. These limits

58 8 3

W1t9/o per 4 pm interval

©

o 60

Particle diameter (ppm)

Fig. 1. Particle size distribution of a typical polystyrene-DVB
resin produced by suspension polymerization (— - —), and its
fractionation by an Alpine Zig-Zag Centrifugal Separator.
Particle size: ( ) 10-15 pm; (....... ) 16220 pm; (~——)
20-24 pm; (— x —) 25-28 um; (— — —) >28 ym (adapted from
ref. 27).
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Fig. 2. Effect of stirring speed on the size of polystyrene particles
produced by suspension polymerization; stabilizer: (a) 0.2%;
(@) 0.3%; (A) 0.4% (adapted from ref. 28).

depend on the size and the configuration of the
polymerization reactor (including its stirring ar-
rangement). For laboratory preparations involving
a total volume of about 500 ml (see Fig. 3 in Part I),
the stirring speed can be varied between about 200
and 800 rpm. Lower stirring speeds may not be
sufficient to establish a steady-state droplet size
distribution, whereas too vigorous stirring may
exceed the shear tolerance of the whole set-up.

Another practically important consideration
about the dependence of particle size on stirring
speed is that smaller droplets/particles produced
by faster mixing require correspondingly increased
concentrations of the droplet stabilizer. In the
absence of sufficient stabilizer, the smaller droplets
coalesce easily during the hardening stage. This-
produces larger (and irregularly sized) particles, and
may also lead to partial or full coagulation of the
microbeads. For example, in the case of experiments
indicated in Fig. 2, at a stabilizer concentration of
0.1%, an increased rate of stirring leads to the
formation of much larger particles.

In principle, two-phase suspension systems can be
employed to produce polymer particles within the
range of about 0.2-2000 ym. In suspension poly-
merization of vinyl monomers, however, the pro-
duction of very small particles (<20 um) is difficult
owing to emulsification and latex formation by
emulsion polymerization. This problem does not
arise when the particles are formed by solvent
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TABLE 2

R. ARSHADY...

DEPENDENCE OF SURFACE AREA AND POROSITY OF SILICA GEL ON THE CONDITIONS OF HYDROTHERMAL

TREATMENT (ADAPTED FROM REF. 32)

Sample  Treatment conditions Surface area and porosity
Temperature  Time Pressure Surface area Pore volume  Mean pore
°C) (h) (bar) (m?/g) (mi/g) diameter (nn)

la - — - 210 0.73 10.0

1b 110 4 2 121 0.70 22.0

ic 180 4 10 39 0.72 74.0

1d 250 4 50 20 0.78 290

le 300 4 100 1.4 0.70 1420

2a — — - 330 1.07 10.5

2b 250 5 50 63 1.09 68.0

2 250 10 50 51 1.06 88.5

2d 250 15 50 48 1.15 88.0

2e 250 20 50 38 1.06 88.5

3a — — - 498 0.63 5.1

3b 100 0.5 1 432 0.93 7.2

3c 100 1.0 1 395 0.94 8.0

3d 100 1.5 1 356 0.94 8.6

extraction and suspension cross-linking (e.g. poly-
saccharide gels). Small particles of vinyl-based poly-
mers can be obtained by dispersion polymerization
or by more elaborate two-step processes involving
the enlargement of monodisperse seed particles [29].

3. POROSITY AND SURFACE AREA

Traditional sorbents such as charcoal [30,31] and
silica gel [32] have rigid three-dimensional structures
with tightly fixed matrices. Accordingly, surface
area and porosity in inorganic supports represent
real structural criteria, and often the limits of
support characterization. In contrast, organic gels
are based on relatively flexible matrix structures (see
Fig. 2 in Part I). Here, porosity and surface area
represent tertiary and higher orders of macromolec-
ular structure, rather than the limits of structural
characterization.

Porosity and surface area in both inorganic and
organic supports can be controlled easily during
production. In silica gel, the pore structure is
dependent on hydrothermal treatment (Table 2)
[32,33] and on other manufacturing parameters
discussed in Part I. In the case of organic resins,

porosity is determined by gelation and/or precipita-
tion processes that take place during the conversion
of liquid microdroplets to solid microbeads. For
example, polystyrene beads produced in the pres-
ence of 1-2% divinylbenzene (DVB) without a
monomer diluent have very low surface area (<1
m?/g) with no real porosity or very small pores.
However, by using higher DVB concentrations and
a monomer diluent, polymer beads with a wide
range of porosities can be produced, depending on
the proportions of DVB and monomer diluent.
Fig. 3 shows scanning electron micrographs of
two samples of beaded copolymers of styrene with
2,4,5-trichlorophenyl acrylate and DVB, obtained
in the presence of either chlorobenzene or chloro-
benzene—octane [34]. In the presence of chloro-
benzene (a good solvent for this polymer), the
polymer chains remain solvated throughout the
matrix formation. This produces a relatively homo-
geneous matrix with very low porosity (micrograph
a). On the other hand, polymerization in the pres-
ence of chlorobenzene-octane (a poor solvent) leads
to phase separation and the formation of polymer
“nuclei”” within the polymerizing droplets. Accord-
ingly, each individual polymer bead produced in this
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Fig. 3. Scanning electron micrographs of cross-sections of
beaded copolymers of styrene with 2,4,5-trichlorophenyl acrylate
and DVB obtained in the presence of chlorobenzene (a) (a good
solvent) or (b and c) chlorobenzene-n-octane (a poor solvent); (c)
is the same as (b) but with higher magnification (from ref. 34).
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way consists of a mass of aggregated polymer
nodules or “grains” evident at a magnification of
10 000 (micrograph b). At a higher magnification of
40 000 (micrograph c), the inter-grain spaces (i.e.
pores) with dimensions of about 20-200 nm are also
clearly visible. It must be emphasized again, how-
ever, that porosity in organic polymer supports may
not represent a strictly invariable criterion [35].
Control of porosity by means of a monomer
diluent (or porogen) has been extensively studied for
polystyrene [35-38] and polymethacrylates [39-42].
For polyacrylamides, a detailed electron micro-
scopic study of gels produced in bulk was reported
by Ruchel and Brager [43]. A recent illustration of
the dependence of pore size distribution on the
nature and percentage of monomer diluent is pro-
vided in Fig. 4 [44]. The surface areas of the resins
indicated in Fig. 4 range between 5 and 145 m?/g.

[
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Fig. 4. Dependence of porosity of phenolic resins on the nature
and proportion of monomer diluent. r = Pore radius; v = pore
volume (adapted from ref. 44).
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Surface area and porosity are routinely measured
by nitrogen adsorption—desorption (BET and BJH
methods), mercury intrusion and low-angle X-ray
scattering [45-48]. Specific pore volume can be
estimated from the apparent density of the micro-
beads or the gain of an inert liquid (a non-solvent
for the polymer). These methods are generally
convenient and suitable for comparison of samples
produced under related experimental conditions.
However, the absolute values of the data obtained
by these methods are subjective to some extent.
Electron microscopy (EM) provides directly visual
evidence of pore size and pore size distribution (see
Fig. 3), but it is less practicable for routine use. Thus,
a combination of EM and conventional methods of
pore size measurement should provide reliable in-
formation on the pore structure of the polymer.

Matrix porosity is the basis of support character-
istics in gel (permeation) chromatography, and
determines the fractionation range of the support.
Resin porosity may also affect the support perfor-

R. ARSHADY

mance in other applications such as affinity chroma-
tography, catalysis and solid-phase synthesis. How-
ever, in all of the above applications, the support
functions in a solvent in which the matrix may swell
to various extents. Under these conditions, the
specific pore volume and pore size distribution in the
swollen state [49] may be substantially different
from those measured in the dry state. Accordingly,
the support performance is strongly dependent on
its swellability in the solvent used.

4. POLYMER SWELLABILITY

Resin swellability (or bulk expanded volume) in a
given solvent is a multifaceted property reflecting
the chemical structure of the polymer backbone,
degree of cross-linking and the architecture of the
polymer matrix. The three-dimensional structure of
the polymer matrix (or network) takes shape accord-
ing to the conditions prevailing during the forma-
tion of the polymer microbeads. For beaded poly-

TABLE 3
EFFECTS OF CROSS-LINKING AND MONOMER DILUENT ON THE SWELLING BEHAVIOUR OF STYRENE-BASED
RESINS?
Cross-linking ~ Monomer Bulk expanded volume (ml/g) in solvent
(mol%) diluent
(ml/g)’ None MET DMF EAC DOX DCM
0.5 0.0 nm? 2.5 6.2 6.5 10 11
1.4 0.0 1.6 2.2 42 4.8 5.0 52
22 0.0 1.4 2.0 2.3 2.6 3.6 3.5
5.0 0.0 1.4 nm 1.8 nm nm 2.1
10 0.0 1.4 nm 1.7 nm nm 1.9
2.1 A(1.0) 1.6 24 5.4 6.1 9.6 10
2.1 B(1.0) 6 6 10 20 20 22
2.1 C(1.0) 44 5.1 6.8 7.0 8.5 8.5
21 D(1.0) 1.6 1.6 42 45 5.7 6.2
5.8 A(3.3) 1.6 1.8 6.1 8.5 9.5 11
5.8 B(3.3) 14 16 17 15 14 25
5.8 C(3.3) 7 nm nm nm nm 11
5.8 E(2.5) 2.1 3.4 5.5 5.5 7.0 8.5
5.8 F(3.0) 6 nm nm nm nm 11
5.8 A(5.0) nm Soluble Soluble Soluble Soluble Soluble

“ Produced [50] by suspension copolymerization of styrene and approximately equal concentrations of 2(3)-ethylvinylbenzene and

2(3)-divinylbenzene.

b Monomer diluent (ml/g monomer); A = chlorobenzene; B = dodecane; C = pentanol; D = carbon tetrachloride; E = A + B (2:3);

F =B + C (21).

¢ MET = Methanol; DMF = dimethylformanride; EAC = ethyl acetate; DOX = dioxane; DCM = dichloromethane.

4 nm = Not measured.
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mer supports obtained by suspension polymeriza-
tion, the type and percentage of the monomer
diluent strongly influence the shape of the three-
dimensional polymer network. For polysaccharide
gels produced by suspension cross-linking, the na-
ture and proportion of the polymer solvent have a
similar role. In either case, polymer molecular
weights (degree of polymerization, DP) also contrib-
ute to matrix architecture. In general terms, these
criteria also apply to inorganic gels, although the
process is more complicated in this case (see Part I).

Table 3 [S0] shows the swelling behaviour of a
series of copoly(styrene-divinylbenzene) resins in a
number of commonly used organic solvents, in-
cluding methanol (MET), dimethylformamide
(DMF), dioxane (DOX), ethyl acetate (EAC) and
dichloromethane (DCM).

A full interpretation of the swelling data in Table
3 is beyond the scope of the present discussion.
However, a number of general conclusions can be
drawn from the swelling patterns of different sam-
ples. For example, under a given set of experimental
conditions, the extent of polymer swelling (bulk
expanded volume) decreases as the nominal degree
of cross-linking increases. It is also evident that, for a
given degree of cross-linking, the bulk expanded

TABLE 4
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volume is strongly dependent on the nature and
proportion of the monomer diluent used during
matrix formation. In general, the higher the percent-
age of the monomer diluent, the larger the bulk
expanded volume of the resin, but different diluents
affect polymer swelling to different- extents.

An interesting implication of these observations is
that the bulk expanded volume of the gel can be
maintained at a relatively constant level by simulta-
neously increasing both the degree of polymer
cross-linking and the percentage of the monomer
diluent. However, this process has a far-reaching
effect on the gelation and precipitation of the
polymer “grains” within the microbeads (see Fig. 3).
The pattern of gelation and precipitation, in turn,
affects the porosity and surface area of the beads, as
discussed in the preceding section.

Another practically important aspect of resin
swellability is the pattern of polymer—solvent com-
patibility, i.e. the relative measure of polymer
swelling in different solvents. Polymer-solvent com-
patibility is determined by the chemical structure of
the polymer backbone. An interesting illustration of
this structure—-property relationship is provided by
the swellability data in Table 4 [32]. These data show
the swelling behaviour of a series of copoly(styrene-

SWELLING BEHAVIOUR OF DIFFERENT TYPES OF POLYMER SUPPORTS

Polymer Swellability (m!/g) in different solvents®
type’
TOL EAC THF DCM DMF DMSO MeOH AcOH Water
Polystyrene:
(la) 5.1 4.8 5.0 5.2 4.2 —° — - -
(1b) 10.0 8.5 10.0 11.0 6.2 — - — -
Polydimethylacrylamide:
(2a) - - — 9.5 9.1 10 12 12 9.0
(2b) - — ~ 20 20 20 23 35 19
Copoly(styrene-dimethylacrylamide)
(12b) 7.1 6.0 7.5 7.3 6.0 5.1 6.1 6.9 3.9
(12¢0) 4.7 4.0 5.3 5.8 5.2 4.6 5.5 5.5 3.7
(12d) 18 16 21 27 16 13 13 21 8.9

“ For details of polymer types 1 and 2, see refs. 51 and 52, respectively. Polymers 12b, 12¢ and 12d were obtained from three different
samples of copoly(styrene-2,4,5-trichlorophenyl acrylate) according to Fig. 17.

» TOL = Toluene; EAC = ethyl acetate; THF = tetrahydrofuran; DCM = dichloromethane; DMF = dimethylformamide;
DMSO = dimethyl sulphoxide; MeOH = methanol; AcOH = acetic acid.

¢ Dashes indicate polymer—solvent incompatibility.
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dimethylacrylamide)s as compared with those of
the corresponding homopolymers, polystyrene and
polydimethylacrylamide.

The hydrophobic resin (polystyrene) [51] and the
hydrophilic resin (polydimethylacrylamide) [52] are
compatible with, respectively, the first five and the
last six solvents listed in Table 4. The copolymer
resins, copoly(styrene-dimethylacrylamide)s, incor-
porate the structural units of both homopolymers,
and have an amphiphilic structure. As a result, they
are compatible with all of the solvents listed in Table
4, ranging from toluene and ethyl acetate on the one
hand to dimethyl sulphoxide and water on the other.
This general solvent compatibility is related to the
actual solvation of the polymer backbone, and
should not be confused with the uptake of non-
solvents by porous gels (see below). Swellability data
for other polymers covered by this review have been
reported by Pharmacia [53] for Sephacryl, Peska et
al. [54] for cellulose ion exchangers, Smrz and Viska
[55] for Spheron, Fenyvesi et al. [56] for polycyclo-
dextrins, Epton and co-workers [57,58] for Enzacryl
and related polymers and Birr [59] for low-cross-
linked polystyrene.

It should be emphasized that the extent of appar-
ent polymer swelling (bulk expanded volume) and
the solvation of the polymer chains do not neces-
sarily coincide. The distinction between “‘polymer
swelling” and “solvation of the polymer chains” is
particularly relevant in any discussion of the reactiv-
ity (or site accessibility) of polymer-bound reactive
sites. When a low-cross-linked polymer (whether
porous or not) swells in a “good solvent”, individual
polymer chain segments become solvated. Under
these conditions, the polymer-bound reactive sites
are rendered potentially accessible to the soluble
reagent. On the other hand, highly cross-linked
porous gels generally “suck up” certain volumes of
various liquids, whether good or poor solvents
[60,61]. Here, the liquid is stored in the pores (cf. the
channels between the precipitated grains in Fig. 3),
without necessarily contributing to polymer solva-
tion and site accessibility. For non-porous polymer
beads, the extent of swelling is closely related to
solubility parameters [62], that is, the closer the
solubility parameters of the polymer and the solvent,
the greater the extent of polymer swelling.

In practice, highly swollen gels may not be
desirable, because they collapse under pressure and
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are difficult to filter. In addition, a highly swollen gel
behaves as a viscous polymer solution, with the
consequence of poor substrate diffusion and trans-
port within the polymer matrix. Accordingly, it is
often necessary to employ relatively more cross-
linked porous gels, in which site accessibility is
judiciously compromised at the expense of handling
convenience and rapid diffusion. This topic is fur-
ther discussed in section 6.1.

5. ACTIVATION AND FUNCTIONALIZATION

The discussion on the activation and functionali-
zation of polymer supports and gels is organized
under separate subheadings for major polymer
types, including polystyrene, polyacrylamides, poly-
saccharides, porous silica and the recently intro-
duced amphiphilic copolymers. Other polymer types
commonly used for chromatography and related
applications include poly(vinyl alcohol), poly(hy-
droxyethyl methacrylate) (Separon), poly(glycidyl
methacrylate) (Eupergit) and Ultragel. The first two
resins contain hydroxy groups, and can be activated
and derivatized in basically the same way as de-
scribed for polysaccharides. Polymer supports car-
rying glycidyl (oxirane or epoxide) functionality
react with nucleophiles in a manner similar to
oxirane derivatives of polysaccharides and silica gel.
Ultragel contains both hydroxy and amide residues,
and can be derivatized by the same procedures as
described for polysaccharides and polyamide. Acti-
vation of organic and inorganic supports by com-
plexation/chelation of titanium and related metals
(for enzyme immobilization) has been reviewed
recently [63], and will not be covered here. For
derivatization of fluorocarbon polymers (Kel-F
beads) by organometallic reagents, see refs. 64 and
65.

5.1. Polystyrene

Beaded copolymers of styrene and divinylbenzene
are most widely used for the manufacture of strongly
acidic [66] and strongly basic [67] ion-exchange
resins [68,69]. Commercially important polystyrene
ion exchangers are produced in one or two steps, as
depicted in Fig. 5. A variety of related chelating
agents [18] can also be produced from the chloro-
methylated polystyrene by processes basically simi-
lar to that of the ammonium resins shown in Figure
5.
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OO
CH;0CH,Cl
Y

NR; +
O . CH,NR,CI

CH,CI

R = alkyl

Fig. 5. Basic chemical reactions employed for the synthesis of
styrene-based ion exchangers.

On the basis of its chemical structure, polystyrene
is more inert than other commonly available poly-
mer supports. Largely for this reason, and also
owing to compatibility with organic solvents, sty-
rene-based polymer supports have been generally
adapted for solid-phase peptide synthesis [13,14].
They are also being studied for a wide range of other
analytical, catalytic and synthetic uses [15-17].Chlo-
romethylation (see Fig. 5) [66-72] and bromination
[73,74] of beaded polystyrene provide two of the
most useful intermediates for the synthesis of sty-

—cuz-gn—cnz— O-cuz—gﬂ—

2

0
—Cﬂz-bH-CHz- -Cﬂz—bﬂ—
Biogel: B = CONHgy
Pepsyn: R = CON(CH3)p

Trisacryl: R = CONHC(CH20H)j,

Enzacryl K: R = COO,

Enzacryl A,H: B = CON[CHCH(OCHz)312

Fig. 6. Structures of different acrylamide gels.

207

rene-based polymer supports [15-17]. It must be
borne in mind, however, that both chloromethyla-
tion and bromination involve a variety of side-reac-
tions and complications [75], depending on the
experimental conditions and the desired level of
functionalization.

5.2. Polyacrylamides

There are five different types of acrylamide-based
polymer supports and gels commercially available,
including polyacrylamide (Bio-Gel), polyacryloyl-
aminomethyldimethylacetal (Enzacryl A and H),
polyacryloylmorpholine (Enzacryl K), poly[(trishy-
droxymethyl)methylacrylamide] (Trisacryl) and
polydimethylacrylamide (Pepsyn). The structures of
different polyacrylamides are shown in Fig. 6.

Derivatization of Bio-Gel, as elaborated by
Inman and Dintzis [76], is outlined in Fig. 7. The
functionalized gels obtained in this way can be
further derivatized and activated (i.e. for enzyme
and ligand attachment) by reagents such as nitrous
acid, carbodiimide and glutaraldehyde [76]. Iso-
cyano derivatives of Bio-Gel have also been pro-
duced by Goldstein [77] for enzyme immobilization
via four-component condensation (4CC). For a
review of these and other isocyano polymer sup-
ports, see ref. 78.

Trisacryl gels contain an abundance of hydroxy
groups and can be activated in basically the same
way as described for polysaccharide gels (see below).
Enzacryl A and H are produced by reaction of the
dimethylacetyl resin with tartaric acid dihydrazide

®—conuCH,0H

HCHO
1. OH
®—conn, -—27—> ®—coor
HoN-A

®-cona-a

A = NHp, CH2CH2NHy, or CH,COOH
Fig. 7. Functionalization of polyacrylamide (Bio-Gel).
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TDH, HCl
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HNO C CON
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HO
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HOAr

-+ (~C0-0Ar
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Fig. 8. Preparation of activated derivatives of substituted acryl-
amide gels. Enzacryl (adapted from ref. 79) and Pepsyn (adapted
from ref. 52). TDH = Tartaric acid dihydrazide; DCC = dicy-
clohexylcarbodiimide; EDC = 3-(dimethylaminopropyl)ethyl-
carbodiimide; Me = methyl.

and nitrous acid, as depicted in Fig. 8 [79]. Dimethyl-
acrylamide resins have been developed for solid-
phase peptide synthesis [80] (hence the acronym
Pepsyn). Details of the synthesis and derivatization
of these resins, including those carrying free amino
or carboxy functionality, have been discussed re-
cently [52]. Preparation of carboxyl-activated di-
methylacrylamide resins is also outlined in Fig. 8
[52].

Enzacryl K was introduced by Epton for gel
permeation chromatography (ref. 2, pp. 70-90).
Derivatization of this polymer via treatment with
diamines at relatively high temperatures has been
reported by Narang et al. [81] and Arshady et al.
[82,83]. Their work represents an interesting func-
tionalization route in which the reactive sites on the
polymer are the ‘“‘cross-linking units”, as indicated
in Fig. 9 [82,83]. Accordingly, the result of the
functionalization depends strongly on the structure
of the diamine and the reaction conditions employed
(usually DMF or ethylene glycol solvent, 150-
200°C, 2-24 h).
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With symmetrical diamines, initially derivatized
gels with free amino groups are produced, followed
by the gradual formation of highly rigid resins if the
reaction is continued. When unsymmetrical di-
amines, such as 1-(2-aminoethyl)piperazine, are
used, gradual de-cross-linking of the gel leads to the
formation of completely soluble polymers.

5.3. Polysaccharides

Polysaccharide gels are produced from cellulose,
agarose (Sepharose) and dextran (Sephadex), and
they are widely used for chromatography and en-
zyme immobilization. All of these polymers contain
hydroxy groups available for activation and further
derivatization. A small number of hydroxy groups
in native agarose are sulphated (-CH,0S03 ), but
these sulphate groups are usually removed during
the manufacture of the beaded polymer. Dextran-
based gels may contain some carboxyl groups. It is
also noteworthy that the basic polysaccharide struc-
tures of these gels is preserved only in the case of
non-cross-linked products. In cross-linked polysac-
charide gels, the chemical structure is often substan-
tially altered, depending on the nature and extent of
the cross-linking units. Two examples, namely those
of agarose gels produced by epichlorohydrin cross-
linking and Sephacryl obtained by cross-linking
(copolymerization) of allyldextran with bisacryl-
amide, are shown in Fig. 10.

It is also evident from Fig. 10 that cross-linked
polysaccharide gels may carry primary and/or sec-
ondary hydroxy groups. The proportions of differ-
ent OH groups on the polymer are determined by the
type of polysaccharide, and the structure and the
percentage of the cross-linking units. This must be
borne in mind when planning the activation and
utilization of polysaccharide gels. Primary hydroxy
groups are, for the purpose of the present discussion,
substantially more reactive than secondary and
tertiary ones. This order of reactivity also applies to
the corresponding activated derivatives such as
sulphonates (see below).

Chemically modified polysaccharide gels can be
divided into two broad categories, namely ion-
exchange resins and activated intermediates used for
affinity chromatography and enzyme immobiliza-
tion. Preparation of various cellulosic ion exchang-
ers was described by Peterson and Sober in the late
1950s [84,85], Determan and Wieland in the 1960s
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Fig. 9. Functionalization of Enzacryl K via treatment with diamines [82].

[86], and more recently by Peska et al. [54]. The basic
chemistry of these preparations is illustrated in Fig.
11.

The use of polysaccharide-based polymer sup-
ports for affinity chromatography and enzyme im-
mobilization involves the preparation of “acti-
vated” gels, followed by the attachment of the
affinity ligand or enzyme via NH,, SH and/or OH
groups. One generally useful type of activated

intermediate for this purpose is the “active ester
derivative” obtained by succinylation, followed by
reaction with a phenolic or N-hydroxy compound,
as indicated in Fig. 12. The succinylation reaction is
carried out in basically the same way as the reactions
shown in Fig. 11. A wide range of other commonly
used activation methods are outlined in Fig. 13
[87-101]. It should be evident that most of the
chemical reactions indicated in Figs. 12 and 13 are
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Fig. 10. Structures of Sepharose (cross-linked agarose) (top) and
Sephacryl (copolymer of allyldextran and bisacrylamide) (bot-
tom).

CHy—O

also applicable to other hydroxyl-bearing polymers
such as Trisacryl, Separon, poly(vinyl alcohol) and
hydroxy derivatives of silica gel and glass beads.
Among the reactions represented in Fig. 13,
cyanation with cyanogen bromide was first intro-
duced by Axen et al. [87] in 1967 and is still widely
used. The popularity of this activation route is
largely due to the simplicity of the method and the
low cost of the reagent. However, the procedure
usually requires a large excess of the toxic reagent
(cyanogen bromide). Furthermore, the linkage
formed between the cyanyl-activated gel and the
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®—o-B-4

A
R-A = CH3COOH
‘{ CH2CH2503H
& CH2CB2N(C2H5) 2
o
NaOH POCl3

——>(®)-0 —®—0-Po3H;
1. CICH H
S 2%? 2

&2 2. N(CHoCH20H)3
®—oTos ®—O-CH2§HC:H

Ha
2CH2R(CH2CH208) 2

®-—on

HNR2

®—tr;
Tos = HC~ )-502 5

Fig. 11. Preparation of cellulose-based ion exchangers.

R = H, CHg, etc.

ligand (or enzyme) is not completely stable, and
hence gradual leakage and decreased capacity (or
activity) of the gel occur.

Wilchek [91] studied the mechanistic details of
cyanogen bromide activation. He introduced less
toxic cyanylating reagents, such as triethylamine—
cyanogen bromide complex and 4-nitrophenyl cyan-
ate. However, the reduction in toxicity achieved by

(CH2C0) 20
®—on 3> (£)—OCOCHZCH2COOH
Base
HOAr
(®—0COCH,CH2CO-0Ar
DCC or EDC

Base = OH, K(CpHg)3 or @1

O Ly 4]

Fig. 12. Preparation of succinyl-activated polysaccharides.
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4(98,99] 5[91,92]
(®)~cHo <
-~ 8
o> > {3 oe -
&\ o S )
o
=
) 4
B- ®<E-0502R
HoCHCH2O(CH2) 4OCH2CH—CH9
% &

1 = CNBr or OzN{{ )-OCN;

3 = Carbonyldiimidazole, 4 = I0,4

5 = C1l-CO-OAr (Ar, see Figure 12);

6 = HZC?HCHZO( CHg) 4003ch?:112 ;

7 = C150zR, R = CHyCF3,~( )-CHj,
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®—¢r-o8 ——> ®—?HOCO—0Ar

CL

HO N:<N
ol

t

2 = cmnzt‘go—/mz;

N=8<C )N (CHg) 2

8 = Cyanuric chloride (2,4,6-trichloro-1,3,5-triagine)

Fig. 13. Activation of polysaccharide gels.

the use of these reagents is offset by substantially
increased reagent cost and additional labour.
Activation of polysaccharide gels by cyanogen
bromide and most other reagents indicated in Fig.
13 often involves a variety of side-reactions and
complications, some of which are outlined in Fig. 14.
For example, O-cyanyl activated gels, in addition to
hydrolysis, undergo intra-resin transformation with
neighbouring (including spatially nearby) hydroxy

groups, leading to the formation of cyclic or inter-
chain carbonate and imidocarbonate bridges [90].
Activation by sulphonyl chlorides produces pri-
mary and secondary sulphonates, depending on the
reaction conditions employed. Only primary sul-
phonates are sufficiently reactive under the mild
conditions desired for ligand/enzyme attachment.
Residual sulphonate groups on the polymer increase
gel hydrophobicity. It is also possible that secondary
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ocon—\

Fig. 14. Possible side-reactions associated with the activation of
polysaccharide gels.

sulphonate residues may gradually hydrolyse or
react with the soluble or polymer-bound enzyme (or
substrate) during the utilization of the gel.

It should also be noted that the reaction of highly
functionalized polymer supports with symmetrical
difunctional reagents {e.g., diamines or diepoxides)
generally leads to extensive intra-resin cross-linking
(cf. Fig. 9 and ref. 52). The large excess of reagents
usually employed for these reactions is not effective
because of the intra-resin proximity of the reactive
sites. This means that functionalization of polymer
supports via symmetrical difunctional reagents may
produce gels with lower than expected functionality,
higher degrees of cross-linking, increased rigidity
and correspondingly altered (reduced) porosity.

5.4. Porous silica and glass beads
Functionalization of siliceous gels is based on the
chemistry of surface silanol groups. The silanol
function can be derivatized via several reaction
pathways [32], including condensation with alcohols
and trichloro- and trialkoxysilanes. In particular,
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reaction with triethoxysilanes [32,102-106] provides
a highly versatile route for the production of stable
functionalized silica supports in a single step (Fig.
15). Silylating reactions according to Fig. 15 are
carried out by refluxing the silica particles in a
solution of the reagent in pure toluene [103,104],
in toluene contaminated with (traces of) water
[104,105] or in aqueous media [106]. In either case,
the chemistry of the reaction is complicated because
the OH groups may be free or hydrogen bonded,
depending on the thermal history of the particles
[104,107]. The silylation reaction shown in Fig. 15 is
also applicable to metal oxide supports such as
titania and zirconia, as reported recently by True-
dinger et al. [108].

The theoretical silanol content of porous silica
varies with porosity and surface area, but is usually
about 3-4 mmol (mequiv.) per gram of dry sample.
However, most of these OH groups.are either buried
within the silica grains (isolated small pores), or are
otherwise strongly hydrogen bonded and inacces-
sible. The presence of water in the reaction mixture
reduces the level of hydrogen bonding and creates
additional silanol sites via hydrolysis of surface
Si—O-Si bonds. In this way, the reaction conditions
can be empirically adjusted to produce a so-called
monolayer functionality of up to about 0.2-0.3
mmol/g. In strictly rigid supports, functionality may
also be expressed in units of ymol/m?.

®—51-0R + (C2H50)351(CHz)3-A
.____p@)—{;i-o—"sucnz)s—A

Examples of A:

NRz (R = H, Me), NHCHyCHpNHz,

SH, CL, CN, PPh3, —{ )-CH2Cl,
0CH g0
H+

(:}—$i(CHz)3—OCHZQ§G;CH2-———-%>

®—$1 (CHz) 3-0CHEHCH0H

Fig. 15. Derivatization of silica gel via reaction with triethoxy-
silanes.
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Reaction A
~-51-0H ~5i- A - 1—0—%1-—08
X3Si-R-4A | Ho0
fi-—-—)
~-51-0OH ~-5i- X —$1-0H
—51-0-81-A
Repeat sequence
>
1-0-51-A
Reaction B
-$1-on HO-51-4 o. -$1-0-b1-a
150~300 “C
+
-Si-OH HO-51i-A -51-0-5i-A
Reaction C

(CH2=CHCO0) 20
—$1—(caz)3—o—cuzgngon

-$1- (CH2) 3-0-CH2CHCHR0COCH=CHy
OCH=CHz

cnz CH-A
’.51 (cn2)3oE:cnzococacaz(cnz-in—)r

OCHCH} ( cuz—gn—)u-

A = Functional group

Fig. 16. Preparation of highly functionalized silica gel by surface
polycondensation of alkoxy or chlorosilanes (Reaction A), poly-
meric alkoxysilanes (Reaction B) or surface polymerization
of organic monomers (Reaction C).

Once this primary derivatization has been accom-
plished, the resulting functional groups can be acti-
vated or further derivatized as necessary [109,110].
One particularly useful reaction is the acid hydro-
lysis [106,111] of the oxirane (epoxide) functionality
to obtain the corresponding diol derivative. Here
again, the accessibility of the initially generated
functional groups depends on sample porosity and
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reaction conditions. Surface modification of col-
loidal silica particles by organic polymers has been
recently reviewed by Ryan [112].

Silica particles with relatively higher degrees of
functionality can be produced by forming, or attach-
ing (grafting), polymeric species onto the initially
generated functional groups. Three different routes
for the formation of polymeric species on porous
silica are depicted in Fig. 16.

In the stepwise condensation of chloro- or alkoxy-
silanes on the silica surface (Fig. 16, Reaction A)
[113], the stoichiometry of the reaction is very
difficult to control. On the other hand, according to
Kirkland and Yates [114], the reaction of silica with
preformed polyethoxysilanes (Reaction B) can be
easily controlled to obtain a multilayer thickness of
about 3-1000 nm. Graft polymerization of vinyl
monomers on appropriately functionalized silica
surfaces (Reaction C) [115] is essentially similar to
the formation of core-shell grafts discussed in Part I.
This method usually leads to the formation of
cross-linked (entrapped) organic polymer within the
pore structure of the silica.

5.5. Amphiphilic copolymers

In recent years, a new synthetic approach has been
introduced [116-118] whereby both the functionali-
ty and the chemical structure of the polymer can be
tailored for optimum performance. The method is
based on a new class of activated polymer inter-
mediates and the chemistry of active esters (active
ester synthesis or leaving group substitution) (Fig.
17) [119-121].

According to the new method, the activating (or
leaving) groups on the polymer are displaced by
suitably chosen nucleophiles carrying the desired
structure (A") or functionality (A). As can be seen in
Fig. 17, the functional residue (A) is positioned at
the end of a spacer arm (B). In addition, the choice of
the structural residue (A') offers the possibility of
“tailoring” the composition of the polymer support
for any specific application. In particular, the new
method provides a uniquely versatile route for the
synthesis of amphiphilic polymer supports carrying
the desired functionality (Table 5).

The range of functional groups which can be
introduced into the polymer according to Fig. 17 is
virtually unlimited. For polymer supports with low
degrees of functionality (<1 mmol/g), the reaction
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sequence (1) HA', (2) HBA is more convenient,
except when HA! is a volatile compound (e.g.
dimethylamine). There is a possibility that a frac-
tionation of the reactive sites generated on the resin
initially may be relatively more accessible than those
introduced at the end. Accordingly, the reaction
sequence (1) HBA, (2) HA® should be preferred in
principle. However, the practical significance of this
differential accessibility would appear to depend on
the particular application involved. The possibility
of generating reactive sites with relatively low acces-
sibility is of special interest in the design and study of
site isolation on the polymer support.

(®)—CH,~CH—CH~CB—CH 2
© ke
Ar OAr

Activated Polymer Intermediate

Reaction with HA! and HBA

!
TETET R

Polymer Support with Spacer Arm

Qe o 4]

Structural residue

Ar

Al

It

B = Spacer arm, A = Functional group

(See Table 5 for examples)

Fig. i7 Synthesis of amphiphilic polymer supports via activated
polymer intermediates (active ester synthesis or leaving group
substitution) [116-118].
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TABLE 5

EXAMPLES OF AMPHIPHILIC POLYMER SUPPORTS
AVAILABLE VIA ACTIVE ESTER SYNTHESIS ACCORD-
ING TO FIG. 17

A’ B-A
NHCH,CH,N(CH,), NHCH,CH,N(CH3),
NHCH,CH,SO,H NHCH,CH,SO,H
NHCH,CH,CH,OH NHCH,CH,CH,0H
N(CH3), N(CH3),

N(CH.), NHCH,CH(OH)CH,0H
N(CH.), NH(CH,);OH

N(CH,), NH(CH,)sCOOH
N(CH;), NH(CH,;)sNH,
N(CH.), NHCHCHa~(_)—OH

N(CH,), NHCHCHp~_)—NHp
N(CH,), O(CH,CH,0),0H
N(CH3), O(CH,)sNHCHO"
N(CH5), O(CH,)¢PPh,
NHCH,CH,CH,0H NHCH2CHZ{ ¥
N(CH3),

0
jete
O
@ The -NHCHO group can be dehydrated to the corresponding

isocyano (-NC) group, useful for metal complexation or
enzyme/ligand attachment by four-component condensation.

6. POLYMER MATRIX AND CHEMICAL STRUCTURE

6.1. Polymer matrix

The term “polymer matrix” is employed here to
refer to the macromolecular (or secondary) structure
of 'the polymer chains within the individual micro-
beads. A schematic illustration of this structure for a
lightly cross-linked non-porous gel matrix is pro-
vided in Fig. 18 [122]. Such a polymer matrix is
expected to result from the “random coil” nature of
the polymer chains and the conditions under which
the microbeads are usually formed.

When a low-cross-linked gel swells in a good
solvent (see Tables 3 and 4), the matrix expands and
a certain degree of short-range re-organization of
the loose and tight chain segments may take place.
Long-range conformational changes are, however,
prohibited by the cross-link bridges between the
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Fig. 18. Schematic presentation of the macromolecular (or
matrix) structure of a lightly cross-linked polymer bead.

chains. In addition, extensive non-covalent cross-
linking (e.g. hydrophobic interaction in polystyrene,
or hydrogen bonding in polyacrylamides and poly-
saccharides) may restrict even the short-range mo-
bility of the chain segments. In other words, polymer
supports and gels have a heterogeneous matrix
structure which is largely preserved even in the
swollen state.

Routine experience indicates that when non-
porous gels swell in a “good” solvent to a minimum
of about 5 ml/g, all of the polymer-bound reactive
sites are usually accessible within a reactivity range
of 1-2 orders of magnitude. That is, in fully swollen
gels some of the reactive sites on a single polymer
microbead may be 10-100 times less reactive than
others. In highly cross-linked and porous gels, the
degree of site heterogeneity is correspondingly high-
er. In the extreme case, and where the polymer does
not swell, only the surface reactive groups may be
accessible. Even some of the surface groups may
have reduced accessibility because of strong non-
covalent interactions with the neighbouring groups
and/or the polymer backbone.

To this end, it should be stressed that the overall
efficiency of a given polymer support is not neces-
sarily determined by full site accessibility. In general,
chromatographic and catalytic applications of poly-
mer supports and gels require rapid diffusion of the
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substrate to, and from, the polymer matrix. Here,
accessibility of all of the reactive sites is by no means
essential. On the other hand, for organic chemical
applications, and notably for solid-phase peptide
synthesis, it is essential that all of the polymer-bound
reactive sites are more or less equally accessible. In
this case, high reaction rates are desirable, but not
critical. Accordingly, the architecture of the polymer
matrix should be designed for either rapid diffusion
or maximum site accessibility, depending on the
requirement of the intended application.

6.2. Chemical structure

Traditionally, structure-performance relation-
ships in polymer supports and gels are studied on the
basis of porosity and surface area (or tertiary
structure). The significance of the polymer matrix
(or secondary structure) is also generally recognized,
as outlined above. An even deeper level of gel struc-
ture, which may critically influence the overall gel
performance, is the chemical (or primary) structure
of the polymer backbone. This level of structure—
performance relationship originates from the fact
that the “function” of the polymer support, whether
in chromatography, catalysis or synthesis, is invari-
ably based on “direct molecular contacts” between
the polymer backbone and the soluble substrate.

Experimental evidence on the relationship be-
tween the chemical structure of the polymer back-
bone and overall polymer performance abounds in
the literature. However, the significance of these
observations is not always appreciated, and hence
they may be left “unexplained”, or reported as
“thermodynamic” or “microenvironment” effects.
Notable examples where explanation in terms of
chemical structure has been offered include the role
of chemical structure in gel permeation chromato-
graphy [123], aqueous hydrolysis of species bound to
hydrophobic polymer supports [124], polymer-
supported hydrogenation catalysts [125,126], and in
peptide synthesis [34]. Some of these observations
have been briefly reviewed recently [117]. The con-
clusion is that, in many instances, the overall
efficiency of a given gel may depend critically on the
chemical compatibility of the polymer backbone
with the polymer-bound substrate or the soluble
reagent.
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6.3. Site accessibility and spacer arm

Functional groups attached to cross-linked poly-
mer matrices usually have reduced accessibility
compared with those of analogous low-molecular-
weight compounds. This decreased site accessibility
is partly due to reduced mobility of the cross-linked
chain segments and partly the result of “spatial”
hindrance within the cross-linked matrix. The term
“spatial” (rather than steric) is employed to empha-
size the effect of “through-space” interactions versus
steric effects of neighbouring residues observed in
small molecules.

Both segmental mobility of the polymer chains
and spatial hindrance (matrix architecture) are
closely related to polymer cross-linking and swell-
ability, but they represent two different aspects of
matrix structure. Spatial hindrance cannot be easily
measured and quantified, whereas segmental mobil-
ity can be quantified by, for example, electron spin
resonance [127,128] and NMR spectroscopy [129].

Reduced site accessibility caused by low mobility
of the polymer chains can, in principle, be remedied
by introducing a spacer arm between the polymer
backbone and the functional groups. In practice, the
degree by which a given spacer arm may enhance site
accessibility depends largely on the size and nature
of the soluble reagent. However, a five- or six-bond
spacer arm is usually considered useful for most
applications of polymer supports, including affinity
chromatography, immobilized enzymes and solid-
phase synthesis and catalysis.

Typical spacer molecules employed in conjunc-
tion with different polymer supports are indicated in
Fig. 19. In conventionally produced polymers, the
positioning of functional groups at the end of such
spacer arms usually involves a multi-step synthesis.

HoN(CH2)pNH2 (n = 6 or 12)
HoNCHoCHoNHCHoCH2NH2

OHC(CHg) 4CHO

0%0320!1209

Br(CH2)pBr
HoR(CH2) 5COOH

Fig. 19. Structures of typical spacer molecules employed in
conjunction with the use of different polymer supports and gels.
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For the recently introduced amphiphilic copolymer
resins, the desired functionality, already positioned
at the end of a four- to nine-bond spacer arm (see
Table 5), is introduced into the polymer in a single
step.

7. CONCLUSIONS AND GENERAL REMARKS

Beaded polymer supports and gels, including poly-
styrene, polyacrylamides, polymethacrylates, poly-
saccharides, porous silica, copoly(styrene-acryl-
amide)s and composites, are produced by various
modes of two-phase suspension systems. The main
feature of these two-phase systems is the formation
of “microdroplets” of the desired monomer or -
polymer solution, followed by their conversion to
the corresponding “microbeads”. The conversion of
the liquid droplets to solid polymer particles may
involve a polymerization or polycondensation pro-
cess, or it may require solvent extraction or covalent
cross-linking of the dissolved polymer.

The size, porosity and surface area of the polymer
beads obtained by two-phase suspension processes
can be easily controlled by various manufacturing
parameters. The relationship between these param-
eters and bead characteristics is fairly well establish-
ed for synthetic organic polymers (e.g. polystyrene,
polymethacrylates and polyacrylamides), but they
are less fully documented for polysaccharides and
silica gel. An extensive array of chemical reactions
and reagents are available for functionalization and
activation of various polymer types considered
above. However, chemical transformation of poly-
mer supports and gels may often involve undesirable
side-reactions, and sufficient care must be exercized
to avoid or minimize such complications.

Structure—performance relationships in polymer
supports and gels are traditionally studied on the
basis of surface area and porosity (ie. tertiary
structure). The effect of the polymer matrix (or
secondary structure) is also being increasingly rec-
ognized. However, the “function” of the polymer
support, whether in chromatography, catalysis or
synthesis, is invariably based on “direct molecular
contacts” between the polymer backbone and the
soluble substrate. Thus, in addition to surface area,
porosity and matrix structure, an appreciation of the
chemical (or primary) structure of the polymer
backbone is suggested to be essential for a better
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understanding of the behaviour of polymer supports
and gels. By the same token, our knowledge of
“chemical structure” and “polymer—solvent—sub-
strate” interactions can be employed to design and
tailor polymer supports and gels for optimum
performance.

A number of interesting new polymer supports,
including inorganic-organic composites, interpene-
trating networks, core-shell grafts and amphiphilic
copoly(styrene-acrylamide)s with general solvent
and substrate compatibility, have been introduced in
recent years. Further development of these new
materials along the above lines is expected to attract
increasing interest in the future.
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ABSTRACT

An extension of the iterative regression optimization strategy to multi-parameter optimizations is described and applied to the
separation of ionic compounds (amino acids and peptides) by means of micellar liquid chromatography. The parameters examined are
the concentration of surfactant, the concentration of 2-propanol and pH. Fairly regular (linear, weakly curved) retention behaviour of
the compounds as a function of the parameters results in an efficient optimization using a relatively small number of initial experiments.

INTRODUCTION

The method development scheme in most forms
of reversed-phase high-performance liquid chroma-
tography (RP-HPLC) is relatively complex owing to
a lack of theoretical relationships to predict reten-
tion behaviour under varying experimental condi-
tions. This is especially true if the identity of one or
more of the components in a mixture is unknown.

It is for this reason that a large number of
approaches using more or less empirical relation-
ships have been developed to obtain a satisfactory
separation on the basis of a limited number of
experiments, as indicated in a number of excellent
reviews [1-3]. In addition, an overview of advances
regarding computer applications in this area was
published recently [4].

The necessity for an efficient experimental design
becomes especially important when dealing with
forms of liquid chromatography suitable for the
simultaneous analysis of ionic and non-ionic com-
pounds such as ion-pair liquid chromatography (IP-

* Present address: Hyo-Mox 2-Dong 383-2, Dong-Gu Taegu,
701-032, Seoul, South Korea.

0021-9673/91/303.50  ©

LC) and micellar liquid chromatography (MLC).
Here the number of possible parameters can be
large, e.g., the type and concentration of surfactant
orion-pairing reagent, the type and concentration of
organic modifier(s), pH, temperature and ionic
strength. The method development strategy must
provide the chromatographer with an answer as to
which parameters are the most appropriate ones to
use and how to set up initial experiments to search
the selected parameter space in an efficient way. The
problem of parameter selection in IP-LC and MLC
has not been fully addressed as yet, although
preliminary investigations in IP-LC have been de-
scribed [5,6].

Here we are concerned with a multi-parameter
experimental design which can be applied in RP-
HPLC in general, although the largest gain with
respect to finding a better separation can be ex-
pected in IP-LC and MLC owing to the large
number of relevant parameters, as indicated above.
The main difference between these two forms of
chromatography is the amount of hydrophobic
surfactant in the mobile phase: the concentration
used in IP-LC is below the critical micelle concentra-
tion (CMC) and consequently only free surfactant

1991 Elsevier Science Publishers B.V. All rights reserved
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ions are present in the solution. As the stationary
phase is modified with surfactant, a variation in the
surfactant concentration will strongly influence the
characteristics of the stationary phase. Solutes form
ion pairs either in the mobile phase or on the
stationary phase and consequently a strong curva-
ture will be observed in plots of In &’ (k' = capacity
factor) as a function of the surfactant concentration
in the mobile phase. Nonetheless, optimization of
these separations is possible and has been described
[7-9].

In MLC, on the other hand, the concentration of
surfactant is above the CMC and the concentration
of free surfactant does not vary nearly as much with
the amount of surfactant as in IP-LC. Instead, a
variation in the surfactant concentration is trans-
lated into an increase in the concentration of
micelles in the solution. As a consequence, the
characteristics of the modified stationary phase are
much more stable, and generally a regular (i.e. linear
or weakly curved) retention behaviour is observed as
a function of both the surfactant and organic
modifier concentration [10-15].

Previously we described the successful application
of a two-parameter version of the iterative regres-
sion optimization strategy in MLC [15]. Owing to
unique selectivity effects as a function of the surfac-
tant or organic modifier concentration {13,14], a si-
multaneous variation of these parameters is required
in order to exploit the full separation power of the
method. Optimizing these two parameters often
results in shorter chromatograms with superior
resolution.

Here we are concerned with a further extension of
the parameter space with a third variable, i.e. pH. As
we are often dealing with weakly acidic or basic
compounds [5,6], this parameter can play a major
role in fine tuning the selectivity. However, one
should be cautious owing to the inherent non-linear-
ity in the resulting change in retention behaviour, as
discussed below. In order to include an additional
parameter in the optimization, an adjusted scheme
of the iterative regression optimization strategy was
applied which was used previously in IP-LC. Al-
though two parameters usually suffice for samples
of moderate complexity to obtain a satisfactory
separation, inclusion of the third parameter will
often further improve the quality of the obtainable
optimum, with respect to both resolution and ana-
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lysis time. In other words, by including additional,
relevant parameters in the optimization, the re-
quired peak capacity for a given separation is further
reduced [16].

THEORY

Optimization strategy

The iterative regression optimization strategy was
originally described by Drouen et al. for both the
one- and two-parameter cases [17,18]. Applications
were mainly found in traditional RP-HPLC, al-
though applications in IP-LC and MLC have also
been reported [8,15]. Full details of the method can
be found in the above references. In a previous paper
[15], the two-parameter optimization in MLC was
discussed in detail, and only the basic principles will
be given here.

In the two-parameter case, the search for the
“optimum” separation can be envisioned in a three-
dimensional space: two axes are related to the
parameter under investigation and the third dimen-
sion is used to express the quality of the separation
by means of a criterion (e.g., minimum resolution)
observed in the chromatogram. Within the exam-
ined region of the parameter space, a chromatogram
can be simulated at every combination of the two
parameters and consequently a criterion value can
be predicted at a given mobile phase composition.
This results in a three-dimensional plot (like a
mountainous landscape) called the response surface,
where the highest (or lowest) peak will be related to
the parameter values that produce the best chroma-
togram. The aim of interpretive optimization strate-
gies is to produce an accurate representation of the
response surface with a minimum number of ex-
periments.

The iterative regression strategy assumes that in a
first approximation, retention (In k) is a linear
function of the parameters within a selected portion
of the parameter space. When represented in a
three-dimensional space, with In k' as the third
dimension, this translates into a plane [15]. As three
points are required to define a plane, the parameter
space will be divided into triangular subspaces (Fig.
1a) [15]. The linear models derived on the basis of
three experiments (chromatograms observed for the
parameter values on the corners of the triangles) are
used to predict the retention for each component for
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other experimental conditions (parameter values).
The computer is used to go through the parameter
space with small steps and to use the predictions of
In k" at each point to reconstruct the chromatogram
and consequently calculate the predicted quality of
the separation. After calculating the criterion values
over the parameter space (i.e., the response surface),
the mobile phase compositions for the optimal
chromatogram can be predicted.

Subsequent measurements can be used to refine
the response surface by a further subdivision of the
parameter space into smaller triangles. Again it is
assumed that the linear model holds within each
subspace. Depending on the location of the addi-
tional measurements, a triangular subspace is sub-
divided either into three or two new triangles. In Fig.
1b, measurement 6 performed after the five initial
experiments divides one of the original subspaces,

(a)+ 3

N

1 D 2
{b)a 3 (c)s 6 3
7 /6
PY Pt
¢ ; G :
1 2 1 2
- , —

Fig. 1. Experimental design for a two-parameter optimization by
means of the iterative regression strategy. The solid lines indicate
the subspaces used to define the linear models and the numbers
identify the location and order of the experiments. (a) The initial
experiments; (b) a possible set of consecutive experiments in the
case of a direct measurement of the predicted optimum in
combination with a retention behaviour showing a strong
curvature as a function of the parameters; (c) a possible set of
consecutive experiments when the next measurement is chosen in
the subspace containing the predicted optimum and is located as
far from the other measurements as possible.
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triangle 3,4,5, into three new subspaces: 3,4,6; 3,5,6;
and 4,5,6. Measurement 7, located in the triangle
4,5,6, creates three new triangles, etc. In Fig. Ic,
measurement 6 is located on the side of the subspace
34,5 and consequently divides this subspace in
triangles 3,5,6 and 4,5,6. Each additional measure-
ment will further refine the subdivision and conse-
quently the accuracy of the prediction within the
affected sections of the parameter space.

The selection of the location of the next measure-
ment is governed by two, sometimes conflicting,
considerations: on the one hand, one tries to mea-
sure the predicted optimum directly. When the
measured and predicted chromatograms coincide, a
confirmation of the assumed linearity is obtained in
addition to a strong indication that the predicted
global optimum actually is the true optimum (this
proposition assumes that the observed linearity in
the examined portion of the parameter space will
also be maintained in the remainder of the param-
eter space). A disadvantage of this approach is
illustrated in Fig. 1b: when strong deviations of the
linear model are observed, the subsequent search of
the parameter space will provide the location of a
new optimum, and the process is repeated until the
predicted and measured optima coincide. This will
possibly result in an undesirably large number of
experiments.

Possible solutions to this problem include the use
of higher order models (and consequently a different
experimental design with a larger number of initial
experiments). Alternatively, one can adhere to the
second consideration mentioned above, i.e., try to
obtain as much information as possible by means of
an additional measurement. This can be relaized by
locating the next measurement as far from the other
measurements as possible, i.e., on the long side of the
triangle (Fig. 1c). In order to converge on the
optimum, additonal measurements are always lo-
cated in the subspace containing the predicted
optimum. The procedure is stopped and the pre-
dicted optimum measured when the size of the
resulting subspaces drops below a given size,.dic-
tated by the expected curvature of the retention
behaviour as a function of the mobile phase com-
position. This approach will result in an inefficiently
large number of experiments when the retention
behaviour (In k") is fairly linear.

Drouen et al. [17,18] ‘proposed an intermediate
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solution by shifting the composition of the next
measurement in the direction of the point with the
largest information content. One could also envision
a design where the first additional experiment is
performed according to the second consideration,
while the locations of further measurements are
based on the observed linearity of the retention
behaviour. However, it is important to realize that
the “best” approach is strongly dependent on the
regularity of the observed retention, and will vary
with the type of chromatography, the range of
parameters examined and possibly also the nature of
the solutes.

An inherent assumption in the application of the
iterative regression strategy as described above is
that deviations from linearity are limited to the
extent that the quality of chromatograms in areas
not examined and the area near the optimum is not
much higher than predicted. This assumption seems
to hold much better in MLC [15] than in IP-LC [8].
As indicated in these references, this can be checked
by additional experiments.

Adjustments for three-parameter optimization
In order to perform the optimization for three or
more parameters, a straightforward extension to a
multi-parameter space must be performed [19]. For
instance, in the case of a three-parameter optimiza-
tion, the square in Fig. 1 is replaced by a cube and
the triangles are replaced by tetrahedra, as indicated
in Fig. 2, where the tetrahedron defined by measure-
ments 2, 5, 8 and 9 has been emphasized. Each side
of the cube is a two-parameter design identical with
that presented in Fig, 1. Again, in order to obtain an
unambiguous subdivision of the cube, the centre of
the cube is included in the measurements, which
results in a total of 24 tetrahedra. This requires a
total of fifteen initial chromatograms. In analogy
with the two-parameter optimization, a linear model
relating the retention of a solute to the parameter
values can be derived for each subspace. The models
derived for all components in the mixture can then
be used to predict and evaluate the chromatograms.
However, as the parameéter space is already three-
dimensional, it would be difficult to envision a plot
of the criterion value as a function of the three
parameters, as this constitutes the fourth dimension
(one possible way to visualize this is to think of a
cube where the quality of the chromatogram in-each
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Fig. 2. Initial experiments in the case of a three-parameter
iterative regression optimization. The solid dots represent points
located on the “visible” outside of the cube, the open dots (3, 4,7
and 10) are measurements on the “invisible” sides of the cube and
the open square (8) is located in the centre of the cube. One of the
subspaces, the tetrahedron (2, 5, 8, 9), is indicated by the dashed

lines.

point is represented by a colour, ranging from dark
blue for a bad separation to light red for good
separations: the optimum would be apparent as an
intensely coloured red cloud in the cube). The
graphical representation is discussed further later.
It is apparent in the rigorous treatment described
here that the number of initial experiments increases
rapidly with each additional parameter, i.e., two for
one parameter, five for two parameters, fifteen for
three parameters, etc. Therefore, it seems likely that
this will limit the applied dimensionality (the num-
ber of parameters taken into consideration), rather
than restrictions in calculation time [20]. This again
emphasizes the need for efficient selection proce-
dures to be applied before the actual optimization in
order to keep the actual amount of experimental
work to the minimum [5]. Alternative designs with
fewer measurements can be envisioned, but these
will require some form of regressiin; for instance, a
pyramid described by the centre and four corners of
the cube encloses a larger part of the parameter
space (equivalent to four tetrahedra) and uses five
measurements to derive a linear model with four
parameters. As a consequence, deviations from
linearity will strongly influence a larger section of
the model and thus might require additional mea-
surements in a later stage of the. optimization. In
addition, it will reduce the certainty in the statement
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that the determined optimum in the examined
section of the parameter space is the true optimum
for that section.

The inclusion of additional experiments in a
three-parameter optimization follows the same rules
as the two parameter case (Fig. 3). A new measure-
ment on the side of the triangle results in two new
triangles (Fig. 1c), while a new measurement on the
side of a tetrahedron divides the two sides of that
tetrahedron and consequently results in two new
tetrahedra (Fig. 3a). A new measurement inside a
triangle divides that triangle into three new ones
(Fig. 1b), while a new measurement on the side of a
tetrahedron (i.e., a triangle) again divides that
triangle into three sections, thus creating three new
tetrahedra (Fig. 3b). When the new measurement is
located in the centre of the tetrahedron, four new
tetrahedra will result (Fig. 3¢c). For each additional
parameter, this scheme will be extended with one
step, and will be extremely difficult to visualize.

In analogy with the two-parameter optimization,
a new retention model is now derived for each
compound in each newly created subspace and the

(a) g Q 9
8

25916 :
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25816
25816 25916
25916 D 28916 Y
58916 2 58916 2

Fig. 3. Possible subdivisions of the tetrahedron shown in Fig. 2
by an additional measurement (16). The newly created tetrahedra
are identified by the experiments listed on the lower left side of the
figures. (a) Measurement 16 located on the line connecting
experiments 2 and 8; (b) measurement 16 located on the plane
defined by experiments 2, 8 and 9; (c) measurement 16 located in
the centre of the original tetrahedron.
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chromatograms in these sections are predicted and
evaluated.

A separate problem is a simple graphical represen-
tation of the quality of the separation as a function
of the various parameters. In the software version
used for the example described under Experimental,
this was done by presenting the user with two-
dimensional slices at fixed values of the third
parameter. In addition, it is also possible to extend
this approach by calculating the slice at a given
combination of two or more of the parameters. In
this way it will be possible to obtain an impression of
the quality of the separation for a more or less
“isoeluotropic” set of conditions, although both
parameters involved will influence the retention
time. Further examples of the graphical representa-
tion are given under Results and Discussion.

EXPERIMENTAL

In order to illustrate the use and implications of a
three-parameter optimization in MLC, the retention
of a set of nine amino acids and peptides was
examined as a function of pH, the concentration of
surfactant and the concentration of organic modi-
fier.

All experiments were performed on a 5-um parti-
cle size LiChroCART Cj g column (12.5¢cm x 4 mm
LD.) (Merck, Darmstadt, Germany). The column
was thermostated at 40°C and the flow-rate was 1
ml/min (dead volume 0.86 ml). A silica precolumn
was employed to saturate the mobile phase with
silicates and to protect the analytical column. The
chromatographic equipment consisted of a pump
(Model 2350; ISCO, Lincoln, NE, USA) and a V*
absorbance detector set at 210 nm (ISCO).

The compositions of the mobile phases, the
identities of the solutes (checked in the chromato-
grams by means of separate injection of the stan-
dard) and the observed retention times are listed in
Table I. The solutes and the surfactant, sodium
dodecyl sulphate (SDS), were obtained from Sigma
(St. Louis, MO, USA). The surfactant solution was
prepared by dissolving the required amount in
doubly distilled, deionized water and filtering over a
0.45-um nylon filter. The pH and ionic strength were
adjusted by adding phosphate buffer such that the
total buffer concentration of the final solution was
0.02 M. After adding the required amount of
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TABLE 1

CONCENTRATION OF THE SURFACTANT ([SDS]), THE PERCENTAGE OF 2-PROPANOL (PrOH) AND THE pH USED IN
THE CHROMATOGRAPHIC EXPERIMENTS REGARDING THE MIXTURE OF NINE AMINO ACIDS AND PEPTIDES,
TOGETHER WITH THE IDENTITIES AND RETENTION TIMES {/, (min)] OF THE SOLUTES

Mobile phase Composition

[SDS] (M) 0.1 0.1 0.2 0.3 0.3
PrOH (%) 0.0 10.0 5.0 0.0 10.0
pH 2.5 2.5 2.5 2.5 2.5
Components t, (min)

1 Arg R) 25.53 13.73 8.17 8.01 423
2 His (H) 20.85 9.60 6.38 6.63 3.33
3 Leu L) 26.37 9.79 7.85 9.43 4.19
4 Tyr Y) 8.14 3.72 3.18 3.32 2.02
5 Ala-Tyr (AY) - 4.50 3.31 2.35 2.05 1.66
6 Gly—Phe-Leu (GFL) 53.15- 23.10 14.61 17.59 7.62
7 Aso—Phe (DF) 11.69 7.39 4.89 4.44 2.97
8 Lys—Phe (KF) 35.50 29.82 13.37 11.01 7.76
9 Leu-Trp (LW) 32.02 13.65 9.06 11.13 4.78
Mobile phase Composition

[SDS} (M) 0.1 0.2 0.2 0.2 0.3
PrOH (%) 5.0 0.0 5.0 10.0 5.0
pH 3.0 3.0 3.0 3.0 3.0
Components t, (min)

1 Arg R) 15.25 11.85 6.80 4.85 4.45
2 His (H) 9.93 9.00 4.57 3.33 3.21
3 Leu (L) 13.05 14.02 7.05 4.65 5.08
4 Tyr ) 4.10 4.50 2.63 1.90 2.12
5 Ala-Tyr (AY) 3.55 2.70 2.15 1.95 1.70
6 Gly-Phe-Leu (GFL) 32.57 27.50 15.05 11.10 9.90
7 Asp-Phe (DF) 8.46 6.38 4.37 3.62 3.16
8 Lys—Phe (KF) 32.10 17.69 13.35 12.40 8.25
9 Leu-Trp (LW) 18.75 17.59 9.05 6.73 6.23
Mobile phase Composition

[SDS] (M) 0.1 0.1 0.2 0.3 0.3
PrOH (%) 0.0 10.0 5.0 0.0 10.0
pH 3.5 35 3.5 3.5 3.5
Components t, (min)

1 Arg (R) 21.78 7.09 5.38 6.64 2.74
2 His H) 13.45 4.30 3.43 425 2.17
3 Leu (L) 24.25 5.05 5.75 9.04 3.15
4 Tyr ) 6.21 1.65 2.09 2.85 1.45
5 Ala-Tyr (AY) 4.25 2.57 1.97 1.92 1.53
6 Gly—Phe-Leu (GFL) 58.89 22.70 14.82 18.21 7.67
7 Asp—Phe (DF) 10.27 4.18 3.70 3.92 2.28
8 Lys—Phe (KF) 38.04 28.80 12.99 11.12 7.60
9 Leu-Trp (LW) 35.50 12.75 8.85 11.47 4.65
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organic modifier, 2-propanol (Fisher Scientific,
Pittsburgh, PA, USA), the apparent pH was ad-
justed to the specified value.

The software to evaluate the separation at differ-
ent mobile phase compositions was based on an
extended version of the iterative regression optimi-
zation strategy [19] implemented by means of the
Turbo-Pascal compiler version 5.5 (Borland, Scotts
Valley, CA, USA). The program runs on a DeskPro
286 (COMPAQ Computer, Houston, TX, USA),
equipped with a Model 80287 coprocessor, 640
kbyte of conventional and 1 Mbyte of expanded
memory, and an Enhanced Graphics Adapter with
colour monitor. The simulated chromatograms are
based on a Gaussian peak shape, using the plate
count (average 2500) and dead volume observed in
the chromatographic experiments.

RESULTS AND DISCUSSION

Fig. 4 shows the parameter space selected for the
separation of the mixture of nine peptides and
amino acids listed in Table 1. Similarly to described
procedure [15], the examined range of concentra-
tions for surfactant and 2-propanol were determined
on the basis of chromatographic insight and physi-
cal limitations: the minimum surfactant concentra-
tion is far above the CMC of SDS and was chosen
such that a reasonable retention time for all com-
ponents was obtained. Although in this instance
information from previous experiments was used, a
more objective selection on the basis of a micellar
gradient will be a valid alternative to determine this
concentration [21]. Likewise, the maximum micelle

3.5
pH
JEm— .,
25 =% [spsj )
%ProH

Fig. 4. Parameter space selected for the separation of the
nine-component amino acid—peptide mixture. [SDS] indicates the
concentration of surfactant (M) and %PrOH is the percentage of
2-propanol organic modifier.
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concentration was selected such that the viscosity of
the mobile phase was acceptable (i.e., maximum
pressure drop over the column within 2000 psi) and
all capacity factors were higher than (approximate-
ly) 1.0. The upper limit of the propanol concentra-
tion was based on considerations regarding reten-
tion times, viscosity and micellar integrity: when the
concentration of the organic modifier becomes too
high, the characteristics of the micellar pseudo-
phase change (by creating a micro-emulsion or
complete disappearance of the micelles).

The range of pH values examined was intentional-
ly selected to contain only a small portion of the full
range between 2.5 and 7.0, i.e., pH 2.5-3.5. This was
done to prevent deviations from linearity in the
retention behaviour: for larger ranges an S-shaped
retention vs. pH curve will be observed when the
component changes from its acidic to its basic form,
which will require at least one additional measure-
ment for an approximation with linear segments.

A number of the initial chromatograms are dis-
played in Fig. 5. The criterion used here to define the
quality of the separation is the minimum resolution,
Le., the resolution of the least separated pair of
components in the chromatogram. The following
remarks can be made.

None of the initial chromatograms shows suffi-
cient separation of all components in the mixture
(sufficient separation is usually defined as resolution
between 1.0 and 1.5, where a resolution of 1.5
corresponds to “baseline” separation). This again
illustrates the observations presented in previous
papers [14,15] where a decrease in elution strength
by decreasing the surfactant and/or organic modi-
fier concentration does not automatically result in
improved resolution due to the combined selectivity/
elution strength observed in MLC.

The overall analysis time is not a function of pH,
because the degree of dissociation of the latter
components in the chromatograms (KF, GFL)
hardly changes in the examined pH range. As a
consequence, the pH can be used to fine tune the
selectivity without influencing the elution strength
of the mobile phase. However, the observation is
strongly sample dependent.

The influence of the pH is dependent on the values
of the other parameters, in other words, a simultane-
ous optimization of all variables is required in order
to examine the full separation potential. This is
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Fig. 5. Set of the initial experiments performed with the nine-component amino acid—peptide mixture, identified in Table 1, relative to
their position in the parameter space. The minimum resolution observed in each chromatogram is indicated by R ;.

especially obvious when comparing the chromato-
grams on the left and the right sides of the cube: on
the left side, the order of components AY and Y does
not change as a function of pH. On the right side, on
the other hand, the order of AY and Y does change
on increasing the pH from 2.5 to 3.5. A possible
explanation of this phenomenon is the micellar-
induced pK, shift [22], caused by a difference in the
partitioning of the undissociated and dissociated
species of a solute in the micellar pseudo-phase. As
the dissociated form has the same charge as the
micelles, the partitioning process will result in a
surplus of this form in the aqueous phase with
respect to the thermodynamic equilibrium, and
consequently a reduction in the amount of dissocia-
tion. Hence the apparent pK, of a solute will increase
or, in other words, the S-shaped retention behaviour
of a solute will be shifted to the right. Here this shift
is more apparent for AY than for Y, such that the
decrease in retention for AY as a function of pH is
less pronounced at high concentrations of surfactant

whereas the decrease in the retention of Y is
influenced less by the surfactant concentration.
The above observations are further emphasized in
Fig. 6, where the results of the first step of two
two-parameter optimizations and the three-param-
eter optimization are compared. The lower iso-
response surface (containing lines which connect
points with equal criterion values) refers to pH 2.5.
Apparently, a good separation is predicted at 4%
propanol, 0.10 M SDS. The corresponding chroma-
togram is displayed on the right. The resolution is
more than adequate (R, i, = 1.6) but the analysis
time is relatively long (ca. 40 min). The same applies
to the optimum predicted at pH 3.5, where similar
resolution and analysis time are observed at 1%
propanol, 0.14 M SDS. However, when the full
parameter space is taken into consideration, an even
better separation is obtained. This is represented by
the iso-response surface at the pH where the opti-
mum criterion value for the full parameter space is
observed, i.e., pH 3.1, Not only is the resolution
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Fig. 6. Three intersections in the original parameter space at the specified pH values. In each intersection, isoresponse lines show the
behaviour of the criterion, i.e., the minimum resolution. In addition, the predicted optimum at each pH, location indicated by the solid
dot, is displayed on the right. The optimum at pH 3.1 is also the predicted global optimum of the three-parameter optimization.

improved from 1.6 to 1.8 (in fact an unnecessary
improvement, as 1.5 is already a sufficient separa-
tion for components with approximately equal
responses and concentrations) but, more important,
the analysis time can be drastically reduced from 38
to 20 min. Hence two parameters are sufficient to
obtain a sufficient separation for this mixture but
three parameters enable us to achieve a better
chromatogram with respect to both separation and
analysis time. Further discussion of this topic is
presented later.

The full three-parameter optimization predicts an
optimum mobile phase composition of 2% propa-
nol, 0.24 M SDS and pH 3.1. However, when this
chromatogram was actually measured, a slight dif-
ference was observed between the predicted and
measured chromatograms, resulting in a new loca-
tion of the predicted global optimum. This is
iltustrated in Fig. 7: another slice of the full param-
eter space is shown for a constant value of the
surfactant concentration (0.24 M SDS). The inter-
section between this plne and the various tetrahedra
is indicated by the solid lines. Chromatogram 16
(2% propanol. 0.24 M SDS, pH 3.1) resuits in the
formation of four new tetrahedra within tetra-
hedron (4, 7, 10, 14) as indicated in the middle left of

the square. The measured chromatogram is indi- .
cated by the asterisk, and is surrounded by the
intersections of tetrahedra (4, 7, 10, 16), (4, 10, 14,
16), (4, 7, 14, 16) and (7, 10, 14, 16) with the plane
([SDS] = 0.24 M).

The change in the location of the global optimum
and consequently the necessity for an additional

[SDS] = 0.24 M
35 NG

25

0 %PrOH 10

Fig. 7. Intersection of the full parameter space at a surfactant
concentration [SDS] = 0.24 M after sixteen experiments. The
iso-response lines (dashed lines) connect points with identical
criterion values. The solid lines show intersections with the
various tetrahedra defined by previous experiments. The asterisk
indicates the location of experiment 16, and the solid dot defines
the location of the predicted optimum, shown in Fig. 8.
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measurement are caused by a deviation from the
assumed linear retention behaviour (In k) as a
function of the parameters. In this instance the
deviation was most noticeable in the direction of
varying pH, as was to be expected given the nature of
the parameter. The location of the next measure-
ment is indicated by the dot, and is positioned at 2%
propanol, 0.24 M SDS and pH 3.0. In addition, the
shape of the response surface, described by the
dashed lines, indicates a fairly stable optimum
(gradual change in the criterion value as a function
of the parameters). Of course, this statement only
holds here for the two parameters examined in this
figure (pH and propanol concentration), but exami-
nation of the plane perpendicular to that presented
in Fig. 7 at 2% propanol shows a similar behaviour
of the response (not shown).

The predicted and observed chromatograms at
this mobile phase composition are presented in Fig.
8. Since the predicted chromatogram is the result of
a simulation, the impurities (origin unknown) in the
beginning of the measured chromatogram in Fig. 8b
are absent. In addition, the resolution in the mea-
sured chromatogram is slightly less than that in the
predicted chromatogram, mostly because of some
peak asymmetry, not expressed in the plate count
and consequently not taken into consideration in
the calculations. Refinement of the criterion by
including asymmetry in the resolution calculation
[23] will improve the results. Nonetheless, the two
chromatograms are very similar, indicating that the
linear model applied was sufficient to describe most

AY a: predicted

Fig. 8. Predicted and measured chromatograms of the nine-
component amino acid—peptide mixture defined in Table 1 at
[SDS] = 0.24 M, 2% propanol and pH 3.0.
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of the observed retention behaviour. This is indica-
tive of a fairly regular retention behaviour as a
function of the examined parameters, which is
similar to the conclusion obtained for the two-
parameter case [15].

As mentioned before, the use of minimun resolu-
tion is not the best criterion if one wants to optimize
both separation and analysis time. This is especially
true if sufficient separation (R, = 1.5) is achieved
for a number of parameter settings: further improve-
ment of the resolution is not sensible, while improve-
ment in analysis time is not expressed by the
criterion (if strongly varying concentrations or de-
tector responses of the components are observed, an
adjusted definition of resolution might be applied
[24] and the above statement still holds true). In
order to circumvent these problems, several solu-
tions have been proposed, e.g., the use of the
so-called “multi-criterion decision making” [24].
Alternatively, a much better defined response sur-
face with respect to the goal of the chromatographer
is obtained if a so-called threshold criterion is
applied [2]: the parameter space is searched for the
minimum analysis time, taking into consideration
only chromatograms with sufficient separation. The
results of using a variation of this criterion (i.e., the
inverse of the retention time of the last peak, unless
the resolution drops below a critical value in which
case the criterion is set to zero) for the peptide-
amino acid mixture are presented in Fig. 9. The
intersections show that the global optimum is much
better defined by this approach, and indeed results in
a better chromatogram with respect to analysis time
(ca. 14 min) compared with those presented in Fig. 6,
with sufficient resolution of all components.

CONCLUSIONS

The iterative regression optimization strategy is
easily extended to multi-parameter optimizations.
However, an inhibitively large number of initial
experiments limits the application to three param-
eters.

The regular retention behaviour of solutes in
MLC as a function of the concentration of organic
modifier, concentration of surfactant and pH per-
mits the use of the simple linear model, aslong as the
examined range of pH values is limited. This regular-
ity also allows a direct measurement of the predicted
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Fig. 9. Three intersections in the original parameter space at the specified pH values. In each intersection, iso-response lines show the
behaviour of the criterion, the inverse retention time of the last component unless the minimum resolution is lower than 1.5, in which
event the criterion is set to zero. In addition, the predicted global optimum, location indicated by the solid dot, is displayed on the right.

optimum mobile phase composition, resulting in a
fast optimization procedure. However, the iterative,
part of the procedure remains essential to correct for
slight deviations in the observed retention behavi-
our.

Separate optimization of, e.g., pH apart from the
other parameters is inefficient and can result in
sub-optimum separations owing to the dependence
of the response on the values of surfactant and
organic modifier concentration. This is inherent in
the chromatographic technique, where for instance a
change in surfactant concentration influences the
overall dissociation of the components.

The next step in the development of a comprehen-
sive optimization strategy for this type of chromato-
graphy is an intelligent and efficient selection of the
relevant parameters and especially the examined
range in the parameter space. In this way the
advantages of a fast and easy method development
protocol in MLC can overcome some of the dis-
advantages of this type of chromatography, such as
the limited efficiency.
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ABSTRACT

A new chiral stationary phase for high-performance liquid chromatography based on a glycoprotein (celllulase, CBH 1) isolated from
a culture filtrate of a fungus, Trichoderma reesei, was prepared. Chiral acidic and basic drugs were resolved into their enantiomers on
this phase. Compared with other similar chiral phases, high enantioselectivity was obtained for f-blocking agents despite low capacity
factors. As much as 200 nmol of propranolol in a single injection could be separated into its enantiomers on an analytical column (250
x 5.0 mm 1.D.) without loss of resolution. No significant decrease in enantioselectivity was observed after daily use of the phase during
a period of 4 months with varying mobile phase compositions. The retention and enantioselectivity of amines increased with increasing
pH of the mobile phase, whereas the opposite effect was observed for acids. Addition of organic solvents to the mobile phase both

decreased the retention and increased the enantioselectivity for the analytes.
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INTRODUCTION

Mammalian proteins immobilized on a support
[1-9] or used as chiral additives to the mobile phase
[10] have been utilized successfully as chiral select-
ors in liquid chromatographic separations of
enantiomers. Other proteins, e.g., microbial pro-
teins, might also be of interest as chiral selectors.
Recently, a cellulase (CBH I) produced by the fun-
gus Trichoderma reesei was immobilized on silica
and used as a chiral stationary phase for direct sep-
aration of some enantiomeric drugs {11].

We now report on the reproducibility of the prep-
aration of CBH I columns and the sample capacity
of the columns. However, our main interest in this
study was focused on controlling the enantioselec-
tive retention of acidic, basic and uncharged ana-
lytes on CBH I-silica by adjusting the pH of the
mobile phase and by addition of different kinds and
amounts of organic solvents to the mobile phase. A
screening of enantiomeric separations of f-blocking
agents and analogues and a few other chiral drugs
was performed. A brief description of the cellulases
and their properties is included.

Cellulase

The degradation of cellulose is a process of major
importance in nature [12] and the initial step in the
process is effected by enzymes, cellulases, produced
mainly by fungi and bacteria. Functionally, cellu-
lases have been divided into two classes, endogluca-
nases, which attack interior non-crystalline parts of
the cellulose chain, and exoglucanases, which at-
tack the chains from the non-reducing end to pro-
duce cellobiose. The latter enzymes have also been
called cellobiohydrolases. One of the most efficient
cellulose-degrading organisms in nature is the
mould Trichoderma reesei. Some of the Trichoder-
ma mutants can produce very large amounts of cel-
lulases in liquid cultures: 20 g/l is not an unusual
amount [13]. T. reesei produces mainly four differ-
ent cellulases: two endoglucanases, EG I and EG
II1, and two cellobiohydrolases, CBH I and CBH
II. These four enzymes have a common structural
organisation (Fig. 1) with a terminal 36 residue long
binding domain connected to the rest of the enzyme
(i.e., the core) through a flexible arm. The intefcon-
necting region is rich in serine, threonine and pro-
line residues and is highly glycosylated. The core is

I. MARLE et al.
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Fig. 1. Structural organization of fungal CBH. Active site is lo-
cated in the core (C). B is a flexible spacer. A is a 36 amino acids
long wedge-shaped peptide that anchors the enzyme to the celtu-
lose fibre, thereby increasing its activity.

catalytically active. The three-dimensional struc-
tures of both the binding domain [14] and the CBH
IT core [15] have been solved. Cellulases are very
elongated tadpole-like structures wherein the two
functional domains are separated by as much as 100
A [16).

CBH 1 is the quantitatively dominating cellulase
of T. reesei. It has a molecular weight of 60 000-
70 000, an isoelectric point of 3.9, a carbohydrate
content of 6% [17] and is stabilized by twelve disul-
phide bridges [18)]. The binding domain of CBH I is
located at the C-terminus of the enzyme [19] and the
amino terminus of the core is blocked by a pyroglu-
tamoyl moiety [17]. The Trichoderma CBH 1 gene
has been characterized [20] and it is therefore pos-
sible to produce recombinant proteins with changed
properties with the aim of gaining a deeper insight
into chiral recognition.

EXPERIMENTAL

Chemicals

Concentrated culture filtrate from the fungus 7.
reesei chain QM9414 was a kind gift from VTT, the
Technical Research Centre of Finland (Espoo, Fin-
land). Spherical diol-silica with a particle diameter
of 10 um, pore size 300 A, area 60 m?/g and con-
taining 5 umol/m? of diol was obtained from Per-
storp Biolytica (Lund, Sweden). Periodic acid was
obtained from Merck (Darmstadt, Germany) and
sodium cyanoborohydride from Janssen Chimica
(Beerse, Belgium). (R,S)-, (R)- and (S)-propranolol
chloride and (R,S)-pronethalol were obtained from
Imperial Chemical Industries (Macclesfield, UK).
(RR,SS)- and (RS,SR)-labetalol chloride were sup-
plied by Glaxo Group Research (Greenford, UK).
Racemic oxprenolol chloride and chlorthalidone
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were obtained from Ciba-Geigy (Basle, Switzer-
land). (R)- and (S)-alprenolol tartrate, the race-
mates of the other amino alcohols as chlorides and
racemic omeprazole were kindly supplied by Astra
Hissle (Molndal, Sweden). Racemic, (R)- and (S)-
prilocaine chloride, racemic tocainide chloride, me-
pivacaine chloride and bupivacaine chloride were
gifts from Astra Pain Control (Sodertilje, Sweden).
Racemic mexiletine chloride was obtained from
Boehringer Ingelheim (Ingelheim/Rhein, Germa-
ny). Racemic benproperine was a gift from Pharma-
cia (Uppsala, Sweden). (R,S)-Warfarin, b- and L-N-
CBZ-phenylalanine, b- and L-tryptophan and (R)-
and (S)-1-phenylethanol were purchased from Sig-
ma (St. Louis, MO, USA). (R)- and (S)-warfarin
were kindly supplied by Dr. Istvan Szinai, Central
Research Institute for Chemistry of the Hungarian
Academy of Sciences (Budapest, Hungary). (R)-
and (S)-ethyl mandelate were from Aldrich (Mil-
waukee, WI, USA). (+)- and (—)-a-phenylethyl-
sulphamic acid were purchased from ICN Pharma-
ceuticals (Plainview, NY, USA). (+)- and (—)-tri-
methylnaphthylethylammonium bromide were a
gift from Kabi (Stockholm, Sweden). (R)- and (S)-
naproxen were obtained from Syntex Labs. (Palo
Alto, CA, USA). The buffer salts and organic sol-
vents were of analytical or reagent grade. Solute
structures are shown in Fig. 2.

Isolation of CBH I from culture filtrate

CBH I was isolated from the crude concentrated
culture filtrate of T. reesei QM 9414 by gel chro-
matrography on Sephadex G-25, to remove salts
and pigments, followed by two chromatographic
steps on DEAE-Sepharose CL-6B at pH 5.0 and 3.7
(17]. After the last chromatographic step the materi-
al was analysed by sodium dodecyl sulphate-po-
lyacrylamide gel electrophoresis according to Mai-
ze} [21] and the fraction C, [17] that contained CBH
I displayed no heterogeneity.

Circular dichoroism (CD) experiments

CD measurements were performed by use of
samples prepared by diluting 1 ml of a stock solu-
tion [obtained by dissolving 52.3 mg of lyophilized
CBH I in 10 ml of water purified with a Milli-Q
system (Millipore, Bedford, MA, USA)] to a total
volume of 5 ml with 0.1 M sodium phosphate buffer
of pH 2.2, 3.6 or 8.1. After first having recorded the
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Fig. 2. Solute structures.

CD spectra of the samples of pH 2.2 and 8.1, the pH
of these samples was then adjusted to 3.6 by titra-
tion with 1 M sodium hydroxide or 1 M phosphoric
acid, respectively, and the CD measurements were
repeated. All CD experiments were performed on a
Jasco J-500 A spectropolarimeter (Japan Spectro-
scopic, Tokyo, Japan) using a 1-mm quartz cell.



236

Preparation of CBH I columns

A 5-g amount of diol-silica was suspended in 30
m] of water and 0.35 g periodic acid was added. The
suspension was first treated on a Sonorex (Berlin,
Germany) ultrasonic bath for 1 min and then kept
on a rocker table for 2-3 h. The aldehyde silica was
washed on a glass filter with water. A 35-ml volume
of 0.1 M sodium phosphate buffer (pH 7.0) contain-
ing 0.75 g of CBH I and 0.13 g of sodium cyanobo-
rohydride was added to the wet aldehyde-silica and
the suspension was treated in the ultrasonic bath for
1 min. The resulting slurry was agitated on a rocker
table for 2 days and then washed with 0.1 M phos-
phate buffer (pH 7.0). The amount of immobilized
CBH 1 was calculated by determining the UV ab-
sorbance of the CBH I solution before and after
reaction with the aldehyde-silica using a Shimadzu
(Kyoto, Japan) UV-160A spectrophotometer.
About 30-50% of the CBH I added to the alde-
hyde-silica became immobilized.

Diol-silica from a single batch and four different
batches of CBH I were used to prepare the solid
phases. The stationary phases of columns CBH I-A
and CBH I-B were made from the same preparation
of CBH 1. Another preparation of CBH I was used
for the solid phases of columns CBH I-C and -E.
The solid phases of columns CBH 1-D and -F were
made from another two CBH I preparations. The
solid phases C and E were made on the same occa-
sion and the other solid phases were prepared one at
a time.

Columns were prepared by suspending the CBH
I-silica in the phosphate buffer and were packed at
350 bar into PTFE-coated (Svefluor, Uppsala, Swe-
den) stainless-steel columns from Skandinaviska
GeneTec (Kungsbacka, Sweden), using an ascend-
ing packing technique [22]. The column dimensions
for the solid phases CBH I-A, -B, -D, and -E were
250 x 5.0 mm L.D. and for CBH I-C and -F 100 x
4.6 mm L.D.

Chromatographic apparatus

A Model 2150 dual-piston high-performance
liquid chromatographic pump (LKB, Bromma,
Sweden) and a Lambda-Max Model 481 LC spec-
trophotometer (Waters Assoc., Milford, MA,
USA) connected to a Model BD 41 recorder (Kipp
& Zonen, Delft, Netherlands) were used. Chroma-
tographic data were also collected by a JCL6000

1. MARLE et al.

chromatographic data system (Jones Chromatogra-
phy, Hengoed, UK). The injector was a Rheodyne
(Cotati, CA, USA) Model 7125. The volume inject-
ed was 20 ul in all experiments except those illus-
trated in Fig. 3 and Table IIL

Chromatographic technique

Acetate buffers were prepared from acetic acid
and sodium acetate and phosphate buffers from
phosphoric acid and sodium hydroxide. Prior to in-
jection, the solutes were dissolved in the mobile
phase at concentrations of about 0.1 mM unless
stated otherwise. The experiments were performed
at ambient temperature (21-25°C). The influence of
temperature on retention and enantioselectivity was
not studied systematically in this work. Preliminary
results indicated, however, that the capacity factors
and the enantioselectivity may change by about 5%
in the temperature range 20-25°C. A comprehen-
sive temperature study is in progress and will be
reported separately.

The capacity factors was calculated as k' =
(Ve—Vo)/ Vo, where Vg and ¥V, are the retention
volumes of the solute and the non-retained com-
pound, respectively. ¥, was obtained from the in-
flection point of Milli-Q-purified water unless
stated otherwise. The enantioselectivity, «, was cal-
culated as k%/k’y, where k' is the capacity facor of
the more retained enantiomer. The peak symmetry
was calculated in the following way: two tangents to
the peak were drawn, and the projection of-the
point of intersection divided the baseline into two
parts, a, the front side, and b, the rear side. The
asymmetry factor, asf, was defined as b/a. The reso-
lution of incompletely resolved peaks was calculat-
ed according to ref. 23. At a right-angle to the base-
line a line was drawn from the baseline through the
valley (the minimum) between the peaks up to a line
joining the maxima of the peaks. This distance is
defined as g. The distance between the intersection
of the two lines and the valley is defined as f. Ac-
cording to this definition, the ratio f/g = 1 corre-
sponds to complete separation. The resolution of
completely resolved peaks was calculated by use of
the equation N

R, = NY2kha—1)j4(1 + ky)a

although the peaks were asymmetric. N, the peak
efficiency, was calculated as 16(¢g/w,)?, where tg is
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the retention time of the solute and w, is the peak RESULTS AND DISCUSSION
width at the baseline, i e., a+5.

Properties of CBH I silica
Solute structure and enantioselectivity. The enan-
tioselective retention of pB-adrenmergic blocking

TABLE I
SOLUTE STRUCTURES AND STEREOSELECTIVITY OF g-BLOCKERS
Solid phase: CBH I-B. Mobile phase: 0.065 M 2-propanol in phosphate buffer, pH 6.0 (I = 0.01).

F‘1‘<;>‘R2 ~CH—(CHz)n —NH-R;
OH

Solute n R, R, R, K, o flg
No.
1 1 ~(CH,),0CH, ~OCH, -CH(CH,), 0.82 2.67 310
2 2 ~(CH,),0CH, -OCH, ~CH(CH,), 0.51 1.90 0.98
3 3 ~(CH,),0CH, -OCH, -CH(CH,)), 037 1.50 0.89
4 1 -OH -OCH, -CH(CH,), 0.10 3.95 0.99
5 1 -OCH, -OCH, -CH(CH,), 0.31 3.81 4.4
6 1 ~CH,CH, ~OCH, ~CH(CH,), 0.57 2.65 3.4°
7 1 -OCH,CH=CH, -OCH, -CH(CH,), 0.50 2.41 0.98
8 1 -O(CH,),0CH, -OCH, -CH(CH,), 0.26 1.41 0.63
9 1 -CH,CONH, -OCH, -CH(CH,), 0.05 4.0 0.94
10 1 ~-NHCOCH, -OCH, -CH(CH,), 0.20 1.0
1 1 ~(CH,),0CH, - -CH(CH,), 0.06 1.0
12 1 -(CH,),0CH, -OCH, -H 0.38 1.0
Ra
R1—Q—OCH2—CH—CH2-N—R4
1 ]
OH. R
R» °

R, R, R, R, R, iy o flg
13 ~(CH,),C(0)OCH,CH, -F -CH(CH,), -H 149 10
14 ~(CH,),0CH, ~Br ~(CH,),0CH,-p-C(O)NH, -H 070 1.0
15¢ -H -CH,CH=CH, -CH(CH,), -H 097 988 63
16" -H -OCH,CH=CH, -CH(CH,), -H 047 327 43
17 -H -Cl -CH,0C,H,-p-C(O)NH, -H 296 275 44
18 -H -CH, ~(CH,),C4H, -H 182 377 23
19 -H -H ~(CH,),C,H,-0-CH, -H L2 178 092
20 -H -H -CH(CH,), -CH, -CH, 028 1.0 ‘
21 -H -CH,CH=CH, -H -H 1.56 347 44
2 -H -CH,CH=CH, —(CH,),0CH,-p-C(O)NH, -H 453 408 4.7
23 -H -CH,CH=CH, -C,H,, see R, —CH, 04] 1.0

H,N- (0)C,

249 (RR/SS) - 0.78 4.17 3.4%
25¢ (RS/SR) OH CH-CH,~NH ~CH-CH~CH, 0.83 10
OH CH,

( Continued on p. 238)
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TABLE I (continued)

I. MARLE et al.

R

s08
Solute R, R, k', o flg
No.
26" ~OCH,CH(OH)CH,NHCH(CH,), -H 2.28 5.18 5.2°
27 -OCH,CH(OH)CH,NHCH(CH,), -CH, 2.05 1.82 2.1
28¢ -H ~CH(OH)CH,NHCH(CH ), 0.60 1.98 0.97
¢ Metoprolol.
b Calculated as R,.
¢ Atenolol.

4 Praktolol.

¢ Alprenolol.
I Oxprenolol.
¢ Labetalol.

» Propranolol.
i Pronethalol.

agents and analogues on CBH I-silica is summa-
rized in Table I. An increase in the number of car-
bon atoms between the hydroxyl and the amino
groups resulted in a significant decrease in the enan-
tioselectivity and the capacity factors (Nos. 1-3, Ta-
ble I). A similar finding with enantioseparations of
amino alcohols related to metoprolol on the o;-
AGP phase has been reported by Hermansson and
Schill [24]. Complete loss of enantioselectivity was
observed for the amino alcohol having four methy-
lene groups between the hydroxylic groups and the
amino group. A poorer fit of the solute to the chiral
binding site with increasing chain length was sug-
gested as an explanation for the loss of enantiose-
lectivity and this explanation may also hold true for
the CBH I-silica. The enantioselectivity of the CBH
I-silica is also sensitive to the substitution pattern
on the aromatic ring (Nos. 4-10, 13, 15, 16 and 27,
Table I). This is illustrated by the difference in enan-
tioselectivity between atenolol (¢ = 4.0) and prak-
tolol (¢ = 1.0) (Nos. 9 and 10, Table I). Similar
effects were observed on altering the substitution of
the amino group of the amino alcohol chain (Nos.
14-23, Table I). The enantioselectivity decreased
when the isopropyl group of alprenolol (x = 9.9)
was replaced with a hydrogen atom (o = 3.5) (Nos.
15 and 21, Table I).

The enantioselectivities of the local anaesthetic
prilocaine and some analogues were also investigat-
ed (Nos. 29-34, Table II). Enantioselective reten-
tion was observed for a primary or secondary amine
with an amide group close to the aromatic ring. No
enantioselectivity was observed for tertiary amines
in which the chiral carbon atom was contained in a
ring structure or when the amide group close to the
aromatic ring was replaced with a methoxy group.

The enantiomers of the weak acid warfarin and
the sulphoxide omeprazole were separable in pH
intervals where these solutes are mainly uncharged
(see Table VI). No enantioselective separation was
observed for mono- and divalent carboxylic acids
and N-phenylalanine derivatives chromatographed
under corresponding conditions.

Capacity. A concentration-independent retention
and peak symmetry of (R)- and (S)-propanolol, re-
spectively, were obtained for injected amounts up
to 0.01 nmol (Table III). A possible explanation for
this low loading capacity might be a heterogeneous
adsorbing surface caused by a low coverage of pro-
tein on the CBH I-silica phase. The analyte could
thus interact not only with the chiral selector but
also with some sites on the silica itself, such as unre-
acted silanol groups, which are characterized by rel-
atively high equilibrium constants [25]. Hermans-
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TABLE II
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SOLUTE STRUCTURES AND STEREOSELECTIVITY OF PRILOCAINE AND ANALOGUES
Solid phase: CBH I-A. Mobile phase: 0.065 M 2-propanol in phosphate buffer, pH 6.7 (I = 0.01).

Solute Formula k', o e
No.
294 @- NH -C(O) —QH ~NH -CH, -CH, -CHj 0.29 1.49 0.79
CH3
30° NH —C(O)—(PH—NHZ 0.49 1.21 0.26
CHy
CH,
CHj
3Le QNH 'C(O)Q 0.38 1.0
1
CH, CH,
CHy C4Ho
CH,
33¢ O -CH, -CH-NH, 2.18 1.0
CHj
CHs
Qo -CH,-CH-N )
1
CH,
34) CH, 12.0 1.0
“ Prilocaine.
b Tocainide.
¢ Mepivacaine.
¢ Bupivacaine.
¢ Mexiletine.

/ Benproperine.

son [26] observed an improvement in peak symm-
etry when the amount of immobilized a;-AGP was
increased from 76 to 183 mg of protein per gram of
silica.

Although the binding isotherm of CBH I-silica is
linear only at low sample loads, a large amount of
racemic propranolol could be separated into its

enantiomers owing to the high enantioselectivity
(Fig. 3) (the column contained 75 mg of CBH I per
gram of silica). When 10 nmol of racemic proprano-
lol were injected, the retention of (R)- and (S)-pro-
pranolol decreased by 10% compared with the con-
centration-independent retention. The high selectiv-
ity factor for propranolol allowed the injection of as
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TABLE 111
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CAPACITY OF (R)- AND (S)-PROPRANOLOL ON CBH I-F SOLID PHASE
Mobile phase: 0.065 M 2-propanol in acetaie buffer, pH 4.7 (/ = 0.01). Injected volume: 5 ul. Flow-rate: 1 ml/min. ¢, solute:

(+4)-norephedrine.

Amount (R)- (S)- o R,

injected

(nmol) k' asf 4 asf

251073 1.06 nd. 3.21 n.d. 3.03 n.d.
1.2-1072 1.06 1.2 3.20 1.2 3.04 4.0
251072 1.03 13 3.13 1.3 3.04 4.2
25-107! 1.01 1.4 3.12 1.5 3.09 4.0

much as 200 nmol (60 ug) of (R,S)-propranolol
without the loss of peak separation. Retained peak
separation at high sample loads is advantageous
from an analytical point of view as it increases the
detection limit for an enantiomeric impurity in a
sample. As the cellulases are also available in large
amounts they might therefore afford preparative-
scale separations of enantiomers. The retention of
both (R)- and (S)-propranolol decreased at increas-

(R)

10 nmol (S)

L 1 1 1 ]

[o] 5 10 15 20min
200 nmol

L L I L ]

[o] 5 10 15 20min
500 nmol

L 1 i L

0 5 10 15 20min

Fig. 3. Loading capacitiy of (R,S)-propranolol on the solid phase
CBH I-E. Injected volume: 200 pl. Mobile phase: 0.065 M 2-
propanol in acetate buffer, pH 4.7 (I = 0.01). Flow-rate: 0.5
ml/min.

ing sample loads, the decrease being most pro-
nounced for the more retained enantiomer. On se-
vere overloading, e.g., 500 nmol of racemic propra-
nolol in Fig. 3, the retention of (S)-propranolol ap-
proaches that of (R)-propranolol.

Reproducibility and stability. Chiral separations
obtained on three different CBH I stationary phases
are presented in Table IV. Good reproducibility of
enantioselectivity, retention and peak symmetry
were observed for columns containing CBH I-silica
prepared from the same batch of enzyme (columns
CBH I-A and CBH I-B) and also from a different
batch (column CBH I-E). The retention of the sol-
utes listed in Table IV was low when an acidic mo-
bile phase was used. Small differences in the capac-
ity factors therefore resulted in relatively large dif-
ferences in the enantioselectivity.

A CBH I column was used daily for 3.5 months
at a flow-rate of 1 ml/min and at different pHs (2-8)
and with different concentrations of 2-propranol
(0.5-6%) in the mobile phase. A 23% change in the
capacity factors of warfarin and propranolol was
observed during this period, as measured with a ref-
erence mobile phase (Table V). The enantioselectiv-
ity was almost uninfluenced, but the resolution of
propranolol and omeprazole decreased by 4 and
11%, respectively, owing to increased peak tailing.
Similar findings were reported recently for an ;-
AGP column [27]. A possible explanation for the
retention changes and the decreased peak symmetry
might be a gradual loss of CBH I from the support
and/or denaturation of the protein by metal ions in
the system, as both enantiomers of the solutes were
affected equally.
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Mobile phase: 0.065 M 2-propanol in acetate buffer, pH 4.7 (I = 0.01). Flow-rate: 0.3 ml/min. V', was obtained with (+ )-norephedrine.

Solute CBH I-A CBH I-B CBH I-E*
K, asf, flg K, asf, «a flg K, asf, «a flg

Propranolol 126 19 26 42 120 24 33 5.1° 121 1.8 2.5 5.0
Alprenolol 083 19 55 4.8 087 23 7.2 5.8% 076 22 46 5.8°
(RR/SS)-Labetalol 047 1.5 1.9 094 040 2.1 2.5 0.98 046 19 1.7 094
Oxprenolol 0.17 0.9 1.9 078 016 1.8 2.7 090 0.19 nd. 17 087
No. 17, Table I 082 14 20 098 076 1.8 2.5 3.6 091 20 1.9 3.2¢
No. 21, Table I 048 1.3 28  0.99 048 1.9 3.0 3.3 045 1.8 2.5 2.9

? Flow-rate 0.5 ml/min.
® Calculated as R,

The solid phase used to prepare the CBH I-D
column contained about 55 mg of CBH I per gram
of silica, whereas the other phases contained about
75 mg/g. The retention and stereoselectivity of the
CBH I-D column deviated from those of the other
columns, ¢f., propranolol in Tables IV and V. The
retention of propranolol was higher and the ste-
reoselectivity and resolution were lower on the
CBH I-D phase than on the other phases. In addi-

TABLE V
STABILITY OF CBH I-SILICA

tion, the enantiomers of warfarin were separable
only on the CBH I-D column. CBH I from different
batches was, however, used to prepare the solid
phases. Variation of CBH I between different
batches cannot be excluded as the composition of
the culture medium influences the degree of glycosy-
lation of the enzyme. This might account for the
differences in the enantioselective retention of pro-
pranolol and warfarin.

Solid phase: CBH [-D. Mobile phase: phosphate buffer, pH 4.8 (I = 0.01). Flow-rate: 1 ml/min.

Solute Parameter Volume of mobile phase (I)
Day 12: Day 33: Day 67: Day 88: Day 106
5.5 15.5 31.4 414 499
Warfarin k', 6.11 6.05 5.36 4.92 4.65
asf, 4.8 4.2 4.5 4.7 5.0
o 1.26 1.28 1.30 1.28 1.33
flg 0.94 0.93 0.94 091 0.94
Propranolol k) 4.81 4.88 5.54 5.69 5.85
asf 3.0 4.2 4.2 49 5.4
o 1.42 1.43 1.42 1.42 1.34
flg 1.0 1.0 0.97 0.97 0.96
R, 2.1 2.2
Omeprazole K 3.47 3.78 3.77 3.64 3.57
o 1.09 1.10 1.09 1.09 1.09
flg 0.36 0.38 0.34 0.32 0.32
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TABLE VI
INFLUENCE OF pH

Solid phase: CBH I-D. Mobile phase: phosphate buffer (/ = 0.01).

1. MARLE et al.

Solute pK,* Parameter pH
2.2 3.5 4.7 5.6 6.8 8.1
Acids
Warfarin 5.0 k 5.58 6.92 6.11 2.45 0.89 0.18
o 1.27 1.31 1.26 1.14 1.0 1.0
flg 0.92 0.94 0.94 0.16
Naproxen 42 k, 7.73 8.11 4.24 1.24 0.55 0.14
o 1.01 1.00 1.00 1.00 1.0 1.0
N-CBZ-phenylalanine 3.7 kY 2.61 3.16 1.35 0.50 0.29 0.09
o 1.00 1.00 1.02 1.0 1.0 1.0
Ampholytes
Tryptophan 2.38, 9.39° k', 0.06 0.15 0.14 0.18 0.24 0.34
o 1.1 1.0 1.0 1.0 1.0 1.0
Omeprazole 40,87 k', 0.33 1.47 3.78 4.03 4.01 3.29
o 1.0 1.0 1.10 1.10 1.06 1.0
fleg 0.38 0.38 0.16
Amines
Prilocaine 79 ik 0.06 0.28 0.87 1.98 3.72
o 1.0 1.0 1.0 1.22 1.19
flg 0.95 087
Propranolol 9.5 A 0.69 1.37 481 18.8 106 339
o 1.0 1.05 1.42 2.34 431 3.83
flg 0.38 1.0 1.0 1.0 1.0
R, 2.1 35 5.2 3.2
Uncharged solutes
Ethyl mandelate k, 0.27 0.30 0.25 0.31 0.37 0.47
o 1.0 1.0 1.0 1.0 1.0 1.0
1-Phenylethanol ik 0.23 0.26 0.21 0.26 0.34 0.42
o 1.0 1.0 1.0 1.0 1.0 1.0
Chlorthalidone 9.4 k', 1.17 1.29 1.28 1.53 1.60
o 1.0 1.0 1.0 1.0 1.0
Charged solutes
a-Phenylethylsulphamic acid —0.33° k', 0.57 0.33 0.03
o 1.0 1.0 1.0
Trimethylnaphthylethylammonium kY 043 0.80 1.99 8.97 33.5
o 1.0 1.0 1.04 1.00 1.02

% From ref. 28 unless indicated otherwise.
® pK, of N-acetylalanine [29].

¢ Ref. 30.

4 Ref. 31.

¢ pK, of 1-aminoethylsulphonic acid [29].



SEPARATION OF ENANTIOMERS USING CBH 1

Further improvement of the CBH I phase re-
quires thorough control of the fermentation condi-
tions and the work-up procedure for CBH 1, opti-
mization of the method used to immobilize the pro-
tein on the support, the kind of support used and
the amount of protein bonded to the support. The
influence of the CBH I loading on the chromato-
graphic parameters is under closer investigation.

logk” 2(a) Acids

RSSO
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logk' 1.0 1 (b) Ampholytes

0.5 1

0.0 T
2/
-0.5

T 1 T
4 6 8 pH

-1.5 -
logk' 3_ )

Amines

-2

243

Influence of mobile phase composition on chiral sep-
aration

PH. The influence of mobile phase pH on the
enantioselective retention of analytes (amines, car-
boxylic acids, charged and uncharged solutes) from
a CBH I column was investigated (Table VI and
Fig. 4). To obtain a variation of the net charge of
the protein the study covered a wide pH range, from

logk™ 1.07
* (d) Uncharged solutes
0.5
0.0 T Y T T
2 4 6 8 pH
0.5 M
-1.0-
log k" 27 {e) Charged solutes
1
0 T : T T
4 6 8 pH
-1
_2—

Fig. 4. (a) Influence of pH on retention and enantioselectivity of acids. Solid phase: CBH I-C. Mobile phase: Phosphate buffer (/ =
0.01). O = (R)- and (S)-naproxen; ® = L- and D-N-CBZ-phenylalanine; A = (R)-warfarin; A = (S)-warfarin. (b) Influence of pH on
retention and enantioselectivity of ampholytes. Conditions as in (a). @ = p-Tryptophan; {1 = L-tryptophan; A = omeprazole 2; A =
omeprazole 1. (¢) Influence of pH on retention and enantioselectivity of amines. Conditions as in (a). A = (S)-Propranolol; A =
(R)-propranolol; @ = (R)-prilocaine; [ = (S)-prilocaine. (d) Influende of PH on retention and enantioselectivity of uncharged solutes.
Conditions as in (a). ® = (R,S)-Chlorothalidone; [T = (R}- and (S)-ethyl mandelate; A = (R)- and (S)-1-phenylethanol. (e) Influence
of pH on retention and enantioselectivity of charged solutes. Conditions as in (a). O = (+)- and (- )-a-phenylethylsulphamic acid; A

= (+)- and (—)-trimethylnaphthylethylammonium.
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2 to 8. The retention of the acids decreased with
increasing pH of the mobile phase. The pH depend-
ence of the retention of the amines and the qua-
ternary amine was opposite to that observed for
acids. The retention of the uncharged solutes was
almost unaffected by the pH.

The influence of pH on the conformation of CBH
I was studied by circular dichroism (CD). The CD
spectra showed a significant dependence on pH, in-
dicating conformational changes of the protein
(Fig. 5). Different ratios of the CD bands at 210-
215 and 230 nm were obtained at pH 2.2, 3.6 and
8.1. After adjustment to pH 3.6 of the samples hav-
ing initial pH values of 2.2 and 8.1, the CD spectra
obtained were identical with that obtained at pH
3.6. The conformational changes occuring in CBH 1
over this pH range are obviously reversible. It is,
open to discussion, however, whether these confor-
mational changes also occur when the CBH Tis im-
mobilized on the silica support.

Within the pH range 3.9-8.0, the net charge of
the protein is negative, whereas the amines used as
analytes are predominantly protonated. The in-
crease in retention observed for the amines and the
quaternary amine on increasing the pH of the mo-
bile phase above the isoelectric point of the protein

AE

10.0F
0.0

~50.0

-100.0

-150.0

Fig. 5. Circular dicroism spectra of CBH I at (solid line) pH 2.2,
(long dashed line) pH 3.6 and (short dashed line) pH 8.1, show-
ing the conformational dependence of pH.

1. MARLE et dl.

might therefore be partly due to increased attractive
electrostatic interactions between the analyte and
the protein. As the mobile phase pH approached
the pK, values of the amines (Table VI), their hy-
drophobicities increases and this might also con-
tribute to increased retention. As was found experi-
mentally, one should have expected less retention of
the amines at low pH as compared with that at high
pH. At low pH the amines are completely protonat-
ed and CBH T also exhibits a positive net charge,
i.e., conditions more or less opposite to those ob-
taining at higher pH. The enantioselectivity of pro-
pranolol and prilocaine increasd with pH up to 6.8,
but decreased slightly at pH 8.1 despite the in-
creased retention. This behaviour might be ascribed
to the kind of conformational changes of CBH 1
observed in the CD studies of the protein.

The retention of acids at very low pH is probably
due to hydrophobic interactions, but other kinds of
interactions, such as hydrogen bonding and various
kinds of polar interactions, can, of course, contrib-
ute to the net retention. It is not unlikely that the
small decrease in retention observed on decreasing
the pH from 3.6 to 2.2 is due to conformational
changes in the CBH 1. The CD studies of CBH I
(Fig. 5) confirmed that conformational changes ac-
tually occur at low pH values. At high pH the car-
boxylic groups of the acids exist as carboxylate ions
and as the net charge of the CBH I at this pH is also
negative a decrease in the retention could be expect-
ed. The retention of uncharged solutes, e.g., carbox-
ylic acids, at very low pH, omeprazole in the pH
range 5-7.7 or permanently uncharged compounds,
was almost independent of mobile phase pH. The
highest enantioselectivity of warfarin and omepra-
zole was obtained at a pH where these solutes are
uncharged. In the enantiomeric binding of these
solutes to the protein, the presence of a charge on
the molecules decreases the enantioselectivity, in
contrast to the situation with the chiral separation
of amines.

The solute retention on the CBH I silica phase is
generally low. By the addition of organic counter
ions to the mobile phase it may be possible to in-
crease the retention of ionized acids and amines.

Organic modifier. The influence of the organic
solvents 2-propanol, acetonitrile, tetrahydrofuran
and methanol on the enantioselective retention and
chromatographic performance was studied using
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TABLE VII

INFLUENCE OF ORGANIC MODIFIER ON THE SEPA-
RATION OF (R,S)-PROPRANOLOL

Solid phase: CBH I-C. Mobile phase: 0.78 M organic modifier in
acetate buffer, pH 5.5 (/ = 0.01). Flow-rate: | ml/min. Solute
concentration: 5- 1075 M.

Organic modifier &' k) asfy  asf, « R

- 1.27 386 3.0 3.1 3.0 3.6

2-Propanol 062 246 23 24 39 490
Acetonitrile 062 246 23 2.6 3.5 39
Tetrahydrofuran 0.28 094 26 2.7 34 2.7
Methanol 095 321 26 2.6 34 3.7

propranolol as a model compound (Table VII). As
might be expected from other studies [32], the reten-
tion of (R)- and (S)-propranolol decreases on addi-
tion of an organic solvent to the mobile phase. The
enantioselectivity increased irrespective of the sol-
vent used (Table VII) and only minor differences in
enantioselectivity could be observed between hy-
drogen-donating and hydrogen-accepting organic
solvents. A slight improvement in the chromato-
graphic performance (asf) of (R)- and (S)-propra-
nolol was observed in the presence of organic sol-
vents (Table VII). Assuming the presence of mul-
tiple sites, the solvents probably decrease the over-
loading of the stationary phase by competing with
the analytes for high affinity binding sites [25].

TABLE IX
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TABLE VIII

INFLUENCE OF CONCENTRATION OF 2-PROPANOL
ON THE SEPARATION OF ENANTIOMERS WITH SOLID
PHASE CBH I-B

Mobile phase: 2-propanol in phosphate buffer, pH 6.8 =
0.01). Flow-rate: 0.9 ml/min.

Concentration of 2-propanol (M)

Solute Parameter
0.065 0.26 0.78 1.6
Metroprolol £/, 2.62 2.50 2.59 2.09
asf, 29 2.7 34 2.5
o 2.5 2.7 3.3 44
R 44 4.1 49 5.6
Propranolol &/, 33.6% 30.7 20.6
asf, 3.6 3.7 2.9
o 4.6 6.1 6.9
R, 4.2 54 5.9
Prilocaine k', 045 0.35 0.29 0.16
asf, 1.7 1.7 1.3 1.5
o 1.8 2.0 2.0 2.1
flg 0.96 0.97 0.93 0.70

“ Solid phase: CBH I-A, flow-rate, 0.3 ml/min.

In a preliminary attempt to optimize the chiral
resolution of solutes on the CBH I silica phase, 2-
propanol was added to the mobile phase at different
concentrations (Tables VIII and IX). The enantio-
selectivity, the peak symmetry and the efficiency of
the amines (Table VII) were improved on increas-
ing the concentration of the alcohol. The chroma-

INFLUENCE OF THE CONCENTRATION OF 2-PROPANOL ON THE SEPARATION OF ENANTIOMERS WITH SOLID

PHASE CBH I-D

Mobile phase: 2-propanol in phosphate buffer, pH 4.8 (/ = 0.01). Flow-rate: 1 ml/min.

Solute Concentration of 2-propanol (M)
0 0.13 0.26 0.39 0.52 0.78
Warfarin K, 5.36 3.60 295 2.56 225 1.80
asf, 4.5 24 2.6 23 2.0 n.d.
o 1.30 1.33 1.32 1.31 1.31 1.28
flg 0.94 0.97 0.97 0.97 0.95 0.90
Omeprazole A 377 235 1.87 1.62 1.40 1.10
3 1.09 1.12 1.14 1.14 1.14 1.13
flg 0.34 0.56 0.60 0.58 0.52 0.37
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(R)

) o001 a

L { | —

(o} 5 10 15min

Fig. 6. Separation of (R,S)-metoprolol. Solid phase: CBH 1-B.
Mobile phase: 1.56 M 2-propanol in phosphate buffer, pH 6.8
(I = 0.01). Flow-rate: I ml/min. Solute concentration: 1.5 - 107*
M.

tographic performance of warfarin and omeprazole
(Table IX) was improved by the addition of the or-
ganic modifier whereas the enantioselectivity was
almost unaffected. This is illustrated by the separa-
tion of (R,S)-metoprolol, (R,S)-prilocaine and

(s)
(R)

0.002 A

—

L Il J

0 5 10min

Fig. 7. Separation of (R,S)-prilocaine. Solid phase: CBH 1-B.
Mobile phase: 0.26 M 2-propanol in phosphate buffer, pH 6.8 (/
= 0.01). Flow-rate: 1 ml/min. Solute concentration: 4.9 - 1073
M.

I. MARLE ef al.

(s)

(R)

0.002 A
I R W
0 20min

Fig. 8. Separation of (R,S)-warfarin. Solid phase: CBH 1-C. Mo-
bile phase: 0.26 M 2-propanol in phosphate buffer, pH 4.8 (/ =
0.01). Flow-rate: 1 ml/min. Solute concentration: 4.6 - 1075 M.

(R,S)-warfarin in Figs. 6-8. On the a;-acid glyco-
protein column [33,34] the enantioselectivity of sol-
utes generally decreased with increasing concentra-
tion of organic solvents in the mobile phase.
Buffer ions and ionic strength. Phosphate buffer
(I = 0.01) compared with acetate buffer at pH 4.7
gave a slightly higher stereoselectivity, peak symm-
etry and resolution (Table X). At pH 4.8, increasing
the ionic strength of the phosphate buffer from 0.01

TABLE X

INFLUENCE OF BUFFER IONS ON THE SEPARATION
OF ENANTIOMERS

Solid phase: CBH I-D. Mobile phase: buffer, pH 4.7 (/ = 0.01).
Flow-rate: 1 ml/min. Enantiomer concentration: 2.0 - 107° M.

Solute Parameter Buffer
Acetate Phosphate

Warfarin k', 5.94 6.11

asf, 4.2 48

o 1.26 1.26

flg 0.90 0.94
Propranolol ky 4.65 4.81

asf, 3.4 3.0

o 1.37 1.42

flg 0.98 1.0
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TABLE XI

INFLUENCE OF IONIC STRENGTH ON THE SEPARA-
TION OF ENANTIOMERS

Solid phase: CBH I-D. Mobile phase: phosphate buffer, pH 4.8.
Flow-rate: 1 ml/min. Enantiomer concentration: 2.0 - 10~5 M.

Solute Parameter [onic strength
0.01 0.1
Warfarin K, 4.92 5.21
asf, 4.7 45
o 1.28 1.26
flg 0.91 0.9
Propranolol k, 5.69 4.61
asf, 49 34
o 1.42 1.59
flg 0.97 0.97

to 0.1 influenced the retention of the acid and base
in different directions but dit not influence the reso-
lution (Table XI). The peak symmetry and the
enantioselectivity of the base improved when the
ionic strength was increased.

CONCLUSIONS

The enantiomers of f-adrenergic blocking agents
were separable with high enantioselectivity on the
CBH I-silica phase, e.g., « = 9.9 for alprenolol. The
observed enantioselectivity factors of f-blocking
agents on this phase were higher than those on oth-
er similar phases such as o;-AGP [34] and albumin
[35]. The enantiomers of the local anaesthetic prilo-
caine, the gastric acid inhibitor omeprazole and the
anticoagulant warfarin were also separated on this
chiral phase.

A CBH I column was used daily for 3.5 months
at a flow-rate of 1 ml/min, at different pHs (2-8)
and with different concentrations of 2-propanol
(0.5-6%) without changes in the enantioselectivity.
However, a change in the capacity factors was ob-
served during this period. Further, the column still
showed tailing peaks after 3.5 months. Owing to the
high enantioselectivity of p-adrenergic blocking
agents, the loading capacity for these substances on
the CBH I-phase seems to be high. A 60-ug (200-
nmol) amount of racemic propranolol was almost
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completely resolved into the R and S enantiomers
on an analytical column (250 x 5.0 mm L.D.).
The retention and the enantioselectivity of
charged analytes were mainly regulated by the pH
of the mobile phase. Interestingly, the enantioselec-
tivity of the analytes increased with addition of or-
ganic solvents to the mobile phase, aithough the
capacity factors decreased. Increasing the ionic
strength from 0.01 to 0.1 improved the enantiose-
lectivity and the peak symmetry and decreased the
retention of an amine, whereas the effect on the
enantioselective retention of an acid was small.
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ABSTRACT

A new type of spectrometer, built in-house, served as a circular dichroism detector for liquid chromatography. It acquired differential
absorbances 44 = f(2) at all wavelengths, A, between 208 and 268 nm simultaneously within a time interval of 9 s. Non-stop acquisition
of circular dichroism spectra during liquid chromatography is described for the first time. The novel set-up gives automatic access to
dichrograms without preparative enrichment of enantiomers, if some analytical separation on an optically active sorbent can be
achieved. Like photodiode-array detection, the new technique collects ultraviolet spectra 4 = f(4), but furnishes positive/negative
information 44 = f(2) in addition. It was applied to (+)-2,2"-spirobi[2H-chromene] as a test sample and microcrystalline triben-
zoylcellulose as a sorbent. Future applications of non-stop liquid chromatographic circular dichroic-ultraviolet data are discussed.

INTRODUCTION

Circular dichroism (CD) detection during liquid
chromatography (LC) at a fixed wavelength has
been performed successfully in the past by severatl

* For Part II see ref. 23.

** Dedicated to Professor Heinz A. Staab on the occasion of
his 65th birthday.

0021-9673/91/303.50 ©

groups [1-6], its advantages [7] compared with pola-
rimetry being the increased selectivity and the possi-
bility of determining absolute molecular chirality.
Recording of CD spectra during stoppages [1,8~10]
of chromatographic flow represented a considerable
progresss, since this procedure gives access to di-
chrograms without preparative enrichment of
enantiomers. On the other hand, CD spectra pro-
vide the most important information for the charac-

1991 Elsevier Science Publishers B.V. All rights reserved
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terization and the structural investigation of chiral
molecules.

However, stoppages of eluent flow, besides re-
quiring the attention and activity of the experimen-
ter, generate errors in the apparent retentions of the
substrates because the LC pump has to be stopped
and restarted. Therefore, an automatic procedure
avoiding any stoppage would be very useful for the
analysis of LC peaks and for the acquisition of un-
known CD spectra. Such a procedure is well known
for UV detection: the use of photodiode-array tech-
nology [11]. To our knowledge, no technique for
non-stop recording of CD spectra during LC has
yet been described.

This technique was made possible by a novel
spectrometer [12—14] which allows the simultaneous
measurement of CD and UV absorptions at all
wavelengths within a limited spectral range. In this
apparatus, a polychromator and a charge-coupled
device serving as a multichannel sensor are ar-
ranged behind the flow cell, in contrast to commer-
cial circular dichrographs in which a monochroma-
tor is located in front of the cell and a photomul-
tiplier behind it.

polarizer
modulator

flow|cell

personal
4 computer

1 column

-----

L

G. BRANDL et al.
EXPERIMENTAL

Microcrystalline tribenzoylcellulose {15,16] (par-
ticle sizes 10-15 um) from Riedel-de Haén (Seelze,
Germany) was packed into a Knauer steel column
(250 x 8 mm 1.D.) using methanol as an cluent at
ca. 170 bar and a flow-rate of 6 ml/min according to
ref. 15. For LC work, the IRICA X - 871 pump
(Trica Instruments, Kyoto, Japan) produced a pres-
sure of 17 bar at a flow-rate of 0.7 ml/min. Rheo-
dyne 7125 served as an injector and ERC 7210 (ER-
MA Optical Works, Tokyo, Japan) as a photomet-
ric detector at 254 nm. The latter allowed the qual-
ity of the separation to be checked and the capacity
factors, k', to be determined. The k' values are giv-
en relative to 1,3,5-trihydroxybenzene [16] (k' = 0).

Following the photometer, a novel spectrometer
[12-14] built in-house was connected as a CD and
UV detector. A polychromator (holographic con-
cave grating) and a charge-coupled device (L172D;
VEB Werk fiir Fernsehelektronik, Berlin, Germa-
ny) were located behind the flow cell of this spec-
trometer. A schematic set-up is presented in Fig. 1.
The home-made cell had a cylindrical form of 1.5

holographic
grating

charge-
p coupled
device

controller | microprocessor

analog-digital

converter

Fig. 1. Schematic set-up for non-stop aquisition of LC-CD-UYV data.
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mm diameter and 5.8 mm length (light path), result-
ing in a volume of 10 pl. It was located closely be-
hind the entrance slit of the polychromator. The
flow within the cell was in the direction of the light
beam. A more detailed description of the whole
spectrometer and its operation is given elsewhere
[14]. The acquisition time for one spectrum was 9 s,
the spectral bandwith being approximately 3 nm.
The acquisition time was a consequence of using the
available charge-coupled device (see above) and
computer (see below). We assume that replacing
these items with more efficient ones will reduce the
acquisition time to I s or less without significant loss
of sensitivity. These modifications should allow ap-
plication of the detector to more rapid separations.
Systematic errors were avoided because there was
no time shift between the measurement of CD and
UV absorptions and the measurements at different
wavelengths within a limited spectral range. The
calibration of differential absorbance, 44, was per-
formed using the Cotton effect [14] at 220 nm of a
solution of D-pantolactone in water (0.165 g/l) in a
static cell with a 1.0-mm light path. CAMAC hard-
ware and a Robotron A 7100 personal computer
served for instrumental control and data process-
ing, respectively, using specialized programs.

(£)-2,2'-Spirobi[2H-chromene] (1) was prepared
according to ref. 17. Its chromatograms, 4 = f(z)
and 44 = () (for example, see Fig. 3), correspond
to our earlier results [18]. The UV spectrum 4 =
f(4) (for example, see Fig. 4) is in agreement with
the literature [19]. The circular dichrogram 44 =
f(4) (e.g. Fig. 4) corresponds to our spectrum A¢ =
f(4), obtained [20] for (+)— 1[18] (enantiomeric pu-
rity P = 94%) at 20°C in methanol and calculated
for P = 100%: + 69 (212), —44 (225), + 52 (258),
+111mol™! cm™! (300 nm).

The amount of 0.05 mg of (£) —1 in 0.05 ml of
methanol was chosen to give an absorbance of less
than A = 0.8 for the peak maximum at k' = 3.4 in
the measured spectral range. This limit was a conse-
quence of the dataprocessing program mentioned
above.

Although some information about signal-to-
noise ratios achieved with this detector in its present
state is available [14], final experiments concerning
the noise level and the limit of detection of the new
dichrograph have not yet been performed. There-
fore, the experiment reported in Figs. 2-5 does not
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indicate a limitation of the utility. A preliminary
measurement indicates that values of 44 ~ 10~
can still be detected above noise.

The experimental data were externally processed
and plotted by means of an Acer 910 personal com-
puter and specialized programs [21].

RESULTS

Stopped-flow measurements were performed
with several racemates, including (£)-2,2'-bis(me-
thoxycarbonyl)-1,1"-binaphthyl, using the set-up
described above. Of these, ()-spirobi[2H-chro-
mene] (1) (for formula, see Fig. 2) was the most
successful because of its high 4¢ values [20] (see Ex-
perimental section) and the excellent separation [18]
of its enantiomers on microcrystalline tribenzoyl-
cellulose [15,16] as an optically active sorbent.
Therefore, (£)-1 was chosen for non-stop acquisi-
tion of spectra during LC. This spirochromene and
its enantiomers [18] are of interest in connection
with thermal racemization [18] and photochromism
[17].

On the other hand, under these conditions the
peaks of (+)- and (—)-1 are relatively broad be-
cause of partial racemization [18] during chromato-
graphy and because of the particular kinetic proper-
ties of the sorbent. Further investigations must in-
clude examples with sharper peaks.

The LC-CD data for (£)-1 (Fig. 2) were ob-
tained by recording dichrograms 44 = f(4) at cer-
tain retention times ¢ (¢ = 0 upon injection). During
the acquisition time of 9 s, the differential absor-
bance 44 was recorded at all wavelengths between
208 and 268 nm simultaneously. The dichrograph
used measured 44 values within a A-window of 76
nm, but the region of low wavelength was lost in the
present case because of the UV absorption of meth-
anol serving as an eluent. A visual overview and
quantitative evaluation of three-dimensional plots
such as in Fig. 2 is not easy. Therefore, we have
prepared cross-sections of these data, two of which
are presented as a CD-detected chromatogram 44
= f(#) of (+)-1 (Fig. 3, solid line) and as a circular
dichrogram 44 = f(4) of (+)-1 (Fig. 4, solid line).

The solid line in Fig. 4 corresponds to (+)-1, i.e.
the enantiomer with positive polarimetric rotation
angles [18,20] between 365 and 578 nm. This assign-
ment follows from the CD spectrum de = (1) given
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sA10° =\ o=
oo

(M) and (P)

Fig. 2. Non-stop acquisition of circular dichroism (CD) spectra during LC of 0.05 mg of (£)-1 in methano! on microcrystalline
tribenzoylcellulose. Flow-rate 0.7 ml/min, linear velocity 0.35 mm/s, retention time ¢ (+ = 0 upon injection), wavelength 4, differential
absorbance 44. The peaks of the enantiomers at + = 52 and 80 min correspond to the capacity factors k& = 3.4 and 5.7, respectively.
The absorptions at A = 208 nm are due to a Cotton effect around 4 = 200 nm. The CD spectra shown for certain times (differing by 1.5
or by 3.0 min) were acquired during time intervals of 9 s each. ----- = Cross-sections used for Figs. 3 and 4.

1 | 1 |

48 60 72 84  t[min]
Fig. 3. LC of (+)-1 on microcrystalline tribenzoylcellulose. The peaks of the enantiomers correspond to the capacity factors k' = 3.4
and 5.7. See Fig. 2 for further experimental details. ————— = Circular dichroism detection 44 = f(f), obtained as a cross-section at 2
= 228 nm of the data 44 = f(4,f) in Fig. 2. ----- = UV detection 4= f(¢), obtained as a cross-section at A = 228 nm of the data 4 =

f(4,1) in Fig. 5.
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Fig 4. Circular dichroism (CD) and UV spectra of (+)-1, recorded during LC of (+)-1 on microcrystalline tribenzoylcellulose. See text

for notation of the enantiomer (+)-1; see Fig. 2 for further experimental details.

= CD spectrum 44 = f(A), obtained as a

cross-section at t = 52 min of the data A4 = f(1,f) in Fig. 2. ----- = UV spectrum A4 = f(4), obtained as a cross-section at = 52 min of

the data 4 = f(4,1) in Fig. 5.

for preparatively enriched (+)-1 in the Experimen-
tal section. It should be noted that the absolute chi-
ralities [22] (M) and (P) of the enantiomers of 1 are
not known (see formula in Fig. 4).

The computer dedicated to the circular dichro-
graph is also capable [14] of calculating and storing
the absorbance A and the ratios 44/4 immediately

after the measurement of 44. The LC-UV data for
(*)-1 (Fig. 5) were obtained in this way. They cor-
respond to the results which would be obtained by a
photodiode-array detector [11]. Two cross-sections
of these data are presented as a UV-detected chro-
matogram 4 = {(¢) (Fig. 3, dotted line) and as a UV
spectrum 4 = f(1) (Fig. 4, dotted line).

o ob

(M} and (P)

Fig. 5. Non-stop acquisition of UV spectra during LC of (+)-1 on microcrystalline tribenzoylcellulose. The UV spectra shown for
certain times (differing by 1.5 or by 3.0 min) were acquired during time intervals of 9 s each. See Fig. 2 for further experimental details.

..... = Cross-sections used for Figs. 3 and 4.



254

Similar measurements were successfully perform-
ed for (%)-2,2'-bis(methoxycarbonyl)-1,1’-binaph-
thyl.

DISCUSSION

Non-stop acquisition of LC-CD-UV data has
been described above for the first time. It gives au-
tomatic access to dichrograms without preparative
enrichment of the components of a mixture, provid-
ed an LC sorbent accomplishes some analytical sep-
aration.

As far as (£)-1 is concerned, all the information
in Figs. 2-5 was known in advance (see Experimen-
tal section), which was the reason for choosing it as
a test sample. The sensitivity of the dichrograph re-
mains to be demonstrated for compounds which are
less ideal than (£)-1 and for mixtures of com-
pounds.

There are many examples for which the new tech-
nique will yield data and conclusions not easily ob-
tainable by other methods. In chemistry, it will be
useful for the stereodynamic investigation of
enantiomers which cannot be.separated because in-
tramolecular processes [1] interconvert them. We
have also encountered racemates whose compo-
nents would have to be enriched on an analytical
column by many time-consuming injections be-
cause the corresponding preparative column is too
expensive. In these cases, the unknown dichrograms
can now be measured without preparative enrich-
ment of the enantiomers.

On the other hand, the above technique can also
serve for the CD and UV analysis of LC peaks as a
means of checking their identity and purity. This is
a frequent task [11] in pharmacy, biology and med-
icine, where chiral drugs and their metabolites and
chiral biomolecules or mixtures containing them
have to be investigated.
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ABSTRACT

Stereoisomers of methyl ricinoleate, methyl isoricinoleate, and related methyl esters of bis-homoallylic hydroxy fatty acids were
reacted with (R)- and (S)-a-naphthylethyl isocyanate to form diastereomeric carbamates that separated well on silica gel high-perform-
ance liquid chromatography. Proton nuclear magnetic resonance shifts of the carbomethoxymethyl protons were used to assign
configuration to the alcohol component of the carbamate derivative. Combining high-performance liquid chromatography with proton
nuclear magnetic resonance spectroscopy may allow one to determine the configuration of naturally occurring hydroxy fatty acids as

well as to determine configurational purity.

INTRODUCTION

Separations of sclected chiral hydroxy fatty acids
and esters by gas-liquid chromatography (GC) and
high-performance liquid chromatography (HPLC)
has been summarized recently [1]. In particular,
a-hydroxy acids, and less frequently p-hydroxy
acids, have been resolved using chiral stationary
phases or by derivatization with a common chiral
derivatizing agent (CDA) to afford separable dia-
stereomers. In addition, chiral allylic [2,3] and pro-
pargylic alcohols [4] can be distinguished by con-
version to esters of (R)- or (S)-a-methoxytrifluoro-
methylphenylacetic acid and observing the shifts of
the methoxyl protons.

Ricinoleic acid, (R)-12-hydroxy-(Z)-9-octadece-
noic acid, and isoricinoleic acid, (S)-9-hydroxy-
(Z)-12-octadecenoic acid, are industrially impor-
tant natural products [5] whose syntheses and ste-
reochemistry have been reviewed [6]. We are un-
aware of a simple method by which to distinguish or
separate enantiomers of such homoallylic and bis-
homoallylic structures. We report here that dia-
stereomeric carbamates of the methyl esters of these
alcohols formed from (R)- or (S)-a-naphthylethyl-
isocyanate (NEI) as the CDA are cleanly separated

by HPLC with a silica gel column. Moreover, the
'H NMR shifts of CH;0,C—can be employed to
characterize the alcohol’s configuration.

EXPERIMENTAL™

GC was performed with a Supelcowax column
(30 m x 0.25 mm L.D.) using a Chrompack-Pack-
ard Model 438 A chromatograph operating with he-
lium carrier gas at 18 cm/s and a 50:1 split ratio (the
subject diastereomers were not resolved with this
column). HPLC was performed using a Spectra-
Physics SP8800 pump, SP8480 XR scanning UV de-
tector and SP4290 integrating recorder with a silica
gel column (15 cm x 0.25 in.) from Supelco. In-
frared spectra were recorded with a Perkin-Elmer
1310 spectrophotometer using 3% solutions in car-
bon tetrachloride. Mass spectra were obtained with
a Hewlett-Packard HP-5995 GC-mass spectrome-
try (MS) system using the direct probe. 'H NMR
spectra were obtained with a JEOL JINM-GX 400
Fourier transform (FT) NMR spectrometer with [2]

* Mention of brand or firm names does not constitute an
endorsement by the US Department of Agriculture over
others of a similar nature not mentioned.
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chloroform as the solvent and tetramethylsilane as
internal standard. The solvents employed were
HPLC-grade, and the tetrahydrofuran was dried
initially over KOH and then distilled from lithium
aluminum hydride with storage in a stoppered bot-
tle containing molecular sieve 4A. Thin-layer chro-
matography (TLC) was performed with standard
analytical plates of silica gel from Analtech. Silica
gel (60-200 mesh) for open column chromatogra-
phy was purchased from Baker.

D-Methyl ricinoleate that was >98% pure by
GC, was a generous gift of Dr. Robert Benedict of
this laboratory, and D-methy! isoricinoleate was is-
lated from the seeds of Holarrhena antidysenterica
(NU-46607), a gift of Dr. Robert Kleiman of the
Northern Regional Research Center, Peoria, IL,
USA, using essentially the procedure described pre-
viously [7] to obtain GC-pure material. The other
bis-homoallylic hydroxy fatty acids described here-
in were prepared in conjunction with other re-
search, and their syntheses will be described else-
where. Each hydroxylated fatty acid, natural and
synthetic, was employed as its methyl ester (>98%
GC-pure) and had spectral characteristics (IR, 'H
NMR, !3C NMR, and MS) consistant with its
structure. (R)- and (S)-a-NEI that was 98% pure by
label was purchased from Aldrich.

Synthesis of diastereomeric carbamate derivatives
The general procedure was to place 100 ul each of
the (R)- or (S)-«-NEI and the unsaturated hydroxy

TABLE 1

P. E. SONNET ef al.

fatty acid methyl ester in 1 ml of toluene. This was
heated at 90-95°C under nitrogen for 1 h. The mix-
ture was concentrated on a flash evaporator and
then placed on top of a column of 60-200-mesh sil-
ica gel (1 g) in a disposable pipet. Portions of 10 ml
of hexane—chloroform mixtures were used to chro-
matograph the crude product, and the elution was
monitored by TLC. Unreacted isocyanate eluted
first; the carbamates eluted with 20-30% chloro-
form. For example, in this manner was obtained the
adduct of racemic methyl 9-hydroxy-(Z)-(12)-octa-
decenoate a colorless oil that solidified on standing:
IR 3460, 3010, 1740, 1715cm ™, "H NMR § 7.4-8.2
(m, 7H, naphthyl H), 5.65 (m, 1H, NHCHCHj3;), 5.4
(m, 2H, RCH=CHR’), 5.1 (m, 1H, HCO), 3.65
(R,R) and 3.66 (R,S) (2s, 3H, CH;0,C-), 2.30 (m,
2H, CH,C=0), 2.03 (m, 2H, CH,C=C),1.63(d, J
= 6.2 Hz, ca. 3H, CH;CH), 1.5 (m, ca. 2H,
CH,CH,C=0), 1.2 [CHs envelope (env.)], 0.85
[broad triplet (bt), 3H, CH;CH,] ppm; MS m/e (rel-
ative abundance) 509 [M]* (0.07), 294 (0.65), 215
(0.71), 214 (0.30), 200 (0.68), 182 (0.29), 155 (1.00).
HPLC data are presented in Table I. The other car-
bamate derivatives gave analogous data.

RESULTS AND DISCUSSION

Racemic methyl isoricinoleate (1, Fig. 1), was
synthesized by us in connection with another pro-
ject [8], and was converted to a mixture of diastereo-
meric carbamates by reaction with (S)-a-NEI.

CHROMATOGRAPHIC DATA FOR o-NAPHTHYLETHYLCARBAMATES

Alcohol k' values o 'H NMR shifts (ppm) for -CO,CH,

HPLC-1* - HPLC-2 452~1)
1 5.07, 5.95 1.17 3.654(R*,R*) 3.665(R*,S*)° 0.011
2 6.54, 7.80 1.19 3.639(R*,R*) 3.650(R*,5*)* 0.011
3 3.73,4.85 1.30 3.665(R*,R¥) 3.660(R*,S*)° —0.005
4 5.10, 5.76 1.13 3.656(R*,S*) 3.623(R*,R*)! —0.034
5 4.73, 5.08 1.07 3.637(R*,S¥) 3.625(R*,R¥) -0.012

¢ Silica gel analytical column using hexane-ethyl acetate—tetrahydrofuran (95:5:1). Stereochemical designators are for relative config-
uration. Note that the designator for the alcohol component of 1 and 2 is opposite from that of 3-5. k¥’ = Capacity factor; « =

separaton factor.
® HPLC-1 and -2 refer to elution order.
¢ Stereochemistry known (natural product).

¢ Stereochemistry inferred from relative 'H NMR shifts of ~CO,CH, signals.
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Fig. 1. Structures of alcohols the «-NEI derivatives of which are
discussed. The racemic structures are indicated.

These were cleanly separated by a silica gel HPLC
column (Fig. 2). The elution order of the dia-
stereomers (Table I) was determined using a sample
of isoricinoleic acid of known configuration that we
had obtained by isolation from seeds of Holarrhena
antidysenterica [T]. A synthetic precursor to the
racemic acid, the corresponding acetylenic structure
2, similarly provided chromatographically separat-
ed diastereomers. The elution order for 2 was
judged to be the same as for 1 since the *H NMR
singlets for -CO,CHj of the diastereomers bore the
same relationship for 2 as for 1, namely the methyl
singlet was shifted upfield by 0.01 ppm in the earlier
eluting diastereomer in both cases.

D-Methyl ricinoleate (3) a commercially available
natural product with (R)-configuration was con-

RR
RS

— T T
0 10 20

Fig. 2. Chromatogram of carbamates obtained from rac.-methyl
isoricinoleate (1) and (S)-a-NET using silica gel, 1.0 ml/min, hex-
ane-ethyl acetate-tetrahydrofuran (95:5:1).

RS
S8

]

I T - T ]
0 10 20 30

Fig. 3. Chromatogram of carbamates obtained from D-methyl
ricinoleate, (R)-3 and (R)- and (S)-a-NEI using silica gel, 1.0
ml/min, hexane-ethyl acetate—tetrahydrofuran (95:5:1).

verted to the analogous derivatives using each
enantiomer of a-NEI. Again chromatographic sep-
aration was excellent (Fig. 3) though the shift differ-
ence for the ~CO,CH; was much smaller. For both
ricinoleate and isoricinoleate structures the R*R*
diastereomer (the asterisk denotes relative config-
uration of the two asymmetric centers of the deriv-
ative) elutes first. We also derivatized samples of
methyl 9-hydroxy-(Z)-5-octadecenoate (4) and
methyl 10-hydroxy-(Z)-6-octadecenoate (5). These
compounds (racemic) were available from related
work and are bishomoallylic alcohols like methyl
isoricinoleate. The relevant diastercomers were
again resolved by silica gel HPLC (Table I).

The principal solution conformation of dia-
stereomeric carbamates of type 6 (Fig. 4) is such as
to place the substituents R; and R, of the chiral
alcohol on either side of a central plane defined by
the carbamate structure and its attached asymmet-
ric centers [9]. In 6A R, will on average experience
more of the diamagnetic anisotropy associated with
the large 1-naphthyl group and conversely for 6B in
which R, is placed in that situation. Although the
—OCH3; is remote from the aryl ring (9 bonds from
the asymmetric carbon of methyl isoricinoleate, for
example), shift differences of 0.01-0.04 ppm were
observed for these singlets. Similar shift differences
of remotely situated protons in diastereomeric

R ;O M Np Rent 2 W
1'1: o 21:, ),L wNp
Ry O)L"'”J\(:H3 Rf\o NH«CHS

6A 68

Fig. 4. Principal solution confirmation of simple diastereomeric
carbamates [9]; Np = [-Naphthyl.
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amides have been noted and used to make config-
urational assignments [10]. For compounds 1 and 3,
assignments of configuration of the alcohol compo-
nents by "H NMR was not necessary since the (con-
figurationally pure) natural products were available
and could be derivatized directly for HPLC com-
parison. However, we noted that such an assign-
ment was indeed consistent with that predicted
from the 'H NMR spectra of the derivatives.

The shift differences for 3, 4 and 5 were deter-
mined in CZHCL; solutions of mixtures of the dia-
stereomers biased by appropriate HPLC collections
to allow the signal assignment to be related to elu-
tion pattern. Assignment of stereochemistry based
on 'H NMR of a single diastercomer would be
doubtful because of the small shift differences. Nev-
ertheless, since the major solution conformation of
such compounds would not be expected to deviate
from that of secondary alcohols not bearing a ter-
minal carbomethoxy group (Fig. 4), we were able to
make assignment of stereostructure using NMR
having both diastereomers on hand. For an un-
known hydroxy fatty acid, therefore, one would
prepare the carbamates from each of the
enantiomeric CDAs and determine configuration
by 'H NMR. The configurational purity, however,
could be determined better by HPLC.

No simple relationship seems to exist for the ob-
served elution orders and the structures of the ma-
jor solution conformers. The elution orders are re-
versed from that of, for example, methyl isoricino-
leate adducts when the unsaturation is inserted be-
tween the carbamate and carbomethoxy groups as
in 4 and 5. This probably is a reflection of the mul-
tiplicity of adsorption sites available in these com-

P. E. SONNET et al.

pounds; both the ester and carbamate groups can
become associated with the stationary phase. Nev-
ertheless, judging from these observations, one may
expect to separate and characterize the a-naphthyl-
ethylcarbamates of both homo- and bis-homoallylic
hydroxy fatty acids.

ACKNOWLEDGEMENTS

We thank Dr. R. Benedict of the Eastern Region-
al Research Center and Dr. Robert Kleiman of the
National Center for Agricultural Utilization Re-
search for generous samples of D-methyl isoricino-
leate and seeds of Holarrhena antidysenterica
(Apocynaceae).

REFERENCES

1 R. W. Souter, in Chromatographic Separation of Stereoiso-
mers, CRC Press, Boca Raton, FL, 3rd Printing 1987, Ch. 2
and 3.

2 P. A. Cornelis, O: S. Van, M. Vente and J. F. G. Vliegenhart,
Biochim. Biophys. Acta, 574 (1979) 103.

3 T. Oritani and K. Yamashita, Agric. Biol. Chem., 44 (1980)
2407.

4 K. Mori and H. Akao, Tetrahedron Lett., (1978) 4127.

5 J. W. Hagemann and J. A. Rothfus, J. Am. Oil Chem. Soc.,
68 (1991) 139.

6 C.R. Smith, Jr., in F. D. Gunstone (Editor), Topics in Lipid
Chemistry, Vol. 1, Logo Press, London, 1970, pp. 320-323.

7 R. G. Powell, R. Kleiman, and C. R. Smith, Jr., Lipids, 4
(1969) 450.

8 D. Schwartz et al., in preparation.

9 W. H. Pirkle and J. R. Hauske, J. Org. Chem., 42 (1977)
1839.

10 P.E. Sonnet, J. A. Gazzillo, R. L. Dudley and R. T. Boswell,
Chem. Phys. Lipids, 54 (1990) 205.



Journal of Chromatography, 586 (1991) 259-263
Elsevier Science Publishers B.V., Amsterdam

CHROM. 23 608

Chromatographic separation of mixed peptides from
amino acids in biological digests with volatile buffers

Ian P. Armstead and John R. Ling*

Department of Biochemistry, The University College of Wales, Aberystwyth SY23 3DD, Wales (UK)

(First received April 2nd, 1991; revised manuscript received June 26th, 1991)

ABSTRACT

Two chromatographic methods, capable of separating mixed peptides from contaminating amino acids in biological digests, are
described. Both methods involve separation on copper—Chelex resin, but each uses a different set of elution buffers. When separation
method 1 was applied to a commercially available proteolytic digest of casein, the free amino acid content was reduced from 26.0% to
0.5%. With an enzymic digest of '*C-labelled proteins derived from plant biomass, separation method 2 decreased the contaminating
free amino acids from 20.3% to 1.9%. Since the separated peptides are eluted with volatile buffers, they are suitable as substrates for

biological experiments.

INTRODUCTION

More and more research is being conducted into
the metabolism of peptides across a wide range of
biological systems. Such experimentation, especial-
ly that of a biochemical or nutritional nature, often
requires procedures for the separation of complex
mixtures of peptides either from their precursors, or
from their catabolic products namely, amino acids.
Several such chromatographic procedures exist, but
they all possess disadvantages. Some, such as high-
performance liquid chromatography (HPLC) [1],
require elaborate and expensive laboratory equip-
ment and are typically used to separate a limited
number of peptides, often only one [2]. Similarly,
flash chromatography, though relatively cheap [3],
is mostly used to purify single peptides and indeed
its ability to resolve complex mixtures of similar
compounds has been questioned [4]. Most earlier
separation procedures were based on the chelating
properties of copper-Sephadex or copper—Chelex.
Some of these concentrated on the separation of the
amino acid fraction [5] and while others were capa-
ble of separating mixed peptides, the latter were al-
ways eluted in solutions and conditions, such as so-

0021-9673/91/$03.50 ©

dium tetraborate and at pH 11, that were quite un-
suitable for use in biological experiments [5-7].

The aim of the present work was to prepare puri-
fied fractions of mixed peptides from protein digests
using volatile solvents. The two methods reported
here involve separations on columns of copper-
Chelex resin, but each uses a different set of elution
buffers. These methods were developed to separate
peptidyl fractions from a commercially available
proteolytic digest of casein (separation method 1)
and also from an enzymic digest of *C-labelled
proteins derived from plant biomass (separation
method 2). Since the separated peptides are eluted
with volatile buffers, they are suitable for subse-
quent biological applications, such as those of
Cooper and Ling [8].

EXPERIMENTAL

Sources of peptides and amino acids

Two sources of mixed peptides and amino acids
were used. One was a commercially available pan-
creatic digest of casein (Tryptone; Oxoid, London).
The other was a '*C-labelled mixture prepared by
extracting water-soluble proteins from barley (Hor-

1991 Elsevier Science Publishers B.V. All rights reserved
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deum vulgare cv. Kym or Gerbel) grown in a '*CO,
atmosphere and digesting them with proteolytic en-
zymes based on the method of Cooper and Ling [38].

Preparation of copper—Chelex resin

Chelex 100 resin (50-100 mesh, sodium form;
Bio-Rad, Richmond, CA, USA) was first washed
with 1 M hydrochloric acid and then added to 0.16
M cupric sulphate solution; the mixture was adjust-
ed to pH 2.5 with 5 M sodium hydroxide and stirred
for 16 h. For use with the casein digest (separation
method 1), the resultant copper—Chelex resin was
washed with distilled water until the supernatant
was colourless and then it was adjusted to pH 9.5
with 20 M ammonia solution. For the separation of
the 1*C-labelled mixture (separation method 2), the
copper—Chelex resin was washed with 0.1 M acetic
acid until the eluent was colourless.

Separation of mixed peptides from amino acids

For method 1, a column of copper—Chelex resin
(190 mm x 25 mm I[.D.) was packed and washed
with 100 m] 1 mM ammonia solution. Samples (50
mg of casein digest dissolved in 2.5 ml distilled wa-
ter) were loaded onto the column, which was eluted
sequentially with 100 ml 1 mM and 200 ml 5 M
ammonia solution; the eluate was collected in 10.4-
ml fractions. In method 2, a column of copper—Che-
lex resin (125 mm x 25 mm [.D.) was first washed
with 100 mi 0.1 M acetic acid before samples (10 mg
14C-labelled enzymic digest dissolved in 2 ml 0.1 M
acetic acid) were loaded. The column was then de-
veloped with 240 m1 0.1 M acetic acid, 80 m] distill-
ed water (to prevent the formation of ammonium
acetate) and 480 ml 1 M ammonia solution; eluate
fractions of 8.0 ml were collected. The elution flow-
rate for both methods was approximately 60 ml/h.

Methods of analysis

The absorbances of eluate fractions from method
1 were measured at 280 nm. The radioactivity con-
tents of fractions eluted from method 2 were mea-
sured with a liquid scintillant (Ecoscint; National
Diagnostics, Manville, NJ, USA) and a scintillation
counter (Model SL 30; Intertechnique SA, Plaisir,
France) fitted with an external-standard channel-
ratio facility to correct for quenching. Column ef-
fluent fractions that corresponded to a peak of ei-
ther absorbance or radioactivity were pooled.

I.P. ARMSTEAD, J. R. LING

To remove any residual copper, each of the
pooled groups was evaporated to dryness under re-
duced pressure at 37°C in a rotary evaporator, dis-
solved in 5 ml distilled water, loaded onto a column
(60 mm x 7.5 mm L.D.) of Chelex 100 resin and
eluted with five bed volumes of 0.01 M ammonia
solution; the latter was removed from each pooled
group by rotary evaporation.

Volumes of each pooled group were deprotei-
nised with ice-cold picric acid [9]. Additional vol-
umes derived from method 2 were acid-hydrolysed
by refluxing in 6 M hydrochloric acid for 22 h [10].
The amino acid contents of both deproteinised and
acid-hydrolysed samples were determined by cat-
ion-exchange chromatography and ninhydrin de-
tection using a Locarte (London, UK) Model 5
analyser fitted with a Roseate data management
system (Drew Scientific, London, UK). If aspara-
gine or glutamine were present they would have
been assayed as aspartic and glutamic acids respec-
tively. Tryptophan concentrations were not mea-
sured in any of the samples. The peptide contents of
the casein digest samples were estimated by the
method of Lowry et al. [11]; the assay was calibrat-
ed with a standard solution of Tryptone. Peptidyl
concentrations in the !*C-labelled samples were cal-
culated as the acid-hydrolysed values (total amino
acids) minus those of the deproteinised, unhydro-
lysed supernatants (free amino acids).

RESULTS

The concentrations of free amino acids detected
in the enzymic digest of casein before and after elu-
tion from a copper—Chelex column are shown in
Table I. The proportion of free amino acids in the
digest was calculated to be 26.0% (w/w), composed
of these fifteen amino acids with especially high
concentrations of free leucine and lysine. The rela-
tively low concentration of tyrosine could not be
accurately measured because it co-cluted with large
peptidyl peaks.

The elution profile of the casein digest from a
copper—Chelex column using separation method 1
is shown in Fig. 1. The first peak eluted (fractions
3-9) was found to contain 29.0 mg peptidyl material
with only 0.14 mg free amino acid contamination,
mainly in the form of glutamic acid (Table I). Table
1 also shows that the second peak (fractions 15-26)
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TABLE I

FREE AMINO ACID CONTENTS BEFORE AND AFTER COPPER-CHELEX CHROMATOGRAPHY

Free amino acids of a commercially available enzymic digest of casein (mg per 50 mg sample loaded) and in elution fractions using
separation method 1 and of an enzymic digest of '*C-labelled proteins (mg per 10 mg sample loaded) and in elution fractions using
separation method 2 as described in Experimental. — = Detection limit less than 0.005 mg amino acid. * = not determined because of
co-elution with peptides, see Results.

Amino Method 1 Method 2
acid
Casein Fractions Fractions 14C-labelled  Fractions Fractions
digest 3-9 15-26 mixture 6-21 54-65

Asp - - - 0.35 0.30- -
Thr 0.37 - 0.12 0.13 0.12 =
Ser 0.50 - 0.15 0.20 0.18 -
Glu 0.20 0.07 0.01 0.32 0.28 -
Pro — - - 0.07 0.04 -
Gly 0.07 - 0.05 0.54 0.48 0.01
Ala 0.24 - 0.16 0.27 0.25 -
Cys 0.13 - 0.01 - - -
Val 0.70 - 045 - - -
Met 0.75 0.02 0.33 - - -
Ile 0.62 0.02 0.28 - - -
Leu 2.81 0.03 1.55 0.08 - -
Tyr * - 0.08 * - *
Phe 0.96 - 0.47 * — *
His 0.31 - 0.19 - - -
Lys 3,51 - 1.64 0.06 - 0.06
Arg 1.82 - 0.03 - - -

1.0-
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Fig. 1. Elution profile from a copper—Chelex resin column of an enzymic digest of casein (sample size, 50 mg dissolved in 2.5 ml water)
eluted according to separation method 1.
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Fig. 2. Elution profile from a copper—Chelex resin column of an enzymic digest of 14C-labelled proteins (sample size, 10 mg dissolved in
2 ml 0.1 M acetic acid and containing 1.19 - 10° dpm) eluted according to separation method 2.

contained a large amount (5.52 mg) of free amino
acids together with 9.2 mg mixed peptides.

The free amino acid composition of the '*C-la-
belled mixture is shown in Table [; the eleven amino
acids that were detected accounted for 28.1% (w/w)
of the sample. Values for free tyrosine and phenyl-
alanine are not included because they co-eluted
with a number of peptides which interfered with
their accurate estimation, nevertheless their concen-
trations appeared to be negligible.

The elution pattern of radioactivity of the *#C-
labelled mixture of amino acids and peptides from a
copper—Chelex column using separation method 2
is shown in Fig. 2. Analysis of the first peak (frac-
tions 6-21) showed that it contained 1.65 mg free
amino acids and 0.9 mg peptides, whereas the sec-
ond peak (fractions 54-65) contained 3.6 mg pep-
tides, but only 0.07 mg amino acids.

DISCUSSION

The two separation methods, based on copper—
Chelex chromatography described here, have been
successfully used to prepare fractions of mixed pep-
tides by removing the majority of contaminating

free amino acids from biological samples contain-
ing the two species. Free amino acid contamination
has been reduced from 26.0% to 0.5% in an en-
zymic digest of casein using separation method 1
and from 20.3% to 1.9% in a mixture of *C-la-
belled peptides and amino acids derived from an
enzymic digest of plant proteins using method 2.

The difference in effectiveness of the two separa-
tion methods apparently depends upon the predom-
inant amino acids contaminating the peptides.
‘When a standard solution of amino acids (AA-S-18;
Sigma, Poole, UK) was subjected to separation by
method 1, aspartic and glutamic acids were eluted
in fractions 4-9, whereas the other amino acids ap-
peared in fractions 15-26. Furthermore, when a
sample of casein digest was eluted under the condi-
tions of method 2, separations were most unsatis-
factory; the first peak was found to contain 4.17 mg
free amino acids and 9.8 mg peptides, while the sec-
ond peak contained 3.22 mg free amino acids, com-
posed mostly of free phenylalanine, histidine and
lysine, with 29.8 mg peptide material.

Method 1 therefore seems to be more efficient at
removing the basic amino acids, whereas method 2
is more efficient when acidic amino acids are pres-
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ent. Since the casein digest contained comparative-
ly low concentrations of free glutamic acid and no
free aspartic acid, method 1 is the appropriate
choice for this mixture. On the other hand, the '“C-
labelled mixture contained relatively large concen-
trations of these acidic amino acids and low concen-
trations of the basic amino acids, so separation
method 2 is the more suitable procedure.

Comparisons of the mechanistically similar cop-
per-Sephadex separation method of Rothenbiihler
et al. [7] with the copper—Chelex procedure de-
scribed here as method 2, showed the former to be
far less effective; using the **C-labelled mixture, the
peptide fraction eluted from the copper—Sephadex
column was still contaminated by as much as 20%
free amino acids. And in addition, the problem of
the removal of tetraborate remained. Furthermore,
the volatile eluent, ammonia solution, used in meth-
od 2 could not be used to elute copper—Sephadex
columns as the copper ions would be removed and
precipitated at such a high pH.

Using methods 1 and 2, recoveries of the original
peptidyl material were 78% for the casein digest
and 45% for the '*C-labelled mixture. Incomplete
recoveries of peptides appear to be typical of many
chromatographic procedures; for example, Rothen-
biihler ez al. [7], using their copper-Sephadex meth-
od, stated that “the recovery for most peptides is
higher than 80%” and a similar value has been re-
ported for an HPLC method [12]. The poor recov-
ery of peptides from the '*C-labelled mixture sep-
arated by method 2 was investigated in an addition-
al trial. When fractions 22-53 were collected, com-
bined and re-eluted through the copper—Chelex col-
umn, the distribution of radioactivity altered so
that when the re-eluted fractions 54-65 were com-
bined with the original 54-65 fractions, a recovery
of 76% peptidyl material was obtained. Thus im-
proved yields of **C-labelled purified mixed pep-
tides may be obtained, if required, by this procedur-
al addendum.

A major advantage of these reported methods is
that they require only simple, cheap laboratory
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equipment, as opposed to HPLC procedures. Fur-
thermore, since the peptidyl fractions are cluted
with acetic acid, water or ammonia solutions, which
are casily removed by evaporation under reduced
pressure, they may be used as substrates in subse-
quent biological experiments [8]. These procedures
thus overcome the problems of elution with non-
volatile buffers, such as sodium tetraborate, in pre-
viously reported copper—Chelex [6] and copper—Se-
phadex [5,7] methods. These particular advantages
may also apply to procedures using flash chromato-
graphy, but as yet no comparable methods have
been published using such a system and doubts
have been expressed concerning its potential to re-
solve such complex mixtures [4]. Finally, in addition
to their usefulness in purifying preparative amounts
of peptidyl substrates, the copper—Chelex methods
reported here may be of benefit in pre-processing
crude samples prior to HPLC analysis.
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ABSTRACT

Several chiral stationary phases (CSPs) were examined to separate the enantiomers of A-69992, a chiral HIV anti-infective nucleo-
side. The only CSP found to be effective was Nucleosil Chiral-1, a ligand-exchange CSP, which was used to prepare microgram amounts
of the enantiomers of high optical purity. This appears to be the first separation of the enantiomers of a nucleoside by chiral high-

performance liquid chromatography.

INTRODUCTION

Structure-activity relationship studies have
shown that the enantiomers of A-69992, an HIV
anti-infective nucleoside consisting of a guanine
nucleus attached to a pseudo-sugar (Fig. 1), have
different antiviral activities. In order to carry out
receptor-binding studies, the radiolabelled enantio-
mers of A-69992 of high optical purity were re-
quired. Owing, in part, to the lability of the tritium
label at position 8 of the guanine residue [1,2], chiral

OH OH
N N
SeTIEN S e
A A<y A
HN" N HNT N7 N
OH HO
u|||/ \Illln..
HO HO
1 2

Fig. . The enantiomers of [*H]JA-69992: [*H]A-75179 (1) and
[PH]A-75962 (2).

0021-9673/91/$03.50 ©

synthesis of the pure enantiomers was deemed
impractical and we sought a chromatographic meth-
od of resolving the labeled racemic mixture. A
thorough search of the literature on chiral chroma-
tography failed to reveal any examples of nucleoside
separations. Thus, a screening of the chiral station-
ary phases (CSPs) in hand ensued. This paper
describes the results of that screening and the optical
resolution of [*H]A-69992.

EXPERIMENTAL

Chemicals

Copper(II) acetate monohydrate [Cu(OAc),], tri-
ethylamine [(C,Hs);N], glacial acetic acid (HOAc),
acetonitrile (CH3CN), methylene chloride (CH,Cl,),
methanol (CH;OH), ammonia (NH;) solution,
ammonium acetate (NH,OAc), monobasic potas-
sium phosphate (KH,PO,) and ethanol (C,H;OH)
were purchased commercially and used without
purification. All solvents except the ethanol were of
high-performance liquid chromatographic (HPLC)
grade. [’H]A-69992 and A-75179 and A-75962 refer-
ence materials were synthesized at Abbott Labs.

1991 Elsevier Science Publishers B.V. All rights reserved
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Analytical high-performance liquid chromatography

The chromatographic mobile phase was delivered
by a Perkin-Elmer Model 250 binary pump. Samples
were injected using a Rheodyne Model 7125 syringe-
loading sample injector with a 200-ul loop. Peaks
were detected with an Applied Biosystems Model
783A UV programmable detector set at 254 nm
connected in series with a Flo-One Beta Model CR
radioactivity detector (Radiomatic). Chromato-
grams were obtained by a Mini Micro (Korea)

TABLE I
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computer and a Spectra-Physics Model SP4270
integrator. A FlAtron CH-30 column heater con-
trolled by a TC50 controller was used for the
high-temperature experiments (Table I). Analysis of
optical purity was performed using a Nucleosil
Chiral-1 column (250 x 4.0 mm I.D.) (Machery-
Nagel, Germany). The following columns did not
achieve enantiomeric resolution (see Table I): Cyclo-
bond I (250 x 4.6 mm 1.D.) (Advanced Separation
Technologies, Whippany, NJ, USA), Resolvosil

EFFECT OF CSP, MOBILE PHASE CONCENTRATION, FLOW-RATE AND TEMPERATURE ON THE RESOLUTION AND
ENANTIOSELECTIVITY OF [*H]A-69992

CSP Mobile phase Flow- I £,° R} of
rate (min) (min)
(ml/min)
Nucleosil 1 mM Cu(OAc), 1.0 9.37 10.47 0.69 1.14
Chiral-1 (pH 5.75)-CH,CN
(250 x 4.0 mm 1.D.) 95:5)
0.5 mM Cu(OAc), 1.0 9.72 10.90 0.80 1.22
(pH 5.75)-CH,CN
(95:5)
0.5 19.40 21.80 0.80 1.26
0.25 mM Cu(OAc), 1.0 15.55 17.55 0.67 1.17
(pH 5.75)-CH;CN
(95:5)
0.5 mM Cu(OAc), 1.0 6.10 6.36 0.60 1.17
(pH 5.75)-CH3;CN
(95:5) at 45°C
0.5 12.21 12.78 0.60 1.16
0.5 mM Cu(OAc), 0.5 15.01 16.25 0.68 1.18
(pH 5.75)-CH;CN
(95:5) at 38°C
Cyclobond ! 50 mM KH,PO, 1.0 5.82 5.82
B—cyclodextrin (pH 6.8)
(250 x 4.6 mm 1.D))
Resolvosil BSA-7 0.1 M KH,PO, 1.0 1.99 1.99
(150 x 4.0 mm 1.D.) (pH 6.8)
YMC A-KO3 CH,;CN-C,H;OH 1.0 9.60 9.60
(250 x 4.6 mm 1.D.) (25:75)
Cellulose 100% C,Hs;OH 1.0 7.20 7.20
triacetate

(250 x 10 mm 1.D.)

@ 1, and 1, refer to the retention times of [PH]A75179 (1) and [PH]JA75962 (2), respectively.

b R, is the resolution factor.
o« is the enantioselectivity factor.

c
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BSA-7 (150 x 4.0 mm I.D.) (Machery-Nagel),
YMC A-KO3 (R)-(+)-naphthylethylamine (250 x
4.6 mm 1.D.) (YMC, Morris Plains, NJ, USA) and
cellulose triacetate (250 x 10 mm I.D.) (Merck,
Darmstadt, Germany).

Radiochemical purity determination was per-
formed using a Whatman Partisil 5 ODS 3 column
(250 x 4.6 mm I.D.)(Whatman, Clifton, NJ, USA).

The mobile phase used for the optical purity
determination consisted of CH;CN (5%) and
Cu(OAc), (0.5 mM) with the pH adjusted to 5.75
with HOAc (95%). The flow-rate was set at 1.0
ml/min. The mobile phase used for the radiochemi-
cal purity determination consisted of 88% NH,OAc
(0.45 M) plus (C;Hs)3N (0.1%) with the pH adjust-
ed to 4.8 with HOAc, and 12% CH,0H. The
flow-rate was set at 1.3 ml/min.

Preparative high-performance liquid chromatography

Separations were carried out using a Waters Delta
Prep 3000, a Rheodyne Model 7000L syringe-load-
ing injector with a 5-ml loop and a. Waters Model
484 variable-wavelength absorbance detector oper-
ated at 254 nm. The chromatograms were obtained
using a Waters Model 745B integrator. The chiral
semi-preparative HPLC column used was a Nucle-
osil Chiral-1 (250 x 10 mm I.D.) (Machery-Nagel)
made by chemically bonding L-hydroxyproline
Cu?* complexes to Nucleosil 120 silica.

The mobile phase consisted of 5% CH;CN and
95% Cu(OAc); (0.25 mM) with the pH adjusted to
5.95 with HOAc, and filtered through a 0.45-um
nylon filter. The flow-rate was set at 5.0 ml/min and
the column back-pressure ranged from 950 to 1000
p.s.i. The points at which fractions were collected are

TABLE 1

shown in Fig. 4. Four fractions were collected in the
first pass (group A, Table IT) and three fractions in
the second pass (group B: rechromatography of
fraction 4A, Table II).

For sample preparation, the labeled racemic
mixture was dissolved in water and diluted with
mobile phase to give a concentration of ca. 20 ug/ml
(1.0-ml injection).

Isolation of pure enantiomers

Fractions 1A containing purified [*H]JA-75179
were evaporated to dryness under reduced pressure.
The residue was dissolved in the mobile phase and
applied to a column of Merck silica gel (60~230
mesh) dry-packed in a 5-ml glass serological pipette.
A filtered mobile phase consisting of CH,Cl,~
CH;0H-NHj; solution (60:40:1) was used to elute
the product, which was then evaporated to dryness
and the residue dissolved in water. A portion was
tested for the presence of copper by adding 6 M NH;,
solution. Fractions 3B containing purified [°H]A-
75962 were treated in an identical fashion.

RESULTS AND DISCUSSION

Of the several CSPs tried, the enantiomers of
A-69992 were resolved only on a Nucleosil Chiral-1
column. The stationary phase consists of L-hy-
droxyproline chemically bonded to silica gel and
complexed with copper. The mobile phase contains
Cu?* to prevent the loss of copper ion from the
stationary phase. Suitably functionalized analytes
compete for complexation sites and separations are
based on the formation of an enantioselective terna-
ry complex between hydroxyproline (fixed ligand),

CHROMATOGRAPHIC DATA FROM PREPARATIVE RESOLUTION OF [PH]A-69992

[*HJA-75179 is designated as 1 and [*H]JA-75962 is designated as 2. Percentages given are optical purities; see text for a discussion.

Step Fraction 1 Fraction 2 Fraction 3 Fraction 4
(A) Chromatography of ~98% (1) 90% (1) 15% (1) 9% (1)
racemic [*H]A-69992 10% (2) 85% (2) 91% (2)
Activity per fraction (uCi) 13 12 19 17

(B) Rechromatography 97% (1) 6% (1) 3% ¢3)

of fraction 4A 3% (2) 94% (2) 97% (2)

Activity per fraction (uCi) 2 6 5
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Fig. 2. Possible structure of the mixed complex between L-hy-
droxyproline, copper and [*H]A-75179.

copper and the analyte (mobile ligand). The differ-
ence in stabilities between complexes with the D- and
L-forms of the analyte leads to the separation of the
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Fig. 3. Enantiomeric separation and resolution of [*H]A-69992
on a Nucleosil Chiral-1 column (250 x 10 mm 1.D.) showing
cut-off points for fraction collection during preparative runs. The
mobile phase consisted of 5% CH3;CN and 95% Cu(OAc), (0.25
mM) with the pH adjusted to 5.95 with HOAc. The flow-rate was
set at 5.0 ml/min.
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enantiomers [3]. Ligand-exchange chromatography
for the separation of enantiomers evolved as a result
of pioneering work by Davankov et al. [4,5]. This
method has been shown to be effective for the
optical resolution of amino acids, amino acid deriva-
tives and hydroxy acids [6-12]. Here, we report the
use of ligand-exchange HPLC for the resolution of a
chiral nucleoside.

It is unclear which functional groups of A-69992
are involved in chelation, but it seems likely that the
guanine nucleus is participating as nucleoside cop-
per complexes are well known [13]. Fig. 2 shows a
possible structure of the mixed complex between
L-hydroxyproline (bound to silica gel), copper and
[*H]A-75179. This structure is modeled after ligand-
exchange complexes proposed for the resolution of
amino acids [3,5,12]. The rationale for the structure
in Fig. 2 stems from studies which show that guanine
(and adenine) bind with copper at N-7 when N-9 is
blocked [13] and from the fact that this portion of
the nucleoside is structurally similar to a-amino
acids which are thought to bind copper at the amino
and carboxyl groups as shown for the L-hydroxy-
proline portion of the complex [3-12].

A chromatogram of the separation is shown in
Fig. 3. [*H]A-75179 was eluted first at 14.7 min, a

a b
= =
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z 5
3 10 15 20 25 30 0 5 10 15 20 25 30 3
Time (min) Time (min)

Fig. 4. Optical purity determination of (a) [*HJA-75179 (1, ca.
98%), (b) [*H]A-75962 (2, ca. 96%) on a Nucleosil Chiral-1
column (250 x 4.0 mm 1.D.). The mobile phase consisted of 2%
CH;CN and 98% Cu(OAc), (0.50 mM) with the pH adjusted to
5.75 with HOAc. The flow-rate was set at 1.0 ml/min.
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retention time identical with that of authentic A-
75179 standard, and was followed by [*H]A-75962
at 16.1 min. A number of different solvent combina-
tions, loads and concentrations were examined
during the analytical method development (Table I);
however, the results could not be reproduced when
done on a semi-preparative scale. This required a
mobile phase consisting of 0.25 mM Cu(OAc), (pH
5.95)-CH,CN (95:5) for the separation (¢ = 1.15;
R, = 0.83). It should be noted that increasing the
temperature of the column to 45°C, as suggested by
the manufacturer, did not improve the separation.
In order to obtain research amounts of [PH]A-69992
enantiomers, eight 1-ml injections (75 uCi total) of
radiochemically pure racemic drug were performed
and four fractions were collected for each injection
(Fig. 3). The optical purities as determined by
rechromatography are listed in row A of Table II.
Fraction 1A was essentially pure [*H]A-75179, as
shown in the chromatogram in Fig. 4a. Fraction 4A
was further purified by a second round of chromato-
graphy (four 1-mlinjections). As detailed in row B of
Table II, fraction 3B contained ca. 96% of [PH]A-
75962, as shown in Fig. 5b. The stated optical
purities are only estimates owing to peak tailing and
the low resolution factor. When pure unlabeled
A-75179 was spiked with 2% of the other enantio-
mer, a shoulder was detectable (Fig. 5); however,
these materials were not certified 100% enantiomer-
ically pure so an accurate optical purity could not be
determined.
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Fig. 5. HPLC of (a) A-75179 reference material and (b) A-75179
containing ca. 2% of A-75962.
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Fig. 6. Radiochemical purity determination of (a) [*H]A-75179
(1, >97%) and (b) [*H]A-75962 (2, >99%) on a Whatman
Partisil 5 ODS 3 column (250 x 4.6 mm L.D.). The mobile phase
consisted of 88% NH,OAc (0.45 M) plus (C,Hs)3N (0.1%) with
the pH adjusted to 4.8 with HOAc and 12% CH,OH. The
flow-rate was set at 1.3 ml/min.

The copper salts in fractions 1A and 3B were
efficiently removed by using a gravity silica column,
forming a blue band at the top of the column. A
7-uCi amount of the [*H]A-75179 and 2.6 uCi of the
[*H]A-75962 were recovered. Samples were isolated
in vacuo and each sample residue was dissolved in
water. A portion of each was tested for the presence
of copper salts by the addition of excess of 6 M NH,
solution (USP XXII). The radiochemical purities
were >97% and >99% for [PH]A-75179 and
[*H]A-75962, respectively (Fig. 6).

In conclusion, the preparative procedure de-
scribed above allows the isolation of microgram
amounts of the enantiomers of [*H]A-69992 in high
purity but poor yield. This appears to be the first use
of ligand-exchange HPLC for the resolution of
enantiomeric nucleosides. Although attention was
directed at maximization of the yield of the [PH]A-
75179, the yield of the [PH]A-75962 could have been
increased by rechromatography of mixed fractions
2A, 3A and 2B, but this was not done because the
capacity factor decreased with repeated injections.
Additionally, a chiral column consisting of the
analogous D-hydroxyproline CSP (currently not
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commercially available) would be expected to elute
[H]A-75962 first, potentially increasing the yield of
[*H]A-75962.
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ABSTRACT .

Injection of a sample containing omeprazole dissolved in borax buffer (pH 9.2) into a reversed-phase liquid chromatographic system
consisting of a mixture of acetonitrile and phosphate buffer (pH 7.6) as the mobile phase and a C, 5 surface-modified silica as the solid
phase resulted under special conditions in split peaks of omeprazole. The degree of peak split and the retention time of omeprazole
varied with the concentration of borax in the sample solution and the ionic strength of the mobile phase buffer as well as with the
column used. Borax is eluted from the column in a broad zone starting from the void volume of the column. The retention is probably
due to the presence of polyborate ions. The size of the zone varies with the concentration of borax in the sample injected. In the borax
zone the pH is increased compared with the pH of the mobile phase, and when omeprazole (a weak acid) is co-eluting in the borax zone
its retention is affected. In the front part and in the back part of the borax zone, pH gradients are formed, and these gradients can induce
the peak splitting. When the dissolving medium is changed to a phosphate buffer or an ammonium buffer at pH 9 no peak distortion of

omeprazole is observed.

INTRODUCTION

Omeprazole is a substituted benzimidazole which
selectively inhibits the proton pump in the gastric
mucosa [1]. In solution omeprazole degrades rap-
idly at low pH values [2]. Therefore, during analysis
omeprazole is preferably dissolved under alkaline
conditions. Omeprazole can be dissolved in a borax
buffer of pH 9.2 and assayed by reversed-phase
chromatography with a C;g modified silica as the
solid phase and with a phosphate buffer—acetoni-
trile mixture as eluent. However, in some cases, in-
jection of such a sample into the liquid chroma-

* Presented at the /3th Symposium on Column Liguid Chro-
matography 1989, Stockholm, June 25, 1989.
** Present address: Astra Pain Control, S-151 85 Sédertilje,
Sweden.

0021-9673/91/803.50  ©

tographic system results in a deformed or even split
peak of omeprazole.

Peak deformation is a commonly occurring phe-
nomenon in column liquid chromatography. Sam-
ple overloading often results in peak tailing. For
hydrophobic amines severe peak tailing is obtained
even at low sample concentrations, which can be
explained as being due to a heterogeneous column
surface [3], an effect often named ‘the silanol effect’
[4]. Most peak distortion phenomena can be related
to disturbances in the column equilibrium. In ion-
pairing systems split, broadened and compressed
peaks of the analyte have all been observed. These
occur when the sample injected has a different con-
centration of the ion-pairing reagent compared with
the mobile phase, or contains a second non-detec-
table hydrophobic ion. The phenomena have been
explained as being due to co-elution of the analyte
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in a non-detectable zone induced by the ion-pairing
reagent [5,6]. Also, in a simple chromatographic
system containing buffer and acetonitrile as eluent,
similar effects have been obtained when a hydro-
phobic non-detectable ion is injected and co-eluted
with the analyte [7].

Deformed peaks have also been reported when
applying samples with the ability to form strong
complexes between the analyte and an agent in the
sample solution in cases when the analyte and the
complexing agent have different retentions [8]. The
strong drug-protein binding between naproxen and
albumin results in a deformed peak of naproxen [8§].
Adduct formation between tannins and methanol in
the sample solution results in deformed peaks of the
tannins [9].

Peak splitting has also been observed in chroma-
tography of proteins when the protein occurs in
both native and denaturated forms. Two separate
peaks are obtained [10].

In the present study deformed peaks of omepra-
zole in borax buffer were observed. The degree of
peak distortion varied from column to column and
with the concentration of borax in the sample solu-
tion. This study attempts to explain this phenom-
enon.

EXPERIMENTAL

Chemicals

Omeprazole was obtained from Hassle (M6lndal,
Sweden). Sodium tetraborate (Na,B40,; - 10H,O,
borax) was obtained from Merck (Darmstadt, Ger-
many). Acetonitrile was of high-performance liquid
chromatography (HPLC) grade and was obtained
from Merck or from Rathburn (Walkerburn, UK).
All other chemicals were of analytical grade.

Equipment

The pump was a LKB 2150 (LKB, Bromma,
Sweden) or an SP 8700 (Spectra Physics, San José,
CA, USA). The injector was a WISP 710B, (Waters
Assoc, Milford, MA USA) or an SP 8780XR (Spec-
tra Physics). The UV detector was a Spectraflow
783 (Kratos, Ramsey, NJ, USA). UV spectra were
obtained with a 10008 diode-array detector (Ap-
plied Biosystems, Ramsey, NJ, USA). The integra-
tor was an SP 4270 (Spectra Physics).

The columns were 150 X 4.6 mm 1.D. Nucleosil
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Cis, 5 pm (Macherey-Nagel, Duren, Germany) or
100 x 5mm I.D. Novapak C,g, 4 um, Radial PAK
(Waters Assoc.) fixed in a Waters RCM 8 x 10
cartridge holder. :

A micro combined pH-electrode with needle
membrane (Ingold, Urdert, Switzerland) was used
to measure the pH of the column elutate.

Procedures

Stock solutions of omeprazole were prepared by
dissolving 5 mg of omeprazole in 5 ml of ethanol
followed by dilution to 25 mt with 0.01 M borax
solution. Sample solutions were obtained by dilut-
ing the stock solution with aqueous borax solu-
tions.

The phosphate buffers were prepared by mixing
different volumes of 1 M phosphoric acid, 1 M sodi-
um dihydrogenphosphate, 0.5 M disodium hydro-
genphosphate and 0.25 M trisodium phosphate,
which were diluted with water to obtain the spec-
ified pH and ionic strength. The eluents were pre-
pared by mixing volumes of buffer and acetonitrile
in the specified ratios.

A 10-to 20-ul aliquot of the sample was injected
into the column with a flow-rate of 1.0 ml/min. De-
tection of omeprazole was made at 280 nm and of
borax at 190 nm. The conditional pH (pH*) of the
column eluate was measured in 0.5-ml fractions.

Computer calculations

Calculation of polyborate equilibria was made
with a personal computer using the programs IN-
PUT and SED obtained from the Department of
Inorganic Chemistry, KTH (Stockholm, Sweden).
The programs are based on the well known pro-
grams HALTAFALL {11] and SOLGASWATER
[12].

RESULTS AND DISCUSSION

Chromatography of omeprazole

Omeprazole (Fig. 1) is an ampholyte with pK, of
about 4 (pyridinium) and 8.8 (benzimidazole). It is
rapidly degraded in acidic solutions but has an ac-
ceptable stability at higher pH. The half-life of ome-
prazole in a solution of pH 6.5 is about 18 h and at
pH 11 about 300 days [2]. It is therefore suitable to
have sample solutions at high pH during the chro-
matographic analysis and to perform the chromato-
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Fig. 1. Chemical structure of omeprazole.

graphy with a mobile phase of a pH as high as pos-
sible.

A phosphate buffer of pH 7.5 with an ionic
strength () of 0.025 was chosen as mobile phase
buffer. Because of the risk of degradation of the
silica-based column, a higher pH was avoided. The
acetonitrile concentration varied between 25 and
40% depending on the column used. The retention
of omeprazole is sensitive to changes in pH above
7.5, which is demonstrated in Table I, which shows
the effect of using phosphate buffers of various pH
as the mobile phase with acetonitrile. This is obvi-
ously due to the protolysis of the molecule, which
should be noticeable in this pH range.

To avoid degradation, omeprazole was dissolved
in a sodium tetraborate solution of pH 9.2. This
means that the solvent of the sample differs widely
from that of the mobile phase.

A distorted peak of omeprazole was found on
some columns (Fig. 2, upper chromatograms). Dif-
ferent batches of columns from the same brand
gave different results. When the distortion occurred
the omeprazole peak was usually split into two
peaks, one large peak eluting before a smaller sec-
ond peak (Fig. 2A, I). The degree of peak split in-
creased with increasing borax concentration in the
sample solution (Fig. 2A and B).

The distortion was found to be due to the borax
buffer since, when omeprazole was dissolved in oth-

TABLE I

INFLUENCE OF THE MOBILE PHASE pH ON THE RE-
" TENTION OF OMEPRAZOLE

Eluent: acetonitrile—phosphate buffer (1=0.025) (40:60, v/v)
Column: Nucleosil C,,

Mobile phase pH k' omeprazole

6.5 2.0
7.5 2.0
8.5 L1
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er types of buffers (ammonium or phosphate) with
the same pH as the borax buffer or in the eluent, a
normal peak shape of omeprazole was obtained, i.e.
similar to the peak shown in Fig. 2B, L.

Retention of borax buffer

To study the influence of borax buffer in the sam-
ple solution, samples of omeprazole with different
concentration of borax buffer were injected. Ome-
prazole was detected by UV at 280 nm, whereas
borax was detected by UV at 190 nm. The results
from three different columns (Fig. 2) show that the
borax buffer was retained as a wide zone. The shape
of the zone varied drastically from column to col-
umn, and the width of the zone increased with the
borax concentration (columns A and B).

Retention of omeprazole in borax zone

The retention of omeprazole decreases with in-
creasing borax concentration in the sample solu-
tion. This is illustrated by using column C (Fig. 2C)
where omeprazole is eluted within the borax zone
and the peak is not split, i.e. omeprazole has a lower
retention in the borax zone than in the bulk mobile
phase.

In columns A and B (Fig. 2A and B) the retention
of omeprazole also decreased with increasing borax
concentration in the sample solution, but peak split
occurred. A small peak containing omeprazole with
the same retention as if omeprazole were dissolved
in the bulk mobile phase occurs. The retention of
the rest of omeprazole, the split part, decreases with
increasing borax concentration. In column B (Fig.
2B, III), omeprazole is even split into three peaks.
In the lower chromatogram in Fig. 2A (III) when
the injected sample contained 0.050 M borax, the
first eluting peak of omeprazole was compressed,
which seems to be because of the elution of omepra-
zole in a gradient.

In column C (Fig. 2C) omeprazole is not split.
This may be because omeprazole is eluted within
the borax zone and no steep gradient of the borax
zone is present.

pH in the borax zone

The results above clearly show that the retention
of omeprazole is affected by the borax buffer. The
retention of omeprazole is dependent on the mobile
phase pH (Table I). Therefore, experiments were
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Column A

10 mM Borax

25 mM Borax

50 mM Borax

I T T T T
0 1 2 3 4 mi

Column B

10 mM Borax

25 mM Borax

50 mM Borax

0 1 2 3 4 ml

Column C
10 mM Borax

25 mM Borax

50 mM Borax

_,,VML’ n
[ 1 T T T T

0 1 3 3 4 5 ml

Fig. 2. Retention of omeprazole and borax in borax bufter. Sam-
ples: 1 uM omeprazole-containing borax and borax. Upper (1)
10 mM borax, middle (II) 25 mM borax, lower (III) 50 mM
borax. Detection: omeprazole (darker shaded peak) UV at 280
nm, borax (lighter shaded peak) UV at 190 nm. Columns: A and
B Novapak C,;, C Nucleosil C 4. Eluent: acetonitrile—phos-
phate buffer pH 7.6 (1=0.025): A and B 30:70 (v/v); C 40:60
v/v).

performed to determine the pH of the eluate. Frac-
tions of the eluate (0.5 ml) were collected and the
conditional pH (pH*) was determined with a mi-
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pH*
9.0+

8.6 1
8.2

T
0 1 2 3 4 mi

Fig. 3. pH of eluate after borax buffer injection. Sample: 10 ul of
100 mM borax. Detection: UV at 190 nm (shaded peak). pH* of
0.5 ml fractions are indicated by horizontal bars. Column: Nova-
pak C,; (RCM). Eluent: acetonitrile-phosphate buffer pH 7.5
(1=10.025) (30:70, v/v)

croelectrode. The results after injection of a 0.1 M
borax solution showed (Fig. 3) that the pH* was
increased by about 0.5 units in the borax zone com-
pared with the pH* in the bulk mobile phase and
that pH gradients were formed in the front and
back parts of the borax zone. Changing the mobile
phase pH by 0.5 units drastically influences the re-
tention of omeprazole (Table I). The peak-split phe-
nomenon may be explained by the pH difference
between the sample solution and the mobile phase.
The plug created by injection of borax gives pH
gradients in the front and back parts of the zone.
When omeprazole is retained in the steep back gra-
dient of the borax zone the back part of the ome-
prazole zone has a lower retention compared with
the front part, whereas in the front gradient the sit-
uation is reversed, i.e. the back part of the omepra-
zole zone has a higher retention than the front part.

Therefore, around the point where the gradients
meet the omeprazole molecules will struggle in dif-
ferent directions, i.e. they will have different migra-
tion rates depending on the gradient in which they
are eluted, and in that way induce peak splitting.

At high borax concentrations (Fig. 2B, IIT) the
borax zone seems to create several pH gradients
and omeprazole is split into three peaks.

Identity of omeprazole

The identity of omeprazole in the split peaks was
examined using a photo diode-array detector, and
agreement between the spectra from the two peaks
was obtained (Fig. 4).

Borax buffer
When dissolving borax in water, boric acid and
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200 250 300 350 nm
Fig. 4. Photodiode-array UV spectra from split omeprazole
peaks. Normalized absorbances from peak maximum. Chroma-
togram similar to Fig. 2 (column A, I). | = Large peak; 2 =
small peak.

borate ions are formed. The pkK, value is about 9.2.
However, according to Ingri [13], at higher concen-
trations of borate, polyborate ion complexes can be
formed. Stability constants for the different borate
polyions were determined [13]. The distribution of
boron between different ions was calculated from
the stability constants given by Ingri [13] for three
different borax concentrations and is presented in
Fig. 5. The figure shows that the fraction of poly-
lons increases with increasing borate concentration.
It also shows that polyions occur at pH between 6
and 11, i.e. at the pH used in the mobile phase for
the omeprazole assay polyions certainly exist.
When injecting borax buffer into a chromatograph-
ic system consisting of a mobile phase of acetoni-
trile-phosphate buffer, pH 3.0, or a similar phase
with pH 11.0, only one peak eluting with the front
was observed. This indicates that both boric acid
and the borate ion are eluted unretained. The reten-
tion of borax seems to be affected by the polyan-
ions. *

The column equilibrium is obviously attributed
to the distribution between the different polyions,
which varies with the borax concentration (see Fig.
5), i.e. with the dilution of the injected zone during
chromatographic elution. Since the polyborates are
retained and boric acid as well as borate are un-
retained, the retention mechanism will be very com-
plex.
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Fig. 5. Distribution of boron between different ions in borax
solution: (A) 10 mAM borax; (B) 25 mM borax; (C) 50 mM borax.
Calculated by computer programs with stability constants ac-
cording to Ingri [13). A = [OH"], B = [B(OH),] and B, =
[ABJA] 7[B] % log §,=5.2,log B,, = 7.3,log B,, = 13.5, log
B3 = 12.0 and log Bis = 74
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Effects of the ionic strength in the mobile phase

In the study so far the mobile phase buffer ionic
strength was 0.025. The buffer capacity of the mo-
bile phase may be too low to neutralize the sample
zone containing borax efficiently. If the mobile
phase ionic strength is increased, the pH of the bo-
rax zone may decrease, the pH gradients will be
reduced and the influence of the polyborates wili
become negligible as their concentration approach-
es zero (see Fig. 5). The results (Fig. 6) show that
the peak distortion of omeprazole decreases with
increasing ionic strength. The peak split disap-

1

2
1
2
2
o
1
2
_

f T T T
0 2 4 6

Fig. 6. Effect of mobile phase pH ionic strength on peak split of
omeprazole. Sample: 1 uM omeprazole in 50 mM borax. Detec-
tion: UV at 190 nm. Peaks: 1 = Borax; 2 = Omeprazole. Eluent:
acetonitrile-phosphate buffer pH 7.6 (30:70, v/v). Ionic strength
of buffers: upper chromatogram, 0.025; middle chromatogram,
0.05; lower chromatogram, 0.10. Column: Novapak C, , (RCM).

I
8 mil
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peared when using an ionic strength of 0.1 in the
eluent. The retention of omeprazole as well as the
size of the borax zone decreases with increasing ion-
ic strength. The effect is possibly due to the fact that
the pH in the zone decreases, thus counteracting the
formation of the polyborate ions.

CONCLUSIONS

Sample solutions containing borax buffer may
give peak disturbances of the analyte. The effect oc-
curs predominantly when the pH of the mobile
phase is 6-8. The reason for the disturbance was
found to be the presence of polyborate ions, which
were retained as a broad zone. In this zone the pH
was increased compared with the bulk mobile phase
and pH gradients were created. Disturbance oc-
curred when the analyte was present in the pH gra-
dient and its retention was affected by a change of
the pH. It was possible to decrease the disturbances
by increasing the ionic strength of the mobile phase.
If the sample was dissolved in other types of buffer,
e.g. phosphate or ammonium, no peak distortion of
omeprazole was observed.
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ABSTRACT

Polymeric ligands play an important role in the secondary equilibrium size-exclusion chromatography of small molecules. Poly-
ethylene glycol and polybrene were employed in mobile phases to separate inorganic cations and anions, respectively. Addition of
polymeric ligands to the mobile phases permits the elution order to be altered, the partition coefficients of solutes in the polymer phase

to be determined and the analysis time to be reduced.

INTRODUCTION

Secondary equilibria in liquid chromatography
allow one to modify the selectivity, to enhance the
separation efficiency and to determine equilibrium
constants in solution [1-11]. Chromatographic sta-
tionary phases are essentially developed for -the
separation of particular target solutes, e.g., ion-
exchange chromatography is for the separation of
ions and size-exclusion chromatography is for poly-
mers. However, secondary equilibria make it possi-
ble to separate analytes other than the essential
solutes of the stationary phase. The author previous-
ly reported “micelle exclusion chromatography”,
wherein a size-exclusion chromatographic (SEQ)
stationary phase was employed for the separation of
simple small ions in combination with micellar mo-
bile phases [6-8]. Correspondingly, mobile phases
containing polymeric additives were used for the
SEC separation of simple ions in this work. It is
known that stationary phases for SEC retain simple
ions principally by electrostatic interaction between
an ion and residual ionic groups in the stationary
phase [12-14]. The selectivity obtained in the SEC
separation of ions is therefore identical with that in
ion-exchange chromatography in the absence of
secondary equilibria, e.g., the selectivity between

0021-9673/91/$03.50 ©

inorganic anions is basically explained by the “Hof-
meister series” [15]. Secondary equilibria, partition-
ing to the polymer phase or complexation with the
polymer in mobile phases permit the selectivity to be
altered.

Polymerized agents are excluded in terms of their
effective sizes by the stationary phase, whereas small
ions can penetrate into the inner part of the station-
ary phase, and probably interact with the stationary
phase. If an ionic analyte interacts with a polymeric
agent in mobile phases, the elution volume is
reduced according to the partitioning to the polymer
phase. A completely reversed elution order is ex-
pected if analytes interact weakly with the stationary
phase.

EXPERIMENTAL

The chromatographic system consisted of a
Tosoh Model CCPM or CCPD computer-con-
trolled pump, a Tosoh CO-8000 column oven set at
25°C,a JASCO Model 875-UV UV-visible detector,
a JASCO Model 830-RI refractive index (RI) detec-
tor and a Rheodyne injection valve equipped with a
100-u1 sample loop. The elution of cations was
monitored with RI detection and that of anions with
UV detection Separation columns were Asahipak

1991 Elsevier Science Publishers B.V. All rights reserved
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GS-300H and GS-320H [250 x 7.6 mm I.D. packed
with poly(vinyl alcohol) gel, particle size 9 um].
These stationary phases have different degrees of
saponification and therefore show different hydro-
phobicities.

Methanol of analytical-reagent grade was dis-
tilled and stored over molecular sieves. Distilled
methanol was redistilled daily before experiments.
Distilled, deionized water was used throughout.
Other reagents were of analytical-reagent grade and
used as received.

Partial volumes of polymers (¥) were determined
by measuring the density of the solution; v (PEG)
and v (polybrene)

([{(CH,)s-N(CHa),(CH,);-N(CH3),-], [2Br ],)

were determined as 0.8 and 0.7 ml/g, respectively.
RESULTS AND DISCUSSION

Retention model
In the present studies, the following equilibria are
involved in the retention of an analyte (A):

A +P=AP (1
A +S=AS @)

where P and S refer to binding sites in a polymer and
in the stationary phase, respectively. Because of
difficulty in defining equilibrium constants (see
below), partition coefficients for these above equi-
libria were used instead; K, and K, represent the
partition coefficients of an analyte to the stationary
phase and to the polymer phase, respectively. Parti-
tioning of a polymer or a polymer—ion complex was
not observed, and therefore was not taken into
account in deriving the following equations.

In SEC, the retention volume of an analyte (V)
can be described by the distribution coefficient (Ky),
the volume of the external solvent (V,.) and the
volume of the inner solvent, V;:

Vr = Ve + Kd Vi (3)

V. and V, are not constant for the stationary phase,
but are changed by the effective size of the polymer
employed in the mobile phase. Substitution of
partition coefficients in eqn. 3 yields

/Ky = Vil + K,7C,)/(Vi + VK. @)

T. OKADA

According to eqn. 4, 1/K, vs. C, plots are linear, and
permit the calculation of partition coefficients. This
equation is analogous to that derived for micellar
chromatography [5-8].

Polyethylene glycol as polymeric reagent for the
separation of Ba** and alkali metal cations

Polyethylene glycol (PEG) is known to be capable
of forming complexes with some hard metal ions
such as alkali and alkaline earth metal ions [16-18].
The chemistry of this complexation has attracted
fundamental and practical interest. The retention
behaviours of alkali metal cations and Ba?* were
investigated here by adding PEG to methanolic
mobile phases. Fig. 1 shows the changes in the
retention with the concentration (C,) of PEG 20 000
(the number following PEG represents the average
molecular weight). Ba2* is most strongly retained
on GS-320H in the absence of PEG by electrostatic
interactions; the elution order of other cations,
Lit < Na* < K* < Rb* < Cs*, correlates with
that in cation exchange. However, retention of
cations capable of forming stable complexes with
PEG decreases on addition of PEG to the mobile
phase, but the retention of Na*™ and Li* is little
changed. Although Na* and Li* are known to form
PEG complexes in solution or the solid state, the
complexation was too weak to be detected in the
present experiments. The elution order of Ba*>* and
Na* or Li* is thus altered by adding PEG to the
mobile phase.

Fig. 2 shows the plots based on eqn. 2 for
determining K, values for Ba’*. Regardless of the
molecular weight of PEG, linear plots are obtained.
Partition coefficients and V. values for PEG are
summarized in Table I. The K|, values vary with the
molecular weight of PEG. A Ba?*-PEG complex is
extracted into organic solvents as an ion pair with a
lipophilic anion, and precipitates its phosphomolyb-
date, phosphotungstate or tetraiodobismutate salt.
Such studies permitted the estimation of the stoi-
chiometry of Ba?*-PEG complexes; usually 1:10-
12 [Ba*: oxyethylene (EO) units] are thought to be
possible molar ratios [18]. If complexation by a
particular binding site consisting of ten successive
EO units does not affect complexation by the
adjacent binding sites, the binding constant of eqn. 1
for Ba?™ can be determined. However, such values
calculated from results depicted in Figs. 1 and 2 are



SECONDARY EQUILIBRIUM SEC OF IONS

min

retention time,

0 05
PEG 20000, mM

Fig. 1. Change in retention of cations with PEG 20 000 con-
centration in methanolic mobile phase. Mobile phase contains 0.1
M NH,CI. Stationary phase, GS-320H.

too small in comparison with literature values. The
binding constant for Ba?*-PEG 20 000 is, for
example, estimated to be ca. 60 in this work, whereas
that for Ba?*—pentaethylene glycol was reported to
be 200.

The complex formation ability of PEG is en-
hanced with increasing number of EO units; there is

PEG 20000
05 PEG 50000
o (e}
o
x
~
PEG 7500
A
A/A/
0 ' '
0 0.5 1
PEG, mM

Fig. 2. /K, vs. C, plots for Ba®* based on eqn. 2. Mobile phase
contains 0.1 M NH,CI. Stationary phase, GS-320H.
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TABLE 1

PARTITION COEFFICIENTS (X,) OF Ba?* AND ALKALI
METAL CATIONS TO PEG POLYMER PHASES

Polymer Elution K,

volume,

V. (ml) Ba?* K* Rb* Cs™*
PEG 2000 6.43 980
PEG 7500 5.27 440
PEG 20 000  4.43 340 400 400 220
PEG 50 000  3.93 230

a linear relationship between the molecular weight
and the complex formation constant when the
molecular weight is lower than 1000 [19,20]. It was
reported previously that this enhancement of com-
plex formation ability is caused by a statistical effect
for relatively long PEG chains [20]. These results
indicate that PEG of higher molecular weight shows
a higher complex formation ability, which does not
correlate with the present results. However, in the
present experiments, we detected not only 1:1 com-
plex formation but also multiple complex forma-
tion. Complex formation must affect the subsequent
complexation of the adjacent binding sites. Kraus
and Rogers [21] reported that the retention of PEG
in SEC was changed by adding a salt to the mobile
phase, and this effect was caused by the conforma-
tional change of PEG induced by the complex
formation. The conformational changes and repul-
sion from metal cations trapped in PEG lead to
unfavourable conditions for consecutive complexa-
tion. Highly multiple complex formation therefore
becomes more difficult. In the present instance, the
binding constant calculated from the corresponding
partition coefficient is the mean value of consecutive
complexation constants, and is smaller than the
formation constant of a 1:1 complex.

Fig. 3 shows a chromatogram of some metal ions
with PEG 20 000 as a mobile phase modifier.
Although the separation efficiency is not high
because of the narrow elution range, the elution
order is unique. An advantage of the present method
is thus not the efficiency but the unique selectivity.

Separation of anions
Despite much effort, common complexing agents
for anions, comparable to crown ethers, cryptand,
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time min

Fig. 3. Separation of alkali metal cations and Ba?* with
secondary equilibrium SEC with methanol containing 0.75 mM
PEG 2000. Stationary phase, GS-320H. Detection, RI (81073
fs.). Peaks: 1 = K¥;2 = Cs*;3 = Ba?*;4 = Li*; 5 = Na*.

cycrodextrins, etc., have not been found. Electro-
static interaction should therefore be employed to
separate anions by secondary equilibrium SEC with
a polymeric mobile phase additive. A cationic
polymer (polybrene) wss selected for this purpose.
As it was difficult to determine the partition coefti-
cients precisely because of the weak retention ability
of the stationary phase, the stationary phase (GS-
310H) pre-equilibrated with a hexadecyltrimethyl-
ammonium (HTA) bromide solution (8 mA/ in 50%
methanol) was used. Partition coefficients obtained
in 0.05 M sodium chloride solution are listed in
Table II. K, values for NO; and 103 could not be

TABLE 11

PARTITION COEFFICIENTS (X,) OF INORGANIC AN-
IONS TO POLYBRENE POLYMER PHASE AND COM-
PARISON WITH PARTITION COEFFICIENTS (X,) TO
HTA CHLORIDE MICELLAR PHASE

Partition coefficients were determined in 0.05 NaCl.

Anion K, Ky'
NO; -t 743
NO; 240 189
I 660 850

* From ref, 8.
> Not determined.

T. OKADA

TABLE Il

EFFECTIVE REDUCTION OF RETENTION TIMES WITH
POLYMER MOBILE PHASE ADDITIVES IN ION-INTER-
ACTION CHROMATOGRAPHY

Mobile phase Retention times calculated
composition
10; NO, NO; I7
69 mM NaCl 7.0 8.3 10.8 20.0
0.51 g/l polybrene with 7.0 8.5 11.4 20.0
50 mM NaCl
0.11 M NaCl 6.9 6.8 9.9 15.0
2.1 g/l polybrene with 7.0 8.5 10.5 15.0
50 mM NaCl

determined because of their weak affinity to poly-
brene.

Soldi et al. [22] reported that cationic polyelectro-
lytes behaved like cationic micelles with respect to
counter-ion binding, counter-ion-exchange selectiv-
ity, etc., and concluded that this type of polyelectro-
lyte could be a micelle-mimetic system. The author
previously determined partition coefficients of in-
organic anions to HTA chloride micelles under
various ionic strength conditions. In 0.05 M sodium
chloride solution, the partition coefficients of NGO,
NOj3 and I™ to HTA chloride micelles were deter-
mined as 74.3, 189 and 850, respectively [8]. These
values in general correlate with the partition coeffi-
cients to polybrene as shown in Table II.

In anion-exchange chromatography, elution of
analytes is usually accelerated or retarded only by
changing the salt concentration in the mobile phase.
In such cases, there is a linear relationship between
log k' and the logarithm of salt concentration. This
means that a high salt concentration reduces the
retention time of all analytes; this often causes poor
resolution between analytes that are eluted rapidly.
In Table 111, retention times obtained, when mobile
phases capable of eluting I~ at 15 and 20 min were
used are given. A high salt concentration causes
co-elution of NO; and 103, whereas a high polymer
concentration does not result in a poor separtion
between these anions.

CONCLUSIONS |

Polymeric mobile phases in secondary equilibri-
um SEC of ions are effective for modification of the
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chromatographic selectivity, reduction of the total
analysis time, the separation of small analytes on a
size-exclusion column even when the stationary
phase is intrinsically unable to retain the analytes
and the evaluation of the partition behaviours of
analytes to polymer phases. Polymeric additives
thus provide versatility for SEC.
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ABSTRACT

A hollow-fiber, membrane-based sample preparation device was investigated for the pretreatment of acidic samples prior to (sep-
arate) mono- and divalent cation analysis by ion chromatography. A device consisting of aminated DuPont Nafion fiber immersed in a
counter-ion donating solution of either tetrabutylammonium hydroxide (for monovalent cations) or tetrabutylammonium borate (for
divalent cations) can effectively neutralize samples with a pH as low as 1. No contaminants are added to the sample using this approach
and quantitative recoveries are obtained for standard solutions of alkali metal and alkaline earth cations after passage through the

device.

INTRODUCTION

The analysis of alkali metal and alkaline earth
cations by ion chromatography (IC) is becoming
accepted as an alternative to the more traditional
atomic absorption and emission techniques [1,2].
The determination usually involves an ion-exchange
separation followed by conductimetric detection.
The eluents used for cation-exchange chromatogra-
phy are typically mineral acids in the 1-10 mM range
for monovalent cations [3} and amines at pH 4-6 for
divalent cations [4]. Both of these separations are
adversely affected in a number of ways by the
injection of very acidic samples; shifts in analyte
retention times occur due to the acidic sample acting
as an internal eluent, the resulting large void peak
may mask early eluting cations and the high ionic
strength of the sample may result in poor peak shape

* Presented in part at the /990 Pittsburg Conference and Ex-
position, New York, March 5-9, 1990.

** Present address: Waters Chromatography Division of Mil-

lipore, Private Bag 18, Lane Cove, N.S.W. 2066, Australia.
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due to column overloading. Dilution of the sample
may not always be appropriate, especially if the
analytes are present in the original sample at very
low levels and direct addition of base to the sample is
not generally permitted due to the contamination
from the co-cation. A commonly used sample
pretreatment method is to pass the sample through
an anion-exchanger in the hydroxide form [5],
however, this approach requires a relatively large
sample volume and each portion of resin may only
be used once per sample before regencration and
cleaning.

It has been demonstrated that hollow-fiber ion-
exchange membranes offer advantages over resin-
based ion-exchangers for sample pretreatment, es-
pecially for ease of use with small sample volumes
[6]. In some applications they may also give better
recoveries and less ionic contamination [7,8]. In this
paper we discuss the use of a re-usable hydroxide
form, anion-exchange, hollow-fiber device for the
neutralization of acidic samples prior to mono- and
divalent cation analysis by IC.

1991 Elsevier Science Publishers B.V. All rights reserved
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EXPERIMENTAL

Instrumentation

The liquid chromatograph consisted of a Waters
Chromatography Division of Millipore (Milford,
MA, USA) Model 510 pump, U6XK injector, Model
430 conductivity detector and either a Waters 745
integrator or 840 data station. The analytical col-
umn used was a Waters IC-Pak Cation (50 x 4.6
mm 1.D.) polystyrene-based cation exchanger. The
eluent used for monovalent cation analysis was 2
mM nitric acid (Ultrex) operated at a flow-rate of
1.2 mi/min. The eluent used for divalent cation
analysis was 0.5 mM ethylenediamine adjusted to
pH 6.0 with nitric acid (Ultrex), also operated at a
flow-rate of 1.2 ml/min. An IC-Pak Cation Guard
Column (50 x 4.6 mm [.D.) was placed between the
pump and injector for monovalent cation analysis.
The eluents were prepared daily, filtered and de-
gassed with a Waters solvent clarification kit.

Reagents

Water purified (18 M) using a Millipore Milli-Q
water purification system (Bedford, MA, USA) was
used for all solutions. Ethylenediamine and boric
acid were obtained from Sigma (St. Louis, MO,
USA), Ultrex nitric acid and tetrabutylammonium
hydroxide (30%) were obtained from J. T. Baker
(Phillipsburg, NJ, USA), as were the analytical
grade chloride salts used for the preparation of all
the cation standards.

Hollow-fiber sample pretreatment device

The strong anion-exchange hollow-fiber (0.87
mm O.D. x 0.5 mm [.D.) was made from Nafion
perfluorosulfonate fiber obtained from Permapure
Products Inc. (Toms River, NJ, USA). The sample
pretreatment device was a 150 cm length of this fiber
immersed in the counter-ion donating (CID) solu-
tion which was housed in an 80-ml plastic sample
storage bottle, similar to the experimental device
previously described by Jones and Jandik [7]. A
female plastic Luer-Lok fitting was attached at one
end of the fiber to enable sample to be passed
through the fiber with a disposable Luer-Tip sy-
ringe. The fiber was rinsed with 10 ml of Milli-Q
water prior to each sample application.

P. E. JACKSON, W. R, JONES
RESULTS AND DISCUSSION

Selection of CID solution for monovalent cation
analysis

For an anion-exchange fiber device to neutralize
acidic samples, hydroxide ions in the CID solution
are exchanged for anions in the sample (forming
water in the sample) and ideally, no cations should
cross the membrane. It has previously been demon-
strated that the greater the molecular weight of the
CID co-cation, the less leakage of the forbidden ions
(cations in this case) through the membrane occurs
[9]. For this reason, tetrabutylammonium hydroxide
(TBAOH) was initially chosen as the CID solution
as the relatively large, positive tetrabutylammonium
ion would not be expected to penetrate the anion-exc
hange membrane. The anion-exchange fiber was
immersed in the CID solution (60 ml of 25 mM
TBAOH) and initially rinsed with 20 ml of Milli-Q
water. A standard monovalent cation mijx (2.5 ml of
a solution containing 1 ppm lithium, 5 ppm sodium,
10 ppm ammonium and 10 ppm potassium) was
then passed through the fiber at approximately 1
mi/min with a disposable Luer-Tip syringe. The 2.5
ml of effluent from the device was collected in
succesive 0.5 ml fractions and the monovalent
cations in the fractions were quantitated using a .
nitric acid eluent and an IC-Pak C column with
conductivity detection. Recoveries for the cations
were calculated relative to the influent and are
shown in Table .

The results from Table I indicate that essentially

TABLE 1

MONOVALENT CATION RECOVERIES OF SUCCESSIVE
0.5-ml FRACTIONS OF A FOUR-CATION MIX PASSED
THROUGH THE HOLLOW-FIBER SAMPLE PRETREAT-
MENT DEVICE WITH 60 m! OF 25 mM TETRABUTYL-
AMMONIUM HYDROXIDE AS THE CID SOLUTION

Fraction Cation recovery (%)
(ml)

Li Na NH, K
0.5 45.5 517 413 37.4
1.0 97.1 1022 94.1 89.9
1.5 103.1 1049 975 99.5
2.0 1024 1042 954 1056

2.5 103.,5 1069 968 103.6
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quantitative recoveries were attained within 1 ml of
sample being passed through the hollow-fiber sam-
ple preparation device and that once the interstitial
volume of the fiber had been flushed with sample,
consistent recoveries were obtained for the cations in
subsequent 0.5-ml fractions. The capacity of the
hollow-fiber device to neutralize an acidic sample
solution was then measured using a breakthrough
technique. A 150 cm length of aminated Nafion fiber
was placed in 60 ml of 25 mM TBAOH as the CID
solution. Nitric acid (10 mM) was pumped through
the fiber at 1.0 ml/min and 0.5-ml effluent fractions
were collected every 2 min. The pH of the fractions
was measured using a glass pH electrode and a
breakthrough curve was plotted as % removal of
acid versus volume of acid passed through the fiber.
Defining effective ion-exchange capacity as 50%
breakthrough gave a capacity of 0.137 mequiv. for
the device, or expressed simply, the device could
neutralize 13.7 ml of 10 mA/ nitric acid before 50%
breakthrough was achieved. Unfortunately, this
capacity was too low considering that the sample
preparation device was intended to be used for the
pretreatment of multiple samples. A number of fiber
lengths, solution volumes and concentrations were
investigated and it was found that a device prepared
using a 150 cm length of animated Nafion fiber and
30 ml of 100 mM TBAOH as the CID solution
provided reasonable capacity. The breakthrough
curve was measured as described previously and to
reach 50% breakthrough required 220 ml of 10 mM
nitric acid, which corresponded to a capacity of 2.2
mequiv. for the device. Also, the shape of ion-
exchange breakthrough curve was sigmoidal with
this CID solution, as would be expected for a strong
ion exchanger [10], which was tTot the case when the
CID solution was 25 mM TBAOH.

The recoveries of the four cations through a
device prepared using the aminated Nafion fiber and
30 ml of 100 mM TBAOH as the CID solution were
then measured as described previously. The same
monovalent cation standard (12 ml) was passed
through the device with the first 2 ml being discarded
to waste. The remaining 10 ml was collected in 1-ml
fractions and the concentrations of the four cations
in the fractions were determined using the condi-
tions described previously. The average recovery for
each of the four cations in the ten fractions was
determine{l to be 98.8% for lithium, 103.2% for
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sodium, 94.6% for ammonium and 97.5% for
potassium. The recovery for the ammonium ion was
slightly low as it appeared that a small percentage
was converted (or neutralized) to form ammonia in
the fiber at a TBAOH concentration of 100 mM.
Fig. 1 shows chromatograms of the monovalent
cation standard before (a) and after (b) passage
through the optimized hollow-fiber, sample pre-
paration device. No breakthrough of the tetrabutyl-
ammonium through the fiber was evident in any of
the chromatograms.

Selection of CID solution for divalent cation analysis
The optimized hollow-fiber, sample preparation
device was then used to test the recoveries for a
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Fig. . Chromatogram of monovalent cation standard before (a)
and after (b) being passed through an aminated fiber, hydroxide-
based sample preparation device. Conditions: column, Waters
IC-Pak Cation; eluent, 2.0 m nitric acid; flow-rate, 1.2 ml/min;
injection volume, 20 pl; detection, conductivity. Solutes: lithium
(I ppm), sodium (5 ppm), ammonium (10 ppm) and potassium
(10 ppm).
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mixture of divalent cations using the same procedure
as for the monovalent cations. A divalent cation
standard (2.5 ml of a solution containing 10 ppm
magnesium, 20 ppm calcium, 30 ppm strontium and
80 ppm barium) was passed through the fiber
immersed in a CID solution of 100 mM TBAOH at
approximately 1 ml/min. The 2.5 ml of effluent was
collected in successive 0.5-ml fractions and the
divalent cations in the fractions were quantitated
using an eluent of 0.5 mM ethylenediamine at pH 6.0
with an IC-Pak C column and conductivity detec-
tion. Recoveries for the cations were calculated
relative to the influent and are shown in Table II.
The recoveries for calcium, strontium and barium
were essentially quantitative after 1 ml of the
standard had been passed through the device, how-
ever poor recovery was obtained for magnesium. It
appeared that magnesium was being precipitated as
its hydroxide inside the fiber, hence the poor recov-
ery.

It was evident that hydroxide was not appropriate
for the CID solution due to the poor recovery
obtained for magnesium. Sodium tetraborate was
then investigated for use as the CID solution,
however the sodium cation penetrated the anion-
exchange fiber quite readily, resulting in a relatively
large void peak which interfered with the quantita-
tion of the magnesium peak. While the magnesium
could not be accurately quantitated under these
conditions the peak area was approximately quanti-
tative. As the tetrabutylammonium cation did not
appear to penetrate the fiber, it appeared that

TABLE 1l

DIVALENT CATION RECOVERIES OF SUCCESSIVE 0.5-
ml FRACTIONS OF A FOUR-CATION MIX PASSED
THROUGH THE HOLLOW-FIBER SAMPLE PRETREAT-
MENT DEVICE WITH 30 ml OF 100 mM TETRABUTYL-
AMMONIUM HYDROXIDE AS THE CID SOLUTION

Fraction Cation recovery (%)
(ml)
Mg Ca Sr Ba

0.5 43 93.7 94.5 95.2
1.0 14.3 92.6 91.7 92.5
1.5 28.6 96.3 95.7 99.9
2.0 27.1 98.3 98.5 95.2
2.5 12.9 95.4 97.2 94.8

P. E. JACKSON, W. R. JONES

tetrabutylammonium borate would be an appropri-
ate CID solution for the sample preparation device
when being used for divalent cation analysis. A
solution of tetrabutylammonium borate was pre-
pared by the neutralization of 100 mM TBAOH
with 100 mM boric acid to pH 10.7. The recoveries
for the divalent cation standard after passage
through the fiber immersed in a CID solution of 100
mM tetrabutylammonium borate were then mea-
sured for ten successive 1-ml fractions as described
previously. The average recovery for each of the
cations in the ten fractions was determined to be
95.0% for magnesium, 95.2% for calcium, 100.2%
for strontium and 97.8% for barium. Fig. 2 shows
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Fig. 2. Chromatogram of divalent cation standard before (a) and
after (b) being passed through an aminated fiber, borate-based
sample preparation device. Conditions: column, Waters IC-Pak
Cation; eluent, 0.5 mM ethylenediamine adjusted to pH 6.0 with
nitric acid; flow-rate, 1.2 ml/min; injection volume, 50 ul;
detection conductivity. Solutes: magnesium (10 ppm), calcium
(20 ppm), strontium (30 ppm) and barium (80 ppm).
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chromatograms of the 10-80 ppm divalent cation
standard before (a) and after (b) passage through the
hollow-fiber, sample preparation device using tetra-
butylammonium borate as the CID solution.

The capacity of the tetrabutylammonium borate
hollow-fiber device to neutralize an acidic sample
solution was then measured as described previously.
The aminated Nafion was placed in 30 ml of a 100
mM tetrabutylammonium borate CID solution.
Nitric acid was passed through the fiber, effluent
fractions were collected and the pH of the fractions
was measured using a glass pH electrode. The 50%
breakthrough point required only 130 ml of 10 mM
nitric acid in this instance, which corresponded to a
capacity of 1.3 mequiv. for the device. This was
significantly lower than the 50% breakthrough
point for the corresponding sample preparation
device which used 100 mA TBAOH as the CID
solution. This lower capacity occurred as a result of
the breakthrough curve for the borate device being
less steep than was the case for the hydroxide-based
device. This was to be expected as borate, being a
weaker base than hydroxide, should give a less steep
titration (or breakthrough) curve.

Application of hydroxide and borate-based devices for
sample pretreatment

The application of a hydroxide-based, hollow-
fiber device for the neutralization of acidic samples

prior to monovalent cation analysis was then inves-_

tigated. The device was prepared as previously using
aminated Nafion fiber and 30 ml of 100 mM
TBAOH as the CID solution. A monovalent cation
standard (2 ml) containing 0.5 ppm lithium, 2.5 ppm
sodium, 5 ppm ammonium and 5 ppm potassium
made up in 50 mM nitric acid was passed through
the device with the last 0.5 ml being retained for
injection into the liquid chromatograph. Fig. 3
shows the chromatograms obtained (using a nitric
acid eluent and an IC-Pak C column with conduc-
tivity detection) of the acidic standard before (a)
and after (b) passage through the hydroxide-based
sample preparation device. Fig. 3a clearly illustrates
the deleterious effect of acidic samples on the
chromatography of the monovalent cations as both
lithium and sodium are eluted near the large void
peak and all the cations exhibit poor peak shape due
to column overloading. Fig. 3b shows that there was
a dramatic improvement in the chromatography
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Fig. 3. Chromatogram of acidic monovalent cation standard
before (a) and after (b) being passed through an aminated fiber,
hydroxide-based sample preparation device. Solutes: lithium (0.5
ppm), sodium (2.5 ppm), ammonium (5 ppm) and potassium (5
ppm) in 50 mM nitric acid. Other conditions as in Fig. 1.

after the acidic standard was passed through the
hydroxide-based sample preparation device. The pH
of the acidic cation solution changed from 1.23 to
3.69 after being passed through the device; samples
as concentrated as 100 mM acid could be treated
before any significant disturbance of the chromato-
graphy was evident. A 2-ml sample of an acid copper
plating bath, diluted 1:50, was then passed through
the same device with the last 0.5 ml being retained
for injection. Fig. 4 shows the chromatograms of the
diluted acid bath before (a) and after (b) passage
through the device. The hollow-fiber device enabled
quantitation of the low levels of monovalent cations
(0.87 ppm sodium, 0.26 ppm ammonium and 0.19
ppm potassium) in a sample which otherwise could
not have been analyzed using the chromatographic
conditions employed.

A borate-based, hollow-fiber device was then
used for the treatment of acidic samples prior to
divalent cation analysis. A divalent cation standard
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Fig. 4. Chromatogram of a diluted acid copper plating bath before (a) and afier (b) being passed through an aminated fiber,
hydroxide-based sample preparation device. Conditions as for Fig. 1 except: sample, acid copper plating bath diluted 1:50. Solutes:
sodium (0.87 ppm), ammonium (0.26 ppm) and potassium (0.19 ppm).
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Fig. 5. Chromatogram of acidic divalent cation standard before
(a) and after (b) being passed through an aminated fiber,
borate-based sample preparation device. Solutes: magnesium (10
ppm), calcium (20 ppm), strontium (30 ppm) and barium (80
ppm) in 25 mM nitric acid. Other conditions as in Fig. 2.

of 10 ppm magnesium, 20 ppm calcium, 30 ppm
strontium and 80 ppm barium acidified with 25 mM
nitric acid was passed through the device (30 ml of
100 mM tetrabutylammonium borate as the CID
solution) and 0.5 ml was retained for injection into
the liquid chromatograph. Fig. 5 shows the chroma-
tograms obtained (using an eluent of 0.5 mM
ethylenediamine at pH 6.0 with an IC-Pak C column
and conductivity detection) of the acidic standard
before (a) and after (b) passage through the borate-
based device. Again, there was a dramatic improve-
ment in the chromatography after the acidic stan-
dard was passed through the hollow-fiber sample
preparation device. The maximum acid concentra-
tion which could be tolerated with the borate-based
device was approximately 40 mM. as the divalent
cation analysis method was more affected by low pH
samples than was the monovalent cation analysis
approach. The borate-based device was also effec-
tive for neutralizing acidic monovalent cation solu-
tions, however the capacity (and efficiency) of the
device was not as high as a hydroxide-based device
with a CID solution of equivalent concentration.
The borate-based device was applied to the clean-up
of a calcium salt lipid active drug. The drug formula-
tion was only soluble in a solution of 30% tetrahy-
drofuran acidified to pH 4 with nitric acid. Fig. 6
shows the chromatograms of the drug formulation
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Fig. 6. Chromatogram of a calcium salt lipid active drug
formulation before (a) and after (b) being passed through an
aminated fiber, borate-based sample preparation device. Sample:
dilution 1:100 in 30% tetrahydrofuran acidified to pH 4 with
nitric acid. Solute: calcium (21.4 ppm). Other conditions as in Fig.
2,

solution before (a) and after (b) passage through the
borate-based device. With the untreated sample, the
calcium peak suffers interference from the large
baseline disturbance at the void, making quantita-
tion difficult. After passage through the sample
preparation device, accurate quantitation was ob-
tained for calcium, which was well resolved from the
void peak.

CONCLUSIONS

The neutralization of acidic samples prior to the
IC analysis of mono- and divalent cations can be
accomplished using a sample pretreatment device
consisting of 150 cm of aminated Nafion fiber
immersed in a CID solution of either TBAOH or
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tetrabutylammonium borate. Minimal sample vol-
umes are required (approximately 1 ml) for use with
the hollow-fiber based device, no contaminants are
added to the sample and quantitative recoveries are
obtained for monovalent cations using a CID solu-
tion of tetrabutylammonium hydroxide (or borate),
while quantitative recoveries are obtained for di-
valent cations using a CID solution of tetrabutyl-
ammonium borate. The device(s) can be prepared to
have an ion-exchange capacity as high as 2 mequiv.
which enables them to be used for the treatment of
many samples with only a deionized water rinsed
required between successive sample applications.
Regenerated of an exhausted device can be achieved
simply by replacing the CID solution and this
sample pretreatment approach allows the IC deter-
mination of trace levels of mono- and divalent
cations in samples with a pH as low as 1.
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ABSTRACT

The compatibility of ionic strength gradient with solvent-generated ion-exchange chromatography on an octadecylsilica sorbent was
proven for a mobile phase containing octanesulphonate. Only a slight baseline shift was observed during the gradient of the phosphate
buffer, even at 210 nm. An equilibration time of 3 min between the runs was sufficient to obtain retention times with a reproducibility
better than [%. The compounds separated were cisplatin, carboplatin and related neutral and cationic platinum(II) complexes, in-

cluding transplatin and the aquation products of cisplatin.

INTRODUCTION

Several platinum(IT) complexes have been used
extensively in cancer treatment [1]. Mainly neutral
or positively charged complexes exist in agqueous
solutions of cisplatin [cis-diamminedichloroplati-
num(II), CDDP] and carboplatin [cis-diammine-1 ,1-
cyclobutanedicarboxylateplatinum(IT), Pt-CBDCA]
(Fig. 1), the aquation products of cisplatin [2-5],
trans-diamminedichloroplatinum(Il) [6] and tri-
amminechloroplatinum(Il) and tetraammineplati-
num(II) complexes [6].

Cisplatin and the related platinum complexes
have been separated chromatographically on re-
versed-phase sorbents dynamically modified with
cationic surfactants [7). However, positively charged
molecules have generally negligible retentions under
these conditions. The current methods for the
separation of CDDP and its cationic aquation
products or other cationic platinum(IT) complexes
use an octadecylsilica sorbent dynamically modified
with an anionic surfactant [7-10]. Isocratic elution is
most often used. Nevertheless, for the analysis of
complicated mixtures gradient techniques should
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give a better separation and/or shorter analysis time
[11].

The use of a gradient of organic modifier concen-
tration has been reported [9,12,13]. As the distribu-
tion coefficients of surfactants depend strongly on
the organic modifier concentration, a change in
surfactant concentration in the stationary phase
caused by the gradient results. Consequently poor
reproducibility [13] and long equilibration times
after each run [9] can occur. For this reason, the
application of an ionic strength gradient should be
more convenient, especially in separation systems
where the ion-exchange mechanism dominates.

In ion-exchange chromatography (IEC) on classi-
cal ion exchangers, the use of an ionic strength
gradient is essential [11]. The application of an ionic
strength gradient (at constant concentrations of
organic modifier and surfactant) to solvent-gener-
ated IEC is not so common. De Waal et al. [9] used a
mixed gradient of increasing organic modifier con-
centration and increasing ionic strength. When
using the related separation principle of ion-exclu-
sion chromatography on octadecylsilica dynamic-
ally modified with sodium dodecyl sulphate, a

© 1991 Elsevier Science Publishers B.V. All rights reserved
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Fig. 1. Structures of platinum(IT) complexes. I = cis-diammine-
dichloroplatinum(II) (cisplatin, CDDP); Il = trans-diamminedi-
chloroplatinum(II) (transplatin, TDDP); III = cis-diammine-
1,1-cyclobutanedicarboxylateplatinum(fTy ~ (carboplatin,  Pt-
CBDCA); 1V = cis-diammineaquachloroplatinum(Il); V. =
cis-diamminediaquaplatinum(1l); VI = triamminechloroplati-
num(Il); and VII = tetraammineplatinum(II).

sample-induced internal gradient of decreasing ionic
strength has been applied [14].

This paper reports the separation of platinum(II)
complexes applying an ionic strength gradient on an
octadecyl column dynamically coated with octane-
sulphonate dissolved in the mobile phase. The
convenience of the gradient technique is shown.

EXPERIMENTAL

Materials

Sodium octanesulphonate and sodium dihydro-
genphosphate were of analytical-reagent grade (E.
Merck).

Cisplatin and carboplatin were synthesized in the
Research Institute of Pure Chemicals (Lachema).
They were characterized according to USP XXII
and the assay show them to be more than 99.5%
pure by high-performance liquid. chromatography
(HPLCQ).

The trans-diamminedichloroplatinum(ll) com-
plex was prepared according to Chernyaev et al. [6].
It contained less than 0.1% CDDP and the assay
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was more than 99% pure (HPLC, internal normal-
ization 210 nm).

The cis-diamminediaquaplatinum(II) complex
was prepared according to Dhara [4]. To a CDDP
solution (concentration 1 mg/ml), silver nitrate was
added at a molar ratio of CDDP to Ag of 1:2.2. The
mixture was shaken and allowed to stand overnight.
After centrifugation the supernatant was acidified
with nitric acid to pH 2 and stored in a dark bottle.
The chromatogram showed one major peak (in
addition to nitrate), an unknown peak (9%), and
less than 1% CDDP and cis-diammineaquachloro-
platinum(II).

The cis-diammineaquachloroplatinum(II) com-
plex was prepared by modifying the above proce-
dure so that silver nitrate was added to CDDP in
molar ratio of only 1:1.1. The chromatogram
showed (in addition nitrate) one major peak of 11%
cis-diamminediaquaplatinum(II) and 16% CDDP.

Triamminechloroplatinum(II) was prepared by
partial ammonolysis of CDDP (concentration
1 mg/ml) at 90°C. Small portions of 0.2 M aqueous
ammonia were used so that pH did not exceed 7.5.
The reaction was stopped when the amount of
side-product formed, tetraammineplatinum(II), was
about the same as that of the unreacted CDDP. The
assay of triamminechloroplatinum(Il) was approx-
imately 40% pure (HPLC, internal normalization
210 nm); the remainder was CDDP and tetraam-
mineplatinum(Il).

Tetraammineplatinum(IT) was prepared accord-
ing to Chernyaev et al. [6]. The assay was more than
99% pure (HPLC, internal normalization 210 nm).

The HPLC method described here was used to
characterize the reference samples of platinum com-
plexes II and IV-VIL

Apparatus and chromatographic conditions

The system used was a Hewlett-Packard 1090
chromatograph consisting of an HP1040 diode-
array detector and a DRS binary pumping system.
The samples were injected by a Rheodyne 7125
manual injection valve equipped with a 10-ul sample
loop. For system control and data evaluation an
HP-79994A workstation based on an HP-310 com-
puter was used.

A stainless-steel column (4 x 250 mm) packed
with Silasorb SPH Cg, d(p) = 7.5 um (Lachema)
was used. The column temperature was 30°C.
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The following mobile phases were used. Eluent A
was sodium octanesulphonate (2 mM) and eluent B
sodium octanesulphonate (2 ma), dihydrogen
phosphate (0.5 M). The analyses were run under
isocratic conditions (90% A and 10% B, pH 4.53) or
with the following gradient: 10% Bfort = 0to s =
4 min, 10-100% B from ¢ = 4 to ¢t = 8§ min, 100% B
from: = 8to ¢t = 9 min, 100-10% B from ¢ = 9 to
t = 9.1 min.

The stationary phase was generated by pumping
the mobile phase until the retention times were
constant (about 4 h). The flow-rate was 1.5 ml/min,
resulting in a column inlet pressure of about 9 -
10° Pa.

RESULTS AND DISCUSSION

The chromatograms for the isocratic separations
of model mixtures of I, III, IV and V (Fig. 2)
document the strong influence of ionic strength on
the retention times of the charged complexes IV and
V; complex V is not eluted within 10 min using a
mobile phase containing less than 30% B. The
retention of the uncharged complexes I and III
remain almost unchanged. The standard mixture is
baseline-resolved under isocratic conditions with a
mobile phase containing 50% B (Fig. 2¢). However,
some real samples, e.g., the reaction mixture ob-
tained by the reaction of CDDP and cyclobutanedi-
carboxylic acid, gave rise to unknown peaks inter-
fering with complex IV. Gradient analysis allowed
these interfering peaks from real samples to be
separated (Fig. 2¢). Another example in Fig. 3 shows
the gradient separation of various amminechloro-
platinum(IT) complexes and the aquation products
of CDDP.

It is important to determine whether there are
changes in the surfactant sorption-desorption pro-
cess caused by the ionic strength gradient which
would shift the retention times in the next run or
produce baseline disturbances when using photo-
metric detection. Even at 210 nm only a slight
baseline shift caused by the gradient was observed
during the run. An equilibration time of 5 min
between runs is sufficient to condition the system.
The reproducibility of retention times for all the
peaks detected was better than 1% during a single
day.

An equilibration time of less than 3 min gave
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Fig. 3. Separation of a mixture of various amminechloroplati-
num(II) complexes (I, I, V1 and V1I) and aquation products of
CDDP (IV and V). Peak identification: A = anions; U =
unknown; for others, see Fig. 1. For other experimental condi-
tions, see text.

shorter and irreproducible retention times for the
positively charged complexes. The required equi-
libration time can be related to washing out the
higher concentration of the phosphate from the
column rather than to changing the octanesul-
phonate concentration in the stationary phase, as
the latter would require a much longer time. To
estimate the extent of the change of the octanesul-
phonate stationary phase concentration as a result
of the higher phosphate content in the mobile phase,
a further experiment was carried out. The mobile
phase, consisting of 100% B, was pumped for 2 h
through the column, then the composition was
switched to 10% B and after 5 min standard
solutions of Pt-CBDCA, CDDP and its aquation
products were injected. Only small changes in the
retention times [maximum + 5% for cis-diammine-
aquachloroplatinum(II) complex] resulted. There-
fore it can be concluded that the change in the
octanesulphonate stationary phase concentration
with increasing phosphate concentration is not
significant for the application of the ionic strength
gradient.

This method was successfully applied to the
analyses of samples related to technology develop-
ment and to the analyses of drugs, including stability
studies.
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ABSTRACT

Previous publications have described the application of the UNIFAC group contribution method to the prediction of retention in
chromatographic systems via their thermodynamic properties but concluded that the basic method was of limited, if any, use for this
purpose. This paper describes results from some recent developments in UNIFAC including modifications to the equations and newly
calculated parameter sets applied to the retention of a range of solvents in squalane, dinonyl phthalate, N-methylpyrollidone, poly
(isobutylene) and poly(ethylene oxide) stationary phases.

The best results obtained predicted the specific retention volumes to about 10%, although this model could only be applied to a few
systems; predictions for a wide range of polar and non-polar systems in the phases could be correlated to approximately 20-25%. While
this level of accuracy is sufficient to allow prediction of elution orders in some systems, none of the modifications to UNIFAC in current

use are suitable for widespread application to chromatographic systems.

INTRODUCTION

The selection of an appropriate stationary phase
for a particular analysis is an ever present problem
for the chromatographer and a number of strategies
such as the use of retention indices [1] or “window
diagrams” [2] have been developed. Previous papers
[3,4] in this series have explored the use of UNIFAC
for this purpose. This is a “group contribution”
method [5,6] which takes the components of a
solution, splits them into a number of functional
groups and sums their properties to arrive at the
overall solution activity, from which activity coeffi-
cients, y;, can be calculated. Comparisons of the
infinite dilution activity coefficient, y, with chro-
matographic data can then be made in terms of the
measured specific retention volumes, V2, of the
solutes in the stationary phases using the well known
relationship [7],

0021-9673/91/$03.50

P = 273.15 R/VC® P M, 1)

where R is the gas constant, M, is the molecular
weight of the stationary phase liquid, P{ is the
saturated vapour pressure of the solute at the
column temperature and ¥ is the retention volume
of the solute per gram of stationary phase fully
corrected to standard temperature and pressure.
However, when considering polymeric stationary
phases as are commonly used in current gas-liquid
chromatography (GLC), this definition is often
complicated by lack of an accurate value for M,.
Thus, the activity coefficients, QP, are usually
defined on a weight fraction rather than mole
fraction concentration basis [8]. Thus,

QF = 273.15 R/V? P M, Q)

where M| is now the molecular weight of the volatile
solute.

© 1991 Elsevier Science Publishers B.V. All rights reserved
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The UNIFAC method was developed by Fredens-
lund and co-workers [5,6] to allow the prediction of
phase equilibria and other thermodynamic proper-
ties of solution in liquid mixtures and has been fully
described in the previous papers [3,4]. The basic
technique assumes two contributions to the thermo-
dynamic activity in solution. The combinatorial (or
entropic) part, af, accounting for differences in size
and shape between the molecules in solution and a
second, residual (or enthalpic) contribution to the
activity, a¥, accounting for energetic interactions in
solution. These two contributions were found to be
adequate for small molecules solutions but, when
working with polymer solutions, an extra contribu-
tion, &t Y, to the solvent activity arising from the well
known free volume differences between polymers
and solvents must be considered as shown by Qishi
and Prausnitz [9]. The overall activity of the volatile
solute in the solution is thus given by:

Inag, =mnaf + mat + Inaly 3)

Rothand Novak[10]applied theoriginal UNIFAC
method to a number of systems and concluded that
‘... (it) can be used merely to give a rough estima-
tion of relative retentions”. We have applied both
the original and free volume modified versions to a
number of stationary phases such as squalane,
dinonyl phthalate and similar compounds [3] and
found that, in most cases, although the absolute
values of V¢ were not accurately predicted, the
correct order of elution was obtained although very
wide discrepancies were found with polar stationary
phases such as N-methylpyrollidone. Similar results
were found [4] with polymer stationary phases
including ““OV”’silicones and Carbowax. It was thus
concluded that, in its current state of development,
UNIFAC was of limited, if any, use to the chroma-
tographer.

In this paper, results using some of the more
recent developments to the UNIFAC method to
estimate V0 are described to determine whether they
will allow retention to be predicted with greater
accuracy and hence assist with the selection of
appropriate systems for analyses where little or no
experimental data is available. To test the range of
applicability of the methods (if any), calculations
were performed for five representative stationary
phases covering a range of properties. Three were
low-molecular-weight phases: squalane (SQ, non-
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polar), dinonyl phthalate (DNP, moderately polar)
and N-methylpyrollidone (NMP, polar). Two pol-
ymeric phases, polyisobutylene (PIB, non-polar)
and polyethylene oxide (PEO, polar) were also used.
The experimental results were taken from the same
sources as used previously [3,4] and were chosen
from high-quality thermodynamic measurements
made by GLC. As many solutes as possible were
used, these having been described in our earlier
papers [3,4]. From a chromatography point of view,
studies of polydimethyl siloxane, the base material
of the widely used OV series would have been useful
but there are a very limited number of UNIFAC
parameters available for silicones so that they were
not considered here.

RESULTS AND DISCUSSION

Since a value of zero concentration cannot be used
in the UNIFAC equations, a solute weight fraction
of 110~ was used to simulate infinite dilution, the
usual situation pertaining to analytical gas chromat
ography. The use of lower concentrations was found
to have negligible effect on the results. The UNIFA
C activity of the solute was calculated using the
appropriate equations as outlined above in a BASIC
program written for the IBM-PC and converted to
an activity coefficient by dividing by the mole or
weight fraction as appropriate to the system. Values
of the specific retention volume were then calculated
from eqns. 1 or 2 using physical property data from
literature sources [11-13].

Values have been calculated for each of the
modifications considered using both the original
treatment and with the free volume correction
proposed for polymer solutions. These will be
designated “uni” and “‘uni-fv”’, respectively. The
deviation of the predictions from the experimental
results was calculated according to

AVA(%) = 100 {[V(UNIFAC) — V2(Expt.))/
Ve(Expt)}  (4)

Modifications to UNIFAC

The combinatorial factor. One of the main features
of UNIFAC is that it assigns a zero interaction
parameter between groups of similar chemical na-
ture, e.g., methyl and methylene. This results in no
contribution to the activity coefficient, and hence
retention volume, from residual or energetic factors.
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Thus in hydrocarbon mixtures, the activity coeffi-
cient is composed solely of combinatorial terms
together with, for UNIFAC-FV, a free volume term.
Since even in such mixtures, e.g., hexane-squalane,
V¢ is not predicted well by the basic methods, we
first tried some of the suggested modifications to the
equation for the combinatorial activity, af, given in
the original treatment by

Inaf =In¢, + ¢ +
(z M1g:/2)(In (01/¢1) — 1 — (¢1/01)]  (5)

where M, is the solvent molecular weight, z is a
“lattice coordination number”, conventionally set
to 10 to conform with recent practice [6,9] and ¢,
and 8, are the UNIFAC segment and surface area
fractions, respectively, given for a weight fraction of
solvent W by: '

¢ = W, r1/z Wirs 0, =W, (]1/2 Wi qi(6)

the molecular parameters r; and ¢; are found by
summing the volume and surface parameters for
each group which are listed in the literature [6],
having been calculated from Van der Waals proper-
ties as given by Bondi [12].

By optimizing activity coefficients for a large
number of alkane and alcohol systems, Thomas and
Eckert [14] suggested an empirical alteration to
eqns. 5 and 6 where

¢y = Wy ri’/4/ Z W, r?/4 (6a)
and

Ina§ =1In¢y + (1 — @) +
(z My1q,/2)[In (8,/¢1) — 1 — (¢,/0))] (52)

Other workers [6] have suggested that a 2/3 power
term gives better results than the 3/4 power term. As
a third altenative, particularly for the polymeric
stationary phases, we have also calculated V¢ using
a Flory-Huggins (F-H) [15,16] type combinatorial
term as used in polymer solution thermodynamics,

Inaf =g, + (1 ~ V9V 0p) (6b)

where ¢ is the volume fraction of a species and V0 its
molar volume.

To compare these expressions, Vg0 values were
calculated for each solute-stationary phase system

299

and the average absolute deviation for each phase is
shown in Table I.

The final row of Table I shows the average
percentage deviation for each of the modifications
tested for all of the ¥ values calculated for each
phase (58 systems in total). It can be seen that the
free-volume corrected results give the best overall
results except in the case of NMP, but none of these
has a significant advantage over the original
UNIFAC treatment. The individual results have not
been included here for the sake of brevity, but even
in the hydrocarbon mixtures there was no dramatic
improvement in the results.

The energetic factor. Clearly then, modification of
the combinatorial terms alone using the existing set
of interaction parameters is insufficient to give a
better prediction of chromatographic behaviour.
The parameters were calculated by minimising the
deviation of UNIFAC derived activity coefficients
from the corresponding experimental values from a
large number of vapour-liquid equilibrium systems
over a range of concentrations. More recently,
several tables of results derived exclusively from
experimental data at infinite dilution have been
compiled so that it seemed a potentially useful
approach to investigate these. Two such parameter
tables have been used here. However, it must be
stressed that, as yet, these values are only available
for a restricted range of systems so that any conclu-
sions must, of necessity, be narrow.

Bastos et al. [17] used 11 500 results for vapour—
liquid equilibria at infinite dilution covering 40

TABLE I

PERCENTAGE DEVIATION OF UNIFAC Vg0 VALUES
FROM EXPERIMENTAL FOR MODIFICATIONS TO THE
COMBINATORIAL TERMS

See text for explanation of column headings.

Original riis r23 F-H
uni  wni- uni  uni- uni’ uni- uni uni-
fv fv fv fv

SQ 178 144 195 184 202 19.0 299 195
DNP 199 87 226 115 270 161 353 129
NMP 41.1 550 384 530 354 507 923 529
PIB 999 163 906 158 834 152 61.8 225
PEO 321 140 332 225 359 276 222 327

All 404 187 344 192 585 232 446 253
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groups to calculate values which allowed them to
correlate most of the data with an average error of
20%. The original UNIFAC and UNIFAC-FV
equations were used with these new parameters and
the results are shown in Table II.

It can be seen by comparing values from Table II
with those for the original UNIFAC model in
Table I that this data set does not significantly
improve the predictive value of the method. The
“uni” results give a somewhat worse fit to the
experimental data. While the free-volume corrected
values are slightly closer to experiment using these
interaction parameters, the improvements are not
significant in terms of using the method to prodict
chromatographic behaviour. In particular, the new
interaction parameter for “CH,0” as in PEO seems
to be unsuitable for use with polymers.

The final modification to the UNIFAC method
used here is to employ the set of parameters derived
by Weidlich and Gmehling [18]. These workers
changed the original UNIFAC model by incorpo-
rating a r}* term into the expression for the
combinatorial term as described above in addition
to deriving a new set of interaction parameters that
they claimed greatly improved prediction of infinite
dilution activity coefficients and enthalpies of mix-
ing. Rather than a single parameter to describe
interactions between groups, three new constants
for each group were calculated to take account of
temperature, 7, dependence,

¥ = exp — (ay/T + by + ¢yT)

where ¥ represents the UNIFAC interaction energy
of group i with group j and g;;, b;; and c;; are the
tabulated interaction parameters. With this model,
the average error in predicted y$ for a wide range of

TABLE 11

PERCENTAGE DEVIATION OF UNIFAC Vg° VALUES
FROM EXPERIMENTAL FOR MODIFICATIONS TO THE
UNIFAC INTERACTION PARAMETERS

uni uni-fv

SQ 205 117
DNP 22.1 7.4
NMP 41.1 351
PIB 946 146
PEO 1082 533

G. J. PRICE

small molecule systems was reduced from 21.1% to
5.3%.

Unfortunately, a number of groups needed for the
systems studied here, e.g., the ester group in DNP
were not included in the new parameter table so that
only a limited range of results could be obtained and
these are shown in Table ITL. For each of SQ and PIB
phases, values were calculated for nine solvents and
the average deviation from experiment calculated.

As can be seen, this model does give somewhat
improved predictions for the systems considered and
gives the best fit to experimental results of all the
models examined here. However, the best predic-
tions give errors that are of the order of 10% and
perhaps it is worth stressing that SQ is a somewhat
“ideal” phase in which the best results would be
expected. More detailed’ consideration awaits fur-
ther development of the parameter sets.

Further discussion

The results presented here have only considered
deviations from experimental results. Our previous
work [3,4] has shown that, in general, the order of
elution of a series of compounds can be reasonably
well predicted using UNIFAC. The closest predic-
tions show differences of around 10% from experi-
mental and this is sufficient to lead to reversal of
predicted elution order for compounds of different
chemical nature and hence to limited application to
chromatography.

The reasons for the deviation of the predictions of
the UNTFAC models from experimental results can
be ascribed to a number of sources. Firstly, any
group contribution method must, by its nature, be
approximate since it assumes that all functional
groups will behave in the same manner irrespective
of the molecule in which it occurs and that there are
no proximity effects. Clearly, with more groups
included, a larger number of environments could be

TABLE 1II

PERCENTAGE DEVIATION OF UNIFAC Vg0 VALUES
FROM EXPERIMENTAL FOR METHOD OF WEIDLICH
AND GMEHLING [18]

uni uni-fv

SQ 106 94
PIB 749 143
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described but this would lead to an increasing
number of parameters needed, reducing the flexibil-
ity of the technique.

The application of UNIFAC to chromatographic
systems modifies two of the basic situations for
which it was developed. The current application
requires infinite dilution of solvent while the com-
binatorial expression and, with the exception of
those of Bastos ef al., the interaction parameters are
derived from results at finite concentrations. An
alternative expression to eqns. 5 and 5a may be more
appropriate at infinite dilution. However, even when
used with interaction parameters derived solely from
data measured at infinite dilution, UNIFAC does
not yield satisfactory predictions of solution behav-
iour.

The largest source of error lies in the use of
parameters derived using small molecule solutions
for polymers. In solutions of low-molecular-weight
components, all of the functional groups will be
relatively accessible to each other so that it is valid to
sum interactions over all groups in solution. How-
ever, it is well known that polymer chains can adopt
a range of conformations so that a solvent molecule
may not be able to interact with all polymer
segments. Other reasons for the inability of
UNIFAC to describe polymer solutions have been
suggested [19-21]. While squalane and dinonyl
phthalate are not polymers, they are relatively large
molecules so that the same arguments may apply,
albeit to a lesser extent. NMP is a much more polar
molecule than the others considered and the large
deviations found with this system are clearly indica-
tive of the inability of UNIFAC to accurately deal
with highly polar interactions which, due to specific
interactions, can greatly influence af as well as f.

Clearly then, as it stands UNIFAC is unable to
predict the retention behaviour of chromatographic
systems with sufficient accuracy to justify its wide-
spread use. Future developments that may change
this would include the derivation of a parameter set
exclusively from polymer systems. Although rela-
tively few have been studied in detail, sufficient
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studies have been published to allow a preliminary
test of this' approach. To be useful, we estimate that
UNIFAC, or a derivative of the approach, would
have to predict ¥ to within 5% for a wide range of
solvents. If this can be achieved, it would be a
relatively straightforward extension to the computer
program to calculate the amount of stationary phase
or length of capillary column necessary to perform
the separation assuming a reasonable efficiency.
This seems some way in the future.
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ABSTRACT

Activity coefficients at infinite dilution were determined by gas-liquid chromatography for a variety of solutes using Apiezon L as the
solvent (liquid phase). Two temperature ranges (60-90 and 150-190°C) were used depending on the boiling points of the solutes.
Solubility parameters were determined from retention data for Apiezon L at 90 and 150°C using regular solution theory and Flory—

Huggins interaction parameters.

INTRODUCTION

Activity coefficients at infinite dilution are impor-
tant for the prediction of vapour-liquid equilibria,
the selection of solvents in extractive distillation, the
determination of solvent-solute interaction param-
eters and many other applications in chemical
processes. Gas-liquid chromatography (GLC) has
been used extensively to obtain these coefficients [1].
A limitation of the GLC technique is that the liquid
phase (solvent) must have a low volatility. When
a volatile solvent is used, a major problem is the
entrainment of the stationary phase from the
column. This problem can be overcome, at least to
some extent, by non-steady-state [2] and reversed-
flow [3] techniques. Another method is to use
a combination of GLC and liquid-liquid chromato-
graphy (LLC) retention data, using a high-molec-
ular-weight compound as the liquid phase in both
instances [4].

Unlike the GLC method, only ratios of the
activity coefficients of a solute at infinite dilution in
the mobile and stationary phases can be obtained by

0021-9673/91/803.50

LLC. To obtain solute activity coefficients in the
volatile mobile phase it is necessary to use indepen-
dent methods (e.g., GLC) to determine the corre-
sponding activity coefficient in the other phase.

In this work the activity coefficients for several
solutes, such as aliphatic and aromatic hydrocar-
bons, alcohols, cresols, toluidines and picolines at
infinite dilution were determined using Apiezon L as
the solvent (stationary phase) in GLC. Measure-
ments were made in two temperature ranges, 60-90
and 150-190°C, and the results are discussed with
respect to regular solution theory.

These coefficients allow the determination of
activity coefficients at infinite dilution in volatile
solvents (such as acetonitrile or methanol) from
LLC measurements [5].

THEORY

The specific retention volumes, V;, were deter-
mined by the following equation [6]:

273.15F\(po — pw\ .
Ve = - 1
SRR X S P

© 1991 Elsevier Science Publishers B.V. All rights reserved



304

where 7y is the retention time, ¢4 the dead time, F the
carrier gas flow-rate, T, the flow meter temperature,
w, the mass of the stationary phase, po the outlet
column pressure, p; the inlet column pressure, p,, the
vapour pressure of water at the flow meter temper-
ature and j the James—Martin factor defined as:

3] @ilpo)® — 1
=3[ ers=] @

The activity coefficients at infinite dilution, y%,
were determined from the specific retention volume
Ve [7] by the equation:

273.15R P
ny? =In|{—"—} — — 2By, — V5 —
nvys; n<V§M1p3> RT( 12 2)
P2

B = VD) 0)
where M, is the molecular weight of the liquid
phase, p$ the saturated vapour pressure of the pure
solute, P the average column pressure, V5 the molar
volume of the pure solute, By, the second virial
coefficient of interaction between the solute and the
carrier gas, R the gas constant, T the column
temperature and B,, the second virial coefficient of
the solute at temperature 7.

At moderate pressures using helium as the carrier
gas, By, can be safely neglected and V5 is also
negligibly small compared with B,; [7]. Thus eqn. 3
can be approximated by:

273.15R przz
Iny® = 1 _ 4
fyr =M <V§M1p3> RT @)

Solute vapour pressures were obtained from liter-
ature data 8] for the following solutes: n-propanol,
isopropanol, butanol, benzene, toluene, heptane, o-,
m- and p-cresols and o- and m-toluidines. The
Antoine equation was used at pressures up to
1500 mmHg and the Harlacher—Braun equation [9]
for higher vapour pressures, following suggestions
given by Reid et al. [10]. B,, was estimated from the
Beattie-Bridgeman correlation {11]:

By,|V. = 0.461 — 1.158(T./T) — 0.503(T:/T)* (5)

where V, and T, are the critical volume and the
critical temperature of the solute, respectively.
The activity coefficient is commonly expressed as
the contribution of two effects: the thermal contri-
bution, y&, resulting from molecular interactions of
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the compounds, and the athermal contribution, yg,
associated with the difference in size between the
solute and solvent molecules:

Iny? = Inyy + In vy (6)

The interaction parameter, x®, is, according to
the Flory-Huggins theory, related to In y7 by
subtracting the Flory-Huggins size correction
[12,13]:

* =y —In/) -1 =1/ Y]

where r is approximated as the molar volume ratio
of solvent to solute.

The size correction is usually taken as the value of
In y®. The interaction parameter redefined as a “re-
sidual” free energy [14] involves the enthalpy and
entropy effects:

X = s (®)
and from the regular solution theory:
1% = (V3/RT)O: — 82)° )

Substituting eqn. 9 into eqn. 8 and rearranging
leads to:

53 ha 26, 67 18

— — ) ===]0 — | ==+ = 1
<RT 43 rT) %2 T \rT T V3 (10)

A plot of the left-hand side of eqn. 10 versus
the solute solubility parameter, J,, should yield a
straight line from which the liquid phase solubility
parameter, d;, can be obtained [14,15].

The molar excess thermodynamic properties of
the solution are given by the equation:

AG® = RTIny? = AH® — TAS® (11
EXPERIMENTAL

Measurements were carried out with a Hewlett-
Packard 5750 G gas chromatograph equipped with
a thermal conductivity detector. A glass chromato-
graphic column, 2.4 m x 0.25 in., was packed with
Apiezon L (Hewlett-Packard) as the stationary
phase, supported on Chromosorb P-AW (80—
100 mesh); the liquid loading was 25.3% by mass.
The column packing was prepared by dissolving
a weighed amount of Apiezon L in trichloromethane
and adding to the solution a known amount of the
solid support. The slurry was gently dried in a rotary
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evaporator with nitrogen flowing above the drying
stationary phase. The percentage loading of the
stationary phase on the packing material was deter-
mined gravimetrically.

Samples of 0.1 ul were injected after 8 h of thermal
equilibration. The elution peaks were only slightly
asymmetric, which is a good indication of infinite
dilution conditions [16]. Furthermore, the station-
ary phase is not polar and a high liquid phase
loading on a highly inert support was used. It can
therefore be assumed that the experimental data are
reasonably unaffected by adsorption phenomena.
The results reported here are the average of at least
three experimental determinations.

TABLE I

305

The solutes were supplied by Romil Chemicals
(UK), Fluka (Switzerland) and Ega-Chemie (Ger-
many), and were selected because they show a
variety of functional groups and some of them are
important coal by-products.

The molecular mass of the Apiezon L stationary
phase, 1160, was determined using a Knauer osmo-
meter.

RESULTS

Values of specific retention volumes, ¥y, and the
activity coefficients are listed in Tables I and II for
the various solutes with Apiezon L as the liquid
phase.

SOLUTE-SPECIFIC RETENTION VOLUMES AND ACTIVITY COEFFICIENTS IN APIEZON L

Solute 60°C 70°C 80°C 90°C

v 129 £ V5 Ve V3 Ve 12

(ml/g) (ml/g) (ml/g) (ml/g)
Ethanol 12,7 3.45 10.0 2.75 79 2.34 6.7 1.90
n-Propanol 339 3.07 25.8 2.48 20.4 1.99 15.8 1.67
Tsopropanol 18.9 2.87 14.6 2.29 11.8 1.85 9.6 1.53
Butanol 86.2 2.78 64.7 2.29 48.2 1.89 37.1 1.60
Benzene 134.8 0.28 101.1 0.27 75.6 0.27 57.7 0.26
Toluene 348.4 0.31 243.5 0.30 173.1 0.30 125.8 0.30
n-Pentane 26.6 0.36 20.4 0.36 16.1 0.35 12.9 0.34
n-Hexane 68.2 0.39 50.6 0.38 379 0.38 29.0 0.37
n-Heptane 171.9 0.42 122.2 0.41 87.6 0.40 65.0 0.39
TABLE II

SOLUTE-SPECIFIC RETENTION VOLUMES AND ACTIVITY COEFFICIENTS IN APIEZON L

Solute 150°C

160°C 170°C 180°C 190°C
Ve 153 Ve 123 Ve vy Ve e ve Y
(ml/g) (ml/g) (ml/g) (ml/g) (mi/g)
o0-Xylene 58.1 0.30 46.6 0.29 374 0.29 304 0.29 25.0 0.28
m-Xylene 49.8 0.31 40.3 0.30 32.5 0.30 26.5 0.30 21.8 0.30
p-Xylene 49.5 0.30 40.1 0.30 32.3 0.30 26.4 0.30 21.7 0.30
o-Cresol 98.8 0.68 717.6 0.63 60.3 0.59 48.2 0.55 38.7 0.52
m-Cresol 107.2 0.87 84.2 0.80 67.3 0.73 53.1 0.68 42.8 0.63
p-Cresol 104.9 0.95 83.0 0.85 64.4 0.78 51.2 0.71 40.6 0.67
o-Toluidine 135.1 0.61 104.5 0.59 854 0.53 65.4 0.51 52.0 0.48
m-Toluidine 1343 0.71 104.0 0.68 84.9 0.61 64.9 0.59 51.4 0.55
y-Picoline 42.0 0.42 34.3 0.41 28.6 0.39 23.0 0.38 19.3 0.37




306

06}~

/A/
A%
ok /
i Mok
o010 700
90°C 150 °C
008|- /

B (o)
o6 AA‘/
1 L
1% 16

(82/RT - X=/ v} ) tmol fcm?)
T

L - 1 !
18 20 22 2%
8, (J/em? )12

004

12

Fig. 1. Evaluation of the solubility parameters at 90 and 150°C for
the solutes in Table I.

Two temperature ranges were selected based on
the boiling point of the solutes. For the high-boiling-
point compounds the temperature range 150-190°C
was selected to obtain reasonable retention times;
the retention times would have been too high in the
range 60-90°C and would have been difficult to
measure with the accuracy needed for thermody-
namic calculations.

All the aliphatic and aromatic compounds used,
with the exception of the aliphatic alcohols, showed
very low activity coefficients (y§ < 1), indicating the
good solvation of these solutes in Apiezon L. The
aliphatic alcohols have high y3 values (y3 > 1),
which result from repulsive interaction due to the
high polarity of the alcohols. This is also reflected by
the high excess enthalpies, AH, in Apiezon L (in the
range 18.4-20.9 kJ/mol) compared with the values
for aliphatic hydrocarbons (in the range 2.1-
2.4 kJ/mol).

Fig. 1 shows the plot of the terms in eqn. 10 for the
evaluation of the solubility parameters at 90 and
150°C. The values of the estimated solubility param-
eters for Apiezon L are 13.3 (J/cm?®)'/? at 90°C and
14.1 (J/cm3)'/2 at 150°C. Some workers [14,15] have
reported similar results using different solvents.

SYMBOLS

B, second virial coefficient of interaction be-
tween the solute and carrier gas (cm?®/mol)

B,, second virial coefficient for the pure solute
(cm3/mol)
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F  carrier gas flow-rate (cm*/min)

AGY excess partial molar Gibbs free energy at
infinite dilution of the solute (J/mol)

AHZ excess partial molar enthalpy at infinite dilu-
tion of the solute (J/mol)

j James—Martin factor

M, molecular weight of stationary phase (g/mol)

Di inlet column pressure (atm)

po  outlet column pressure (atm)

pw  vapour pressure of water at the flow meter
temperature (atm)

p5  vapour pressure of the pure solute (atm)

P average column pressure (atm)

R gas constant (82.05 cm?® atm/mol K in eqns. 3
and 4; 8.3144 J/mol K in eqns. 9-11)

¥ molar volume ratio of solvent to solute
(Vi/v3)

ASY® excess partial molar entropy at infinite dilu-
tion of the solute (J/mol K)

tg  retention time (min)

ty  dead time (min)

T  column temperature (K)

T. critical temperature of the solute (K)

T, flow meter temperature (K)

V. critical volume of the solute (cm*/mol)

Ve specific retention volume (cm?/g)

V? molar volume of the stationary phase
(em3/mol)

VS  molar volume of the solute (cm®/mol)

w,  mass of stationary phase (g)

Greek letters

y3  activity coefficient at infinite dilution of the
solute

v athermal contribution to the activity coeffi-
cient at infinite dilution of the solute

y&  thermal contribution to the activity coefficient

at infinite dilution
[s9]

X interaction parameter at infinite dilution

yii  enthalpic contribution to the interaction
parameter

¥§ entropic contribution to the interaction
parameter

0,  solubility parameter of the solvent (stationary
phase) [(J/cm?)1/2]
3,  solubility parameter of the solute [(J/cm?®)!/?]
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ABSTRACT

Dual-isotope measurements by gas chromatography (GC)-atomic emission detection (AED) may enhance results for quantitative
analyses. Adding a known amount of an isotopically labelled form of target analytes in each sample can compensate for irreproducibil-
ities or uncertainties associated with sample pretreatments and sample loading. Similarly, fluctuations in AED temperatures, flows and
interferants can be compensated via the added labelled forms if each target analyte and its isotopically labelled form coelute. Under
these conditions they are subject to identical excitation environments and are measured from the same viewed volumes. Consequently,
improved quantitative results may be attained by coelution in GC-AED methods which mimic isotope dilution.

INTRODUCTION

Atomic emission detection (AED) for gas chro-
matography (GC) is a powerful instrumental meth-
od which has become increasingly popular in recent
years [1,2]. Multielement measurements may be
made with GC-AED, providing high selectivities for
a wide range of isotopes, typically spanning wide
dynamic ranges with excellent sensitivities. GC-
AED is usually accomplished passing eluates direct-
ly into a plasma region, typically into a microwave-
induced plasma. Thus, the temporal selectivity of
GC separations is supplemented by the spectral
resolution of AED. Quantitative AED analyses can
yield elemental concentrations for selected eluates
and thereby it may be feasible to attain elemental
composition and sometimes molecular formulae via
GC-AED [3].

Methods using added isotopically labeled sub-
stances can be very powerful for quantitative mea-
surements and comparisons [4-8]. Use of two or

0021-9673/91/$03.50 ©

more radioactive isotopes is not uncommon and
exploits the great selectivities and sensitivities of
radioactivity measurements. However, potential
health hazards and regulations make alternatives to
use of radiolabeled materials attractive. Conse-
quently, isotope selective methods which use non-
radioactive substances, e.g., mass spectrometry
(MS) or atomic emission, are attractive options to
radiometric procedures if appropriate isotope selec-
tivities with sufficient corresponding sensitivities
can be attained.

Dual-isotope methods with MS of equilibrated
mixtures of target analytes with appropriate isotop-
ically labeled compounds have been used for many
years for accurate analyses [9]. Approaches which
mimic isotope dilution and use GC-MS have gained
general acceptance for use in important environ-
mental analyses [10]. For those procedures an
isotopically labeled form of each target analyte is
added to samples before pretreatment and the two
forms of each analyte thereby undergo essentially

1991 Elsevier Science Publishers B.V. All rights reserved
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identical effects during sample preparation. Sub-
samples are then analyzed by GC-MS using ac-
cepted procedures, with each analyte and its isotop-
ically labeled form being measured via their respec-
tive characteristic m/z values. However, the good
selectivity and sensitivity of GC-MS is sometimes
not sufficient to allow for reliable measurements via
those approaches, partly due to variations in ioniza-
tion efficiencies in the MS source, perhaps from
variable source pressures or coeluting interferants:
Ensuring coelution of both forms of each analyte
can partially remedy effects of varying ionization
efficiencies [8], even those caused by interferants or
variable source pressures.

GC-AED is also compatible with dual-isotope
techniques which mimic isotope dilution, partly
because AED can concurrently measure two or
more isotopes of elements from both the target
analyte and its isotopically labeled form. Conse-
quently, dual-isotope methods with GC-AED may
compensate for variations in pretreatments and
measurements, and ensuring coelution of both iso-
topic forms of target eluates can reduce variations in
relative sensitivities for the two forms during the
GC-AED measurements, as discussed below.

THEORY

If differently labeled forms, e.g., h vs. d, of an
analyte a elute into a microwave plasma and are
atomized and excited in a thermally equilibrated
region, then the observed characteristic radiant
power emitted, Pg, will be related to the total
number of eluate atoms, n,, and n,; (in atoms
cm ™ %), in the observed viewed volume, V, for form d
is

Pgy = Ajid(thid) Vdnjd =
Ajia(hvsia) Vd”adgjde_Ef“/kT[Z(T)] -t 1)

where A4; is the probability of excited state j
undergoing deexcitation to state i, (4v;;) is the energy
of the emitted photon from the j to i transition, g;
and E; are the statistical weight and energy for state
J» Z(T) is the partition function for the species, & is
the Boltzmann’s constant and T is the absolute
temperature [11].

If both isotopic forms of the target analyte elute,
then their réspective radiant powers can be com-
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bined into a ratio for their corresponding j to i
transition:

Pey _ Ajin(hvjin) Vinangme B4 Z(T)] 1
Pra  Ajia(hvjia)Vanaagee 5T Z(T)] 71

which, if both forms exist at the same temperature,
simplifies to

Pgp/Pgq = (Buhan)(Baraa) ™! = (BuBi V)(Man/faa) (3)

where B, and B, are constants. Thus, their relative
emission intensities from the viewed volumes would
be directly proportional to the number of eluate
atoms passing through the viewed volume at the
time of observation.

The net measured signal for each power,
Emeasured = Etolal - Edark - Ebackground’ will be
related to the emission intensities through encoding
transforms E;,, = Epcasurea = G(Pg), and they may
be integrated over the duration of elution [11]. If the
transforms are directly proportional to emission
intensities, e.g., E, = KPg with K = a constant,
then the relative integrated measured signals may be
directly related to the respective integrated atom
concentrations:
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where R is the analytes’ retention time, w is the
corresponding peak width, b is a constant, and ¢ is
time.

If mass flow patterns are constant or reproduced,
then the ratio of integrated net signals should be
directly proportional to the integrated concentra-
tions of the eluates leaving the column, and thereby
to the sample concentrations. Of course, non-equi-
librium thermal conditions, irreproducible mass
flows through viewed volumes and variable emission
signal sensitivities could cause deviations from the
direct relation between relative integrated net signals
and relative sample analyte concentrations.

Coclution of the two forms of each analyte can
force flow patterns, temperatures, etc., to be identi-
cal for the two forms even if potential interferants
are present, because they would exist in the same
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environment concurrently. Therefore, coelution may
appreciably enhance the direct proportionality be-
tween relative concentrations and integrated areas,
and thereby improve results for GC-AED analyses.

The direct proportionality between relative inte-
grated responses, e.g., chromatogram areas, and
relative concentrations indicates compatibility with
dual-isotope internal standard chromatography
methods, for which each added internal standard is
chemically identical but isotopically different than
its corresponding target analyte. Moreover, the use
of isotopically labeled forms of each target analyte
as internal standards may also allow for: (a) possible
quantitative measurements or comparisons of se-
lected analytes without necessarily identifying each
analyte [5,6], (b) for special comparisons to be made
between reaction products in dual-isotope experi-
ments [6] and (c) for effects of impurities or isotope
effects to be assessed in dual-isotope reaction experi-
ments [7].

EXPERIMENTAL

Reagents

Anthracene and decadeuteroanthracene were
purchased from Aldrich, both at >99% purity. All
solvents were Mallinkrodt ChromAR grade, and
helium carrier gas was >99.9999% pure.

Apparatus

A Hewlett-Packard Model 5921A atomic emis-
sion detector interfaced to a Hewlett-Packard
Model 5890 Series II gas chromatograph with a
Model 7673 autosampler was used, controlled and
monitored by a Hewlett-Packard Model 9000 com-
puter via ChemStation software written especially
for the Model 5921A GC-AED system. Emission
intensities at 656.302 nm and 656.039 nm were
monitored for hydrogen and deuterium, respective-
ly. A DB-1 column, 25 m x 0.2 mm I.D. with
0.17-pm stationary phase thickness was used for all
separations described herein.

Procedures

The on-column injection port was used with 1.0 ul
volumes of sample for each separation and measure-
ment. The injector was maintained at 150°C during
injection, held at 150°C for 1 min then increased to
250°C at 100°C min~*', maintained at 250°C for

5 min and then decreased to 200°C for the rest of
each elution. Eluates were separated via a temper-
ature program: isothermal at 150°C for 5 min and
then increased at 20°C min ~! to 250°C. The temper-
ature program resulted in moderate separation of
the nonanthracene eluates but yielded coelution of
the isotopic forms of the anthracene target analyte.

Separate solutions of natural isotopic abundance
anthracene and decadeuterated anthracene were
made at 0.002 M in methanol, i.e., nearly saturated
at 25°C, for these investigations. Test solutions were
made by mixing and diluting the 0.002 M solutions,
yielding solutions spanning 107° to 2 - 1073 M
and varying in relative concentrations, C,umracene/
Cecadeuteroanthracene, between 5.6 - 1073 and 1.8 - 102.
Triplicate replications for these solutions were ana-
lyzed by GC-AED via the temperature program
described above.

RESULTS AND DISCUSSION

Moderate resolution separations via the temper-
ature program essentially coeluted anthracene with
[2H;o]anthracene (see Fig. 1). Unfortunately, spec-
tral resolution between deuterium and hydrogen
was not complete, allowing interference into the
hydrogen measurement with the presence of deuter-
ium; thus, deuterium-caused interferences were sub-
tracted from hydrogen results to calculate the net
measured responses due to hydrogen. However, no
interferences due to hydrogen were observed for
deuterium even at Cyyarogen/Caeuterium ratios of 180:1
and for deuterium concentrations diminishing be-
low the limit of detection, 1.7 - 10~ mol [2H,]-
anthracene, i.e., 1.8 - 107 !° mol deuterium, by the
GC-AED system.

Sensitivities for both anthracene via hydrogen
emission and for [2H,qJanthracene via deuterium
emission varied somewhat with concentration, as
shown by curvature and slope #1.0 in the log-log
relations of their calibration plots, as expected when
several orders of magnitude in concentrations are
spanned (see Fig. 2). The sensitivity uncertainties
were typically about +20% relative standard devia-
tion (R.S.D.) (n = 3) and may result, in part, from
variations in effective plasma temperatures or vari-
able flow patterns which fluctuate from run to run.

Relative sensitivities for the two coeluted forms,
however, varied directly with their relative con-
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Fig. 2. Calibration plots for GC-AED measurements of anthra-
cene (x) and [?H,,Janthracene ([J), using 1-ul injections of
solutions varying in concentrations between limits of reliable
measurement of about 103 mol1™? to the limit of solubility of 2 -
1073 mot 17%.

centrations, spanning a linear dynamic range of
nearly four orders of magnitude from C,pnracene/
Cdecadeuteroanthracene ratios Of 5.6- 10_3 to8- 101 (See
Fig. 3). Moreover, precisions for the relative sensi-
tivities were excellent, typically varying between
+3% and +12% R.S.D. (n = 3), becoming worse
near the limits of detection, as expected.
Consequently, GC-AED measurements of co-
eluted deuterated and normal hydrogenated anthra-
cene is compatible with dual-isotope procedures
which mimicisotope dilution. By adding a small-but-
reliably-measured amount of deuterated anthracene
to samples containing normal anthracene one may
expect the deuterated form to work as a reliable
internal and recovery standard, as well as compen-
sating for variable excitation conditions, making
more accurate and precise determinations feasible.
The direct proportionality between relative sensi-
tivities and relative concentrations is an important
condition for valid use of internal standard methods
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Fig. 3. Relative response vs. relative concentration relations for
GC-AED measurements of anthracene and [*H,lanthracene
(D-10 anthracene), using 1-ul injections of solutions varying in

relative concentrations, Camhracene/Cdecadcuteroanthracenea between
80:1 and 5.6 - 1073:1.

for quantitative analyses with chromatography;
coelution with dual-isotope internal standard proce-
dures can be especially reliable for such determina-
tions.

In general, GC-AED systems should be compat-
ible with a variety of dual-isotope procedures in
addition to those which mimic isotope dilution,
perhaps with other compatible isotope pairs. For
example, dual-isotope GC-AED methods may be
useful for measurements or comparisons of reaction
product concentrations [5,6] and for assessing ef-
fects of impurities or isotope effects upon reaction
product formations [7]. Moreover, coelution of the
isotopically different forms of target analytes may
substantially compensate for variations in flows

through the viewed volume and for variations in
excited-state populations resulting from fluctua-
tions in plasma conditions from run-to-run or
within runs, thereby potentially improving GC-
AED measurement accuracy and precisions which
may be evident in higher-resolution GC separations.
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ABSTRACT

A technique is described for the collection and concentration of volatile compounds produced by plants, insects, animals and other
materials. The method is a modification of the continuous-flow system based on absorption of volatiles in a low amount of solvent at
low temperature. The advantages and disadvantages of the technique used are described in detail.

INTRODUCTION

So far several different techniques have been used
for the trapping and concentration of volatile sub-
stances: (1) cold trapping and cryogenic trapping
(e.g. ref. 1-3); (2) trapping on a solid sorbent (e.g.
refs. 4-7); (3) trapping in a liquid stationary phase
coated on a solid support [8-13] and (4) chromato-
graphy evaporation of a solvent in a capillary tube
[11,14,15]. A short survey of preconcentration
methods in capillary gas chromatography has been
published by Roeraade [16] and an excellent review
concerning headspace-gas chromatographic (GCO)
analysis of medicinal and aromatic plants and flow-
ers has been published recently by Bicchi and Jou-
lain [17]. So far trapping on a solid sorbent is still
the most widespread technique, the properties and
use of which have been reviewed by Golub and
Weatherston [1], Nuifiez et al. [18] and Giinther er
al. [19].

For an analysis by means of GC, gas chromato-
graphy—mass spectrometry (GC-MS), gas chroma-
tography-Fourier transform infrared spectroscopy
(GC-FT-IR) or gas chromatography—electroanten-
nography (GC-EAG) it is indispensable to release
the volatile compounds from the sorbent. Basically,
there are two methods of doing this.

(a) The substances may be washed out with a sol-

0021-9673/91/$03.50

vent (if a small amount of solvent is used a quanti-
tative washing out may not be achieved, while when
larger amounts of solvent used the eluate must be
concentrated, which may lead to quantitative
changes in the proportion of the most volatile com-
ponents.

(b) Volatile substances may be desorbed by heat-
ing the sorbent for several minutes, which is usually
followed by cryofocusing at the beginning of the
chromatographic capillary column, where the sub-
stances may not be retained quantitatively [20].

For a thermal desorption of the volatiles, micro-
wave radiation has also been used successfully, but
this method has limitations with respect to the
choice of sorbent [21,22). In addition to this, de-
composition of substances may take place on the
large surface of the sorbent. Thus, desorption of
volatiles both from solid sorbents and from the
liquid stationary phase requires the use of further
equipment [23,24].

The device described in this paper is a modifica-
tion of the continuous-flow system [25,26], in which
absorption of volatiles into a solvent at low temper-
ature is used instead of adsorption [27]. The device
works off-line, i.e. it is independent of the gas chro-
matograph. The method was tested by trapping and
concentration of volatile substances from natural
and artificial sources.

@© 1991 Elsevier Science Publishers B.V. All rights reserved



316
EXPERIMENTAL
The trapping system

For all experiments described in this paper a tem-
pered desorption vessel of a 30-ml internal volume

was used. A U-tube containing 50 ul of solvent had

an I.D. of 3 mm at its narrower part and § mm at
the broader part, which is the section for the trap-
ping of the condensed water. The inner surface of
all glass parts of the device was silanized [28] with a
solution of dimethyldichlorosilane in toluene (20%,
v/v, for 20 min). Air or nitrogen was used as the
carrier gas. The carrier gas was purified by means of
cartridges packed with silica gel, charcoal (both ex-
tracted and activated) and a 5-A molecular sieve
(activated) before entering the desorption vessel.
The gas flow-rate was checked with a rotameter and
measured using a bubble flow meter. For the cool-
ing of the U-tube with the solvent a mixture of etha-
nol and dry ice (— 78°C) was used. A schematic dia-
gram of the whole arrangement is shown in Fig. 1,
and a detailed view of the main part of the des-
orption device and the location of the sample is
shown in Fig. 2.

After each experiment condensed water and a
trapping solvent were withdrawn (separately) from
the U-tube with a Hamilton syringe and divided
into several portions and stored in sealed glass tube
(1 mm 1.D.) in a freezer.

eter
soap film molec v
mete, charco
silics gel
tempered ‘ /
gesorption
vesse
source of
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tharmostat
-
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Fig. 1. Schematic diagram of the trapping system.
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Fig. 2. Detail of the trapping system showing the desorption
vessel and U-tube (not to scale).

Testing the device by means of n-alkanes

Fifteen n-alkanes (Cg—C,,, Applied Science
Labs., USA) in equal weight proportions were dis-
solved in n-hexane (10%, w/v) and 5 ul were in-
jected with a Hamilton syringe through a septum
directly into the small boat in the desorption vessel.
Three equal U-tubes (4 mm I.D.), connected in se-
ries, were always used for trapping the volatiles.
Each of them contained 150 ul of an absorption
solvent. The experiments were carried out: (a) with
temperatures in the desorption vessel of 30, 60 and
90°C, (b) at flow-rate of 10, 20 and 30 ml/min and
(c) for 1, 2 and 4 h. The retention times (in minutes)
of n-alkanes (for GC conditions see the Experimen-
tal section) were as follows: 14.13 (Cyg), 22.30 (Co),
30.81 (Cy0), 39.06 (Cy11), 46.88 (Cy2), 54.24 (Cy3),
61.18 (Cya), 67.70 (Cys), 73.89 (Cy6) and 79.75
(C19). ’

Solvents and gases

Prepurified and distilled methanol (99.999%) or
n-hexane (puriss., p.a., Fluka, Buchs, Switzerland)
was used as the absorbing solvent. An air generator
(Chrompack) was used as a source of air as carrier
gas, while nitrogen was used from a cylinder.

Gas chromatography

An HP 5890A gas chromatograph with flame
ionization detector and split-splitless injector was
used: injector temperature 200°C; detector temper-
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ature, 250°C; oven temperature, 35°C (5 min), then
2°C/min up to 165°C; carrier gas, hydrogen (70
kPa); column flow-rate, 2.0 mi/min; flow velocity,
49.7 cm/s (at 35°C), split ratio, 1:29; injections, al-
ways 2 ul; fused-silica capillary column, 30 m x
0.25 mm I.D. with DB-1; film thickness, | yum. An
HP 3393A integrator was used.

Gas chromatography—mass spectrometry

A combined HP 5890A gas chromatograph and
ZAB-EQ mass spectrometer (VG Analytical, UK)
using electron-impact ionization at 70 eV was used.
The chromatography conditions were the same as
for GC experiments.

RESULTS AND DISCUSSION

The efficiency of the device was tested with a mix-
ture of fifteen n-alkanes (Cs—C,,). The influence of
temperature of the desorption vessel, flow-rate of
the carrier gas and time of desorption was deter-
mined. The tests showed that approximately 97%
of desorbed alkanes were. trapped in the first U-
tube, while the rest (3%) were trapped in the second
one. The third U tube contained only trace amounts
of alkanes in some cases. Fig. 3 represents the influ-
ence of desorption temperature on the percentage
of substances trapped (the injected amount was
equal to 100%, time of desorption 2 h and flow-rate
10 ml/min). The effect of temperature is most dis-
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Fig. 3. Distribution of n-alkanes trapped at different temper-
atures in the desorption vessel (time of trapping 2 h, air flow-rate
10 ml/min).

tinct up to 60°C; a further increase in temperature
no longer causes a substantial increase in desorbed
material. The effect of temperature is less distinct at
desorption of lower hydrocarbons (up to n-Cyj).
The influence of the time of desorption or the flow-
rate is much weaker than that of temperature. -
Heptadecane was the highest hydrocarbon which
could still be trapped under any conditions. The re-
sulting quantity was most probably affected by the
way in which a 10% solution of fifteen hydrocar-
bons was injected into the desorption vessel. The
hexane solution (5 ul) occupied only a limited area
on the glass surface of the small boat. In contrast to

TABLE I
TRAPPING CONDITIONS
Material Quantity Temperature of Length of Carrier
desorption vessel trapping gas
Q9] () (ml/min)
Coffee beans (Prague mixture type, 09¢g 90 2 Air, 15
roast and ground) o
Bark of spruce (Picea pungens l6g 50 3 Air, 15
Engelm. cv. Argentea)
Black pepper (ground) [3g 40 2 Air, 15
Shield bug ' 30 adults 30 2 Air, 15
[Graphosoma lineatum (L.1758))
Polyvinyl chloride 10.5 g (30 cm?) 50 5 Air, 15
(PVC flooring material) )
Beer (Sladek 11° lager type) 18 ml 30° 2 Nitrogen, 25

* A desorption vessel was used for preheating of carrier gas only, the sample of beer was placed in a stripping tube.
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this, volatile substances from natural material are
evaporated from a much larger surface.

Since the effect of the trapping in the first U-tube
was 97%, we always used a single U-tube in further
experiments. For a practical testing of our device we
concentrated volatile substances from randomly se-
lected samples. The conditions for their analysis are
given in Table I. Since a detailed qualitative analysis
of the sample was not the main purpose of this
study, we identified, by means of GC-MS, only
some main components from several samples.

Practically every natural organic material con-
tains a larger or smaller amount of water. As a rule
this water causes difficulties during the capturing of
the volatiles (e.g. ref. 29 and 30). When the device
described is used, allmost all of the water condenses
and freezes in the wider part of the U-tube, i.e. be-
fore it can reach the absorption solvent. We found
that attention must also be paid to the analysis of
water trapped in this manner. Some authors have
warned against the presence of water in a sample
analysed by capillary gas chromatography (CGC)
because this water may change the properties of the
chromatographic column [31] or even change reten-
tion times [32-34]. In contrast to this, a number of
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authors currently use aqueous solutions for analy-
ses by CGC [35-37] as well, and they even deter-
mine water quantitatively using a thermal conduc-
tivity detector (see ref. 38). Under our chromato-
graphic conditions we observed no differences in the
retention of substances from aqueous and non-
aqueous samples.

During the analysis of our samples we observed
several different cases: in the case of coffee beans
(roast and ground) the aqueous solution contained
approximately six times more volatile substances
(by weight) and approximately twice as many com-
pounds as the methanolic solution (Fig. 4). The
analysis of volatile substances from the bark of the
spruce Picea pungens Engelm. cv. Argentea repre-
sented the other extreme. Volatile substances were
captured only in methanol (Fig. 5). In the case of
black pepper (ground) only some compounds out of
the wide spectrum of volatile substances were pres-
ent in water (Fig. 6). However, in many cases the
water contained approximately the same spectrum
of substances as methanol, but in lower concentra-
tions.

Our equipment may also be used for concentra-
tion of volatile substances produced by insects and
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Fig. 4. Gas chromatogram of volatiles from coffee beans (Prague mixture type, roast and ground); (a) methanolic solution, (b)

condensed water (for conditions see Experimental section).
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Fig. 5. Gas chromatogram of volatiles from the bark of spruce Picea pungens Engelm. cv. Argentea: (a) methanolic solution, (b)
condensed water. Peaks: 1 = a-pinene; 2 = p-pinene; 3 = limonene.
a
’=J l 1 J J‘M\AJJJJ Ak AA ll .
35 35 45 65 85 105 125 145 165 °C
L 1 ] l l l 1 l | ] | | 1 ] 1 ]
I i L T T T T T T T 1 T Ll L] T L
[} 10 20 30 40 50 50 70 min

Fig. 6. Gas chromatogram of volatiles from black pepper (ground): (a) methanolic solution, (b) condensed water
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Fig. 7. Gas chromatogram of v
solution. Peaks: 1 = 2-hexenal; 2 = 2-hexen-1-ol acetate; 3 = n-C, H,;

olatiles. (a) Chromatogram produced by the shield bug Graphosoma lineatum (L. 1758); methanolic
4 = n-C,,H, 5 = n-C}H,4; 6 = 2-decen-1-ol acetate. (b)

Chromatogram from PVC flooring; methanolic solution. Peak: 1 = 2-ethyl-1-hexanol.
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Fig. 8. Gas chromatogram of volatiles from beer (Sladek 11

ethyl octanoate.

°, lager type): (a) methanolic solution, (b) condensed water. Peaks: 1
2-methyl-1-propanol; 2 = 3-methyl-1-butanol; 3 = 2-methyl-1-butanol; 4 = 3-methyl-1-butanol acetate; 5 = ethyl hexanoate; 6 =
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animals. As an example we present the analysis of
compounds produced by the shield bug Graphoso-
ma lineatum (L. 1758) (Fig. 7a).

An example of the concentration of compounds
evaporated from floor covering on the basis of poly-
vinyl chloride (PVC) is shown in Fig. 7b.

The device described was also used for trapping
of substances absorbed in liquids (stripping). A test
tube containing the liquid was attached to the tem-
pered vessel used to temper the carrier gas, and this
was blown through a tube provided with a frit. As
expected, a considerable amount of water was also
trapped in the U-tube. The water contained practi-
cally the same compounds as methanol (Fig. 8).

In view of the fact that the trapping and the con-
centration of volatile substances was carried out us-
ing amounts in the microgram range, we considered
it necessary to silanize the inner surface of the glass

TABLE II

DISADVANTAGES AND ADVANTAGES OF THE DE-
VICE

Disadvantages

1. The device is not suitable for ultramicroanalysis.

2. The selection of solvents is limited (methanol, ethanol, carbon
disulfide, n-pentane, n-hexane, 2,2 4-trimethylpentane); m.p.
must be lower than —80°C. Methanol proved to be best be-
cause (a) it is obtainable in a very pure state (up to 99.999%);
(b) it gives a narrow signal at the beginning of the chroma-
togram; (c) it miscible with water; and (d) it is stable.

Advantages

L. A concentrated solution of volatiles is obtainable in one oper-
ation without any losses.

2. There is no need for desorption equipment and/or to carry
out cryofocusing.

3. The amount of sample from one experiment is sufficient for
several GC analyses, GC-MS, GC-FT-IR, GC-EAG and bi-
ological testing.

4. Ttis possible to obtain accurate retention times for identifica-
tion by means of retention indices [39—41] due to split in-
jection technique.

5. Easy quantification of experiments.

6. The device is very versatile in terms of (a) the size of the
U-tube; (b) the size and shape of the desorption vessel (from 3
ml to 20 1, special shape for living objects); (c) different de-
sorption temperatures (20-90°C), carrier gas flow-rate (for a
U-tube of 3 mm L.D. about 15 ml/min) and length of time of
collection; (d) different carrier gases (nitrogen, helium, argon,
air) can be used; (¢) it is useful for concentration of volatiles
from liquid samples (stripping).
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parts of the device and so minimize the losses
caused by adsorption on the surface.

The disadvantages and advantages of the device
described above are given in Table II.
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ABSTRACT

Trimethylsilyl derivatives of flavanone aglycones give double peaks in their gas chromatograms. The origin of these peaks, from an
isomerization between the flavanones and their corresponding chalcones, has been examined using gas chromatography—mass spec-
trometry and UV spectrophotometry. The effects of derivatization temperature, time and capillary column injection technique on the

rate of the interconversion have been defined.

INTRODUCTION

Flavanones (I) are one of the most common
groups of flavonoid aglycones, and have been
extensively studied by natural product chemists
[1-6]. Unlike other flavonoids, e.g., flavones, iso-
flavones and flavonols, which are fully unsaturated,
flavanones contain a partially reduced heterocyclic
C-ring. For this reason, the ether linkage of the
C-ring of flavanones is more labile than the corre-
sponding bond in fully unsaturated flavonoids, an
effect that gives rise to the different chemical
properties commonly observed in the flavanone
group of natural products. In this paper we examine
consequences of these reactivity differences on the
behaviour of the flavanones during derivatization
and analysis by gas chromatography (GC).

GC is a successful technique for the analysis of
most flavonoid compounds, but complications have
been encountered with flavanone substrates. Packed-
column GC has been used for the separation of a
variety of flavonoid derivatives [7-14] and for their
identification in several plants [15-17] and fruits
{18,19]. Trimethylsilyl (TMS) derivatives of the
flavonoid aglycones (flavones, isoflavones and fla-

0021-9673/91/%03.50

vonols) generally show a single peak in GC analysis,
whereas flavanones exhibit multiple peaks [8,10].
Furuya [9] suggested that the flavanones may under-
g0 dehydration after B-ring cleavage or other chem-
ical changes on the column leading to multiple peak
formation. Narasimhachari and Von Rudloff 7
proposed that these peaks arise from the isomeriza-
tion between the flavanones (I) and the corre-
sponding chalcones (IT) during GC analysis as a
result of the high temperature necessary for chroma-
tography. Their assignment was based on the isola-
tion of the eluted compounds and a comparison of
their UV spectra with those of standard materials.

We have recently reported a successful capillary
column GC separation of methyl and TMS deriy-
atives of flavonoid aglycones [20]. In this study, it
was observed that the conversion of the TMS
derivatives of the flavanone aglycones into the
corresponding chalcones occurs both in the deriv-
atization mixture (prior to injection) and in the
injection port during GC analysis. Hence the ratio of
peaks due to the TMS derivatives of the flavanone
and chalcone varied with both derivatization and
GC conditions. We report here a systematic investi-
gation of the effect of the derivatization time,

@© 1991 Elsevier Science Publishers B.V. All rights reserved
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temperature and capillary column injection tech-
nique on the rate of the flavanone-chalcone inter-
conversion, using GC, combined GC-mass spec-
trometry (GC-MS) and UV spectrophotometry.

EXPERIMENTAL

All the flavanones and 2’-hydroxychalcone were
gifts from the AFRC Institute of Plant Science
Research and John Innes Institute (Norwich, UK).
Naringenin, hesperetin and eriodictyol chalcones
were purchased from A-Apin Chemicals. These
compounds were used without further purification.
Pyridine (silylation grade) was obtained from Pierce.
1,1,1,3,3,3-Hexamethyldisilazane, 98% (HMDS),
trimethylchlorosilane (TMCS)and methanol, 99.9%
(spectrophotometric grade), were purchased from
Aldrich.

Derivatization

GC and GC-MS. A 1-2-mg amount of each
flavanone or chalcone was dissolved in 0.1 ml of
anhydrous pyridine in a screw-capped vial and
0.1 ml of HMDS and 0.05 ml of TMCS were added.
The mixture was shaken vigorously for 1 min and
allowed to stand at room temperature for 30 min
(mild conditions) or heated at 60°C overnight (vig-
orous conditions). After centrifugation, 0.5-2 pl of
the solution was used for injection into the gas
chromatograph.

UV spectrophotometry. A 1-mg amount of each
flavanone or chalcone was dissolved in 0.4 ml of
pyridine in a screw-capped vial and 0.4 ml of HMDS
and 0.2 ml of TMCS were added. The mixture was
shaken vigorously for 1 min and allowed to stand at
room temperature for 30 min. The supernatant

solution was separated by centrifugation. An ali-
quot of 0.05 ml was removed and the remaining
solution was heated at 60°C overnight. Aliquots
(0.05 ml) were removed from the sample after 2, 4, 6,
8, 10 and 24 h at 60°C. The solvent and excess of
reagents in each aliquot were evaporated in a stream
of dry nitrogen. The residue was dried in vacuo and
the dry residue was dissolved in 5 ml methanol for
UV spectrophotometry.

Gas chromatographic analysis

GC analysis was carried out on a Phillips PU 4400
series gas chromatograph equipped with a flame
ionization detector. The output from the detector
was recorded using a Phillips Analytical Chromate
PC data system or a chart recorder. A 50 m x
0.25 mm I.D. RSL 200 BP capillary column (0.2 um
film thickness) (Alltech) was maintained isothermal-
ly at 280 or 250°C (for flavanone and 2'-hydroxy-
chalcone, respectively) for GC separation. The
linear velocity of the oxygen-free nitrogen carrier
gas was 17.5 cm s~ ! (97 kPa) and the split flow-rate
was set to 30 mlmin ', GC-MS was carried outona
Varian 3400 gas chromatograph directly interfaced
to a Finnigan MAT ion trap mass spectrometer
(ITMS) operated via a Walters International Baby
AT/PC. A 30 m x 0.24 mm L.D. DB-5 capillary
column (0.25 ym film thickness) (J & W Scientific)
was used for analysis at an isothermal temperature
of 280 or 250°C (for flavanone and 2'-hydroxy-
chalcone, respectively). The injector and transfer
line temperatures were maintained at 300 and 275°C,
respectively. The carrier gas was helium (83 kPa)
and the split flow-rate was set at 30 ml min~'. The
conditions for MS were electron impact ionization
under automatic gain control at a trap temperature
of 150°C. UV spectra were recorded on a Pye Uni-
cam SP8-500 UV-VIS spectrophotometer or a Hi-
tachi 557 double-wavelength, double-beam spectro-
photometer. The following conditions were applied:
cell path length, 1 cm; scan range, 500-240 nm; scan
speed, 120 nm min ™' (20 nm cm~'); and slit width,
2 nm.

RESULTS AND DISCUSSION
In our initial investigation of the derivatization

and capillary GC analysis of flavonoid aglycones
[20], the gas chromatograms obtained for TMS
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derivatives of flavones, isoflavones and flavonols
generally showed a single peak under mild deriva-
tization conditions. However, TMS derivatives of
flavanones (naringenin, Ib, hesperetin, Ic, and
eriodictyol, Id) produced double peaks, a small peak
followed by a major one, under these conditions.
Growth of the minor peak at the expense of the
major peak occurred when the derivatization mix-
ture was stored at room temperature for several
days. This observation differs from earlier reports
[8,10] which suggested that the high temperature
necessary for GC analysis alone accounted for the
formation of multiple peaks in the chromatogram.
Heating the derivatization mixture at 60°C showed
that the rate of the interconversion of the two peaks
increases significantly at this temperature, such that
the reaction was complete within 24 h compared
with several days at room temperature. The rate of
the conversion is faster for the TMS derivative of
hesperetin (Ic) than for the TMS derivatives of
eriodictyol (Id) and naringenin (Ib). Hence, after
heating overnight at 60°C, chromatograms obtained
for the TMS derivatives of hesperetin (Ic) and
eriodictyol (Id) contained a single peak at the
retention time of the original minor peak. In con-
trast, for the derivatization of naringenin (Ib) two
peaks, a major peak followed by a small one, were
still present at this stage, and further prolonged
heating was needed in order to simplify the chroma-
togram to a single peak.

In GC-MS experiments on the TMS derivatives
of the flavanones, the expected double peaks were
present in the total ion current traces. The mass
spectra associated with the two peaks showed that
for all the flavanones, the second peak corresponded
to the derivatized flavanone, whereas the first peak
gave a simple spectrum containing a strong ion (base
peak) 72 dalton above the main peak in the mass
spectrum of the silylated flavanone. This second
component arises from ring opening and further
TMS derivatization of the C-ring, i.e., the formation
of the corresponding derivatized chalcone in the
presence of excess of silylating reagents. For exam-
ple, in the mass spectrum of the TMS derivative of
eriodictyol, Id, the derivatized chalcone [eriodictyol
chalcone (I1d), first peak] is identified by a strong ion
at m/z 633 (100%) and the TMS derivative of
eriodictyol, Id, (second peak) by an ion at m/z 561
(100%). The base peak in each spectrum arises from
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loss of a methyl group [21]. Fig. 1 shows the GC-MS
total ion current traces for the TMS derivative of
eriodictyol under the mild derivatization conditions
(i) and after almost complete conversion to the
chalcone (ii), and the corresponding mass spectra of
the derivatized chalcone (Fig. 1a) and flavanone
(Fig. 1b).

In order to confirm that the flavanones are
converted into the corresponding chalcones, deriva-
tization experiments (under both mild and vigorous
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Fig. 1. GC-MS total ion current traces after the TMS derivatiza-
tion of eriodictyol under (i) mild derivatization conditions and (i)
after almost complete conversion to the chalcone, and the
corresponding mass spectra of the derivatized (b) flavanone and
(a) chalcone. GC-MS conditions: column, bonded-phase DB-5
fused-silica capillary (30 m x 0.24 mm LD.; 0.25 um film
thickness); column temperature, 280°C isothermal; linear velocity
of helium carrier gas, 25 cms ™ *; transfer line temperature, 275°C;
electron impact ionization under automatic gain control at a trap
temperature of 150°C.
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conditions) were carried out using the naringenin,
hesperetin and eriodictyol chalcones, (1Ib, Ilc and
11d) as starting materials. The gas chromatograms of
the TMS derivatives of the chalcones obtained
under the mild derivatizing condition also showed
double peaks where the first peak was considerably
stronger than the corresponding peak observed
when the starting material was a flavanone. In this
instance, heating the sample also caused the growth
of the first peak at the expense of the second, as
observed for flavanones. Injection of a mixture of
each TMS derivative of flavanone and its corre-
sponding chalcone in HMDS-TMCS silylating re-
agent showed two peaks in the gas chromatogram,
confirming that the double peaks in the TMS
derivatization of the flavanones have the same
retention times as the corresponding peaks for the
TMS derivatization of the chalcones.
Confirmation of the interconversion of flavanones
and their corresponding chalcones under the deriva-
tization conditions was sought by UV spectrophoto-
metry. The absorbance maximum for flavanones
occurs in the range 270-295 nm whereas the absor-
bance maximum for the chalcones is usually in the
range 340-390 nm [4]. Changes in the UV spectra of
TMS derivatives of naringenin (Ib), hesperetin (Ic)
and eriodictyol (Id) as a function of time at 60°C
revealed a decrease in absorbance for the flavanone
and an increase in absorbance for the corresponding
chalcone. Fig. 2 shows the UV spectra for the
conversion of TMS derivative of hesperetin into the
corresponding chalcone with time in the deriva-
tization mixture at 60°C. These results are consistent
with the data obtained from the GC analysis,
demonstrating that the conversion of flavanones
into the chalcones does not arise solely because
of high temperature used in GC. The calculated
pseudo-first-order rate constants for the TMS der-
ivatization of naringenin, hesperetin and eriodictyol
are 2.8 - 10% 3.1 - 10° and 3.7 - 10° s~ !, respectively.
The effect of different capillary column injection
techniques (split, splitless and cold on-column injec-
tion) was studied using the trimethylsilylation reac-
tion of eriodictyol (Id) as a model system to deter-
mine the behaviour of the flavanone aglycones.
Because of differences in the injector residence times
in the split and splitless techniques, kinetic experi-
ments were carried out under the following condi-
tions: split mode, splitless mode, splitless mode (with
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Fig. 2. UV spectra for the conversion of the TMS derivative of
hesperetin into the corresponding chalcone in the derivatization
mixture at 60°C with time. Spectra (a)-(g) show the increase in
absorbance for chalcone and the decrease in absorbance for
flavanone after (a) 0, (b) 2, (¢) 4, (d) 6, (¢) 8, (f) 10 and (g) 24 h.

glass-wool in the injection port) and cold on-column
injection,

The results for a series of injections during the
TMS derivatization of eriodictyol (Id), at various
times after addition of the derivatization reagents at
60°C, showed that the rate of the conversion of the
TMS derivatives of the flavanones into the corre-
sponding chalcones follows the order splitless mode
(with glass-wool) > splitless mode > split mode >
cold on-column injection. Injections under splitless
(with glass-wool) conditions could cause the reac-
tion to proceed rapidly because of two factors: the
longer residence time (ca. 30 s) in the hot injection
port and the presence of the large surface area of the
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glass-wool. Even without the use of glass-wool
packing, under splitless conditions the conversion
rate is faster than in the split mode because of the
longer injector residence time. The rate of the
conversion is slowest in cold on-column injection, as
expected from the behaviour of the flavanones in
HMDS-TCMS solution.

In contrast to the behaviour of naringenin, hes-
peretin and eriodictyol, the parent compound, flava-
none (Ia), and its corresponding chalcone (2'-hy-
droxychalcone, ITa), exhibited different gas chroma-
tograms. An injection of the flavanone (Ia) in
silylating reagents (mild conditions) produced a
single peak in the gas chromatogram. Heating the
sample overnight at 60°C did not cause any of the
rapid changes in the height of the peak observed for
other flavanones, producing only a small additional
peak at higher retention time. When the sample was
stored at room temperature for 3 weeks, the growth
of the small peak and the appearance of a new peak
at a longer retention time was observed. In the same
way, the gas chromatogram of the TMS derivative
of the corresponding chalcone (2"-hydroxychalcone,
ITa) also showed a single peak under mild derivatiza-
tion conditions. A small secondary peak appeared at
lower retention time following vigorous conditions
for derivatization. This peak became larger as the
sample was left at room temperature for 3 weeks.
The second and third eluting peak obtained from
flavanone, with silylating reagents, have retention
times identical with those of the two peaks observed
for the TMS derivative of 2-hydroxychalcone in
their gas chromatograms. GC-MS studies of these
compounds showed that the mass spectra of these
two peaks in the gas chromatogram of the TMS
derivative of 2'-hydroxychalcone are similar, both
showing ions at m/z 296 (M* "), and 281 (base peaks,
[M — 15]"). The presence of two GC peaks with
similar mass spectra for the TMS derivative of
2’-hydroxychalcone may be attributed to cis- and
trans-isomerization of the open C-ring in the deriv-
atized chalcone. This isomerization was not ob-
served for naringenin, hesperetin and eriodictyol
chalcones because of steric hindrance arising from
the presence of bulky TMS groups on the B-ring,
which disfavour the formation of the cis-isomer. The
mass spectrum of the first-eluting peak in the gas
chromatograms of flavanone (silylating conditions)
showed an ion at m/z 224 corresponding to flava-
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Fig 3. GC-MS total ion current trace of the TMS derivatization
products of flavanone and the corresponding mass spectra of (a)
the flavanone and (b and c) the derivatized cis- and rrans-chalcone
isomers. GC-MS conditions: column temperature, 250°C iso-
thermal; other conditions as in Fig. 1. Time in min:s (top
chromatogram); mass units (spectra a, b and c).
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none, but the second- and third-eluting peaks exhib-
ited mass spectra that were comparable to that for
the TMS derivative of 2-hydroxychalcone. The
identical retention time in both instances and the
similarity of the mass spectra of the last two peaks in
the gas chromatogram obtained from flavanone and
those of the TMS derivative of 2’-hydroxychalcone
suggest that the flavanone is slowly converted into
the TMS derivative of corresponding chalcone (2'-
hydroxychalcone) under the silylating conditions
used. Fig. 3 shows the GC-MS total ion current
trace of the parent compound, flavanone (after
vigorous derivatization conditions and 3 weeks at
room temperature), and the corresponding mass
spectra of the flavanone (Fig. 3a) and derivatized
cis- and rans-chalcone isomers (Fig. 3b and c).

Interconversion of TMS derivatives of flavanones
and the corresponding chalcones is observed in both
the derivatization mixture (prior to injection) and
during GC because of the high temperature neces-
sary for analysis. The derivatization temperature,
time and capillary column injection technique all
have an influence on the rate of the interconversion.
This phenomenon is very slow for the parent
compound, flavanone, and gives rise to two charac-
teristic peaks for chalcone under the conditions
reported here, whereas for the TMS derivatives of
other flavanones investigated, the conversion rate is
faster and only one peak is observed for the corre-
sponding chalcone. The observations in this study
provide a basis for the optimization of the deriva-
tization procedure for the identification of these
compounds by capillary column GC, especially in
complex biological systems.
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ABSTRACT

Several gas chromatographic columns were evaluated for the determination of methylmercury in aqueous solution. The goal of the
study was to further decrease the detection limit of the recently developed method of head space gas chromatography with microwave-
induced plasma detection (HS-GC-MIP) for the determination of methylmercury in biological samples. The columns were first evaluat-
ed using gas chromatography with electron-capture detection (ECD). At the same time, the column efficiencies for the determination of
ethyl- and phenylmercury were also studied. Of the packed columns the stationary phase used previously in HS-GC-MIP, AT-1000,
yielded the best results. Better results were obtained with two wide-bore thick-film fused-silica open tubular (FSOT) columns, one of
which was suitable for aqueous injections (Superox-FA) and the other for benzene or toluene (RSL-300). With these FSOT columns,
absolute detection limits at the sub-picogram level were reached. A new HS-GC-MIP system was then constructed, which was adapted
for the use of FSOT columns. As more sensitive measurements were obtained with a Superox-FA FSOT column than with an AT-1000
packed column using the GC-ECD system in the first part of this study, the FSOT column was evaluated in this HS-GC~MIP system
for the determination of methylmercury in real tissue samples. It was demonstrated that the use of an FSOT column gives only a small

decrease in the detection limit compared with a packed column; reconditioning of the FSOT column is, however, a disadvantage in
routine measurements.

INTRODUCTION systems. The MeHg concentrations in natural
waters and sediments are very low (pg kg™ 1) [2,6].

Methylmercury (MeHg) is one of the most Compared with this, the MeHg content in fish is
dangerous pollutants in the environment. It is highly usually in the range of micrograms per kilogram
toxic and is often found concentrated at the end of ~ [2,6]. Concentration factors of 105-107 are
the food web. Fish especially tend to concentrate commonly observed [6-9]. Most of the MeHg taken
mercury in their tissues and analyses have shown  up by fish from the aquatic environment is
that most of the mercury accumulated in their tissues accumulated in edible tissues [6]. MeHg uptake by
is in the form of MeHg [1-5), despite the lack of  fish is therefore the main route from the aquatic
obvious significant MeHg inputs to natural aquatic environment to humans. This has led to a

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V. All rights reserved
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considerable effort in the development of reliable,
precise and sensitive analytical methods specific for
the determination of this compound in fish and
other aquatic organisms.

The most widely used analysis technique is gas
chromatography with electron capture detection
(GC-ECD) or microwave-induced plasma detection
(GC-MIP) [1,10-18]. MIP has the advantage that it
can be used as mercury-specific detection. In this
method, usually referred to as the Westéo method,
elaborate and time-consuming extractions have to
be carried out prior to injection of the sample onto
the GC column. One of the major problems in the
determination is that organic mercury halides
exhibit poor GC properties.

Most of the reported chromatography methods
have used packed columns [10,12-16,19]. A variety
of stationary phases has been recommended, but
many of these columns have exhibited one or more
of the following disadvantages [19]: () poor and
often variable response to methyl- and ethylmercury
chloride (MeHgCl and EtHgCl) because of apparent
interactions with the column or their decomposition
on it; (b) moderate to very severe tailing; and (c)
poor column efficiency that can then lead to
problems with interferences. Hence time-consuming
and laborious column conditioning procedures are
necessary [19]. The beneficial effects of the treatment
are only temporary, as the presence of high-molec-
ular-weight compounds in the sample often leads to
degradation of the “column performance” [19].

Only a few methods have been reported in which
capillary columns have been used [20-25]. Cappon
and Toribara {26] and Olsen et al. [17] were the first
to use wide-bore thick-film fused-silica open tubular
(FSOT) columns (0.53 mm ID., 1.2 ym film
thickness) and they obtained very good results.
However, they only used standard solutions in the
evaluation. Wide-bore thick-film columns have the
advantages that they accept large injections without
the use of a splitter, are compatible with higher
flow-rates and do not need a make up gas to be
added after the column.

Petersen [27] evaluated FSOT columns with
different internal diameters and film thicknesses
coated with CP-Sil 8. These experiments suggested
that it is important to use capillary columns with a
thick film. This may be because the thick film
reduces the contact between the volatilized mercury
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compound and a fused-silica column which is not
entirely deactivated. Even with thick-film columns
there was still a problem of high standard deviations
on the results. Petersen [27] also tested several other
capillary columns but most of these did not give any
response for MeHgCl. The compound disappeared
in the GC system if it was not primed with a mercury
compound before analysis.

Lee and Mowrer [28] used a wide-bore thick-film
FSOT column coated with OV 1701. Their chroma-
tograms show a high number of peaks (sometimes
interfering) and each sample analysis required about
30 min to elute all the peaks that could interfere with
a subsequent injection.

A fast, accurate, precise and sensitive method for
the determination of MeHg in biological samples
has been developed at this laboratory [18,29,30]. In
this method, the MeHg is cleaved from the
biological tissue by sulphuric acid and by the
addition of iodoacetic acid converted to the iodide
form. These reaction steps take place in a closed
head space vial. The MeHg iodide is then injected
into the head space of a gas chromatograph and
detected by MIP. This method has several
advantages over the widely used Westdo method. By
using direct headspace sampling (HS), the problem
of “column performance” degradation is solved.
Indeed, high-boiling compounds which often poison
the stationary GC phase are no longer introduced
into the column as occurs in direct injection
chromatography. Another major advantage of this
sampling procedure is its simplicity; all the reaction
steps take place in the head space vial and the
laborious isolation of the MeHg by multiple
extraction with benzene or toluene is no longer
required. The HS-GC-MIP method has a detection
limit of 0.4 pug 17! or 20 ng g~* for MeHg in
biological tissues.

Head space analysis above an aqueous solution
provides a considerable enrichment of MeHg in the
vapour phase compared with the analysis above a
benzene solution [18]. Therefore aqueous solutions
will give a more sensitive determination, but a
water-resistant chromatographic column must be
used. Very few stationary phases are suitable for
aqueous injections; only Talmi [15] has mentioned
the use of a column packing suitable for aqueous
solutions. He used a 1% free fatty acid phase
(FFAP) liquid phase on graphitized carbon beads.
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In the HS-GC-MIP method [29-31], AT-1000
was used as the stationary phase. This stationary
phase is well suited to aqueous injections. The water
is completely eluted from the column within 30 s and
quantitative peaks are obtained for the MeHgX
(X = Cl, Br, I) eluted thereafter. No special column
conditioning procedures are required. The column
efficiency, however, is very low (200-250 plates per
meter for MeHgCl).

In this work, the efficiencies of several columns
(packed and capillary) were studied for the
determination of MeHgCl in aqueous solution. The
objective of this work was to further decrease the
detection limit of this HS-GC-MIP method.

The columns were first evaluated by injecting
aqueous MeHgCl standard solutions. At the same
time, the column properties for the determination of
EtHgCl and phenylmercury chloride (PhHgCl) were
studied. An electron-capture detector was used for
this study as its non-specificity, a disadvantage
compared with the MIP detector when analysing
real samples, does not play a role when only
organomercury standard solutions are injected into
the gas chromatograph.

A new HS-GC-MIP system was then constructed,
which was adapted for the use of capillary columns.
More sensitive measurements were obtained using a
GC-ECD system with a Superox-FA FSOT column
than with the AT-1000-packed column, so the FSOT
column was evaluated in this HS-GC-MIP system

TABLE 1
COLUMNS TESTED USING THE GC-ECD SYSTEM
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for the determination of MeHg in real tissue
samples.

EXPERIMENTAL

GC-ECD study

All the columns were evaluated on an HP 5730A
gas chromatograph with an electron-capture detec-
tor (®*Ni radioactive source). Standard solutions
were injected with Hamilton microliter syringes into
the injector at 200°C. A glass liner was placed in this
injector to avoid possible interactions of the
organomercury compounds with the hot metal
surface. For the same reason, glass was used for the
packed columns. The detector temperature was
300°C. Argon was used as the carrier gas.

The columns evaluated are listed in Table 1. The
AT-1000 column was also tested in this system so
that the results obtained with the other columns
could be compared with those obtained with the
stationary phase used earlier in the HS-GC-MIP
system. Chromosorb 101 to 108 of the Chromosorb
Century Series (Alltech Assoc.) were chosen because
they are known to be hydrophobic. They are porous,
polyaromatic, cross-linked resins with a uniform
rigid structure of a distinct pore size. They do not
have to be coated before use (this is in fact gas—solid
chromatography). Two FSOT columns were tested:
Superox-FA and RSL-300 (both from Alltech
Assoc.). These are wide-bore thick-film columns.

Column

Type and chemical name

Dimensions
{length (m) x LD. (mm)]

10% AT-1000 on Chromosorb W AW
Chromosorb 101
Chromosorb 102
Chromosorb 103
Chromosorb 104
Chromosorb 105
Chromosorb 106
Chromosorb 107
Chromosorb 108
Superox-FA
RSL-300

Packed, polyethylene glycol ester
Packed, styrene-divinylbenzene
Packed, styrene-divinylbenzene
Packed, cross-linked polystyrene
Packed, acrylonitrile-divinylbenzene
Packed, polyaromatic

Packed, cross-linked polystyrene
Packed, cross-linked acrylic ester
Packed, cross-linked acrylic ester 2
FSOT, polyethylene glycol ester
FSOT, polyphenylmethylsiloxane

BRI R RN NN
X X X X X X X X X
[N-3N RN NS ST ST S S S I )

10 x 0.53
10 x 0.53
(both 1.2 um film)
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The RSL-300 column is not suitable for aqueous
injections, but this column was evaluated to
compare the results with those obtained with the
water-resistant Superox-FA column. It was chosen
because it has a similar stationary phase to the DB-5
column used very successfully by Olsen et al. [17].

HS-GC-MIP study

The HS-GC-MIP system for the determination of
MeHg using the AT-1000-packed column and the
head space extraction method used to determine
MeHg in biological samples have been described

L
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previously [29-31]. A typical chromatogram obtain-
ed with this system is given in Fig. 1.

The HS-GC-MIP system used here consists of
four commercially available components: an HS-6
semi-automated head space sampler (Perkin-
Elmer), an Intersmat 120 gas chromatograph, a
heated four-way valve for solvent ventilation (Valco
GC-T) and an MPD 850 microwave plasma instru-
ment (Applied Chromatography Systems). The HS-
6 semi-automated head space sampler is mounted on
the Intersmat gas chromatograph. The HS-6 sam-
pler was first modified so that the sample com-

S

A ¥ 1 ¥ T T
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10 min Smin

~
tr
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[

Fig. 1. Chromatogram obtained with the HS-GC-MIP system using an AT-1000-packed column. Peaks: A = MeHgCl; B = EtHgCl.
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pounds make contact only with a PTFE surface [32).

The GC analyses were carried out witha 15 m x
0.53 mm I.D. (1.2 um film thickness) FSOT column
coated with Superox-FA (Alltech Assoc.). The
outlet of the column is connected to the heated
four-way valve. This valve is used when it is
necessary for the column effluent to by-pass the
plasma during the elution of the solvent peak. The
four-way valve also allows a continuous argon flow
to the plasma tube at all times. A second length of
fused-silica capillary column (about 75 cm long, 0.53
mm [.D., no coating, deactivated) is used to connect
the valve outlet to the plasma tube. Qutside the GC
oven, this second piece of column is enclosed in a 5
mm L.D. insulated copper tube that is heated to the
maximum column temperature with a heating tape.
The argon plasma is sustained in a | mm L.D. quartz
tube. As on the packed column system, this tube is
centered in a quarter-wave Evenson-type cavity
(Electro Medical Supplies, Model 214L). The cavity
is connected to the microwave generator via a 50-Q
coaxial cable. The plasma tube is aligned before the
entrance split of the spectrometer.

The MPD 850 incorporates a 0.75 m Rowland
spectrometer with six phototubes and associated
slits above which are mounted a control unit, an
amplifier and power supply unit and a microwave
generator. A reciprocal linear UV dispersion of
0.695 nm mm ™" is achieved using a 960 groove
mm ™! holographic grating fitted into a Paschen-
Runge mounting.

Reagents

GC-ECD study. All chemicals were of analyt-
ical-reagent grade. Analytical standard solutions of
MeHgCl, EtHgCl and PhHgCI (all from Merck)
with a concentration of 10 ng ul™! were prepared
daily from a stock solution of 200 ng ul ~*. For PhHg
benzene solutions were used because of the very low
solubility of that compound in water. Generally, 1.0
ul of working standard was injected onto the packed
columns and 0.2 gl onto the FSOT columns.

HS-GC-MIP study. lodoacetic acid was of
analytical-reagent grade and the sulphuric acid of
Suprapur quality (Merck). The standard MeHgCl
solutions in the range 0-100 ng ml~ ! were prepared
daily from a stock solution of 10 ug ml ™', which was
stored in a refrigerator [33].

All solutions were prepared in distilled, deionized
water obtained with a Milli-Q apparatus (Millipore).
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RESULTS AND DISCUSSION

GC-ECD study .

For each column, the optimum GC conditions
(optimum oven temperature and carrier gas flow-
rate) were determined first. The analysis time,
resolution, reproducibility (relative standard devia-
tion on the MeHg peak heights obtained in six
replicate measurements) and detection limit were
also evaluated.

With the AT-1000 column, sharp peaks were
observed not only for MeHgCl but also for EtHgCl.
The height equivalent to a theoretical plate (HETP)
was considerably lower here (for MeHgCl, HETP =
0.36 cm, for EtHgCl, HETP = 0.28 cm) than with
the HS-GC-MIP system (for MeHgCl, HETP =
0.77 cm, for EtHgCl, HETP = 0.38 cm). This is
possibly due to dilution taking place at the interface
of this GC-MIP system between the outlet of the
column and the quartz capillary plasma tube. Olsen

et al. [17] avoided this problem by using a piece of

their working column incorporated inside a heated
nickel tube at the temperature of the GC oven,
between the GC outlet and the plasma tube. As with
the HS-GC-MIP system, no PhHg peak was ob-
served.

Of the eight Chromosorb column packings tested,
Chromosorb 101 gave the best results for the
determination of MeHgCl and EtHgCl (Table II).
The HETP was even lower than the plate height
obtained with AT-1000. The sensitivity for MeHgCl
was, however, fourteen times lower with the Chro-
mosorb 101 column. In addition, when injecting
MeHgCl and EtHgCl two small by-peaks were
observed. When only MeHgCl was injected, one
much smaller by-peak was observed. These results
suggest an interaction between the mercury com-
pounds and the stationary phase. Of the other
Chromosorbs, 103, 106, 107 and 108 yielded a high
number of theoretical plates but the sensitivity was
much lower than with AT-1000 and a gradual
decrease of the peak height with successive injections
was observed due to interactions between the sol-
vent (water), the mercury compounds and the
stationary phase. After a certain time of recondi-
tioning, the maximum peak height obtained for the
first injection was again reached. In all instances the
solvent (water) probably changed the polarity of the
stationary phase.
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TABLE 11
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GC SEPARATION EFFICIENCIES OBTAINED WITH THE GC CONDITIONS OF TABLE III

Column »

MeHgCl MeHgCl EtHgCl MeHgCl- PhHgCl PhHgCl

HETP relative HETP EtHgCl HETP relative

{cm) sensitivity® (cm) resolution (cm) sensitivity®
AT-1000 0.36 1 0.28 3.41 n.d.c —
Chromosorb 101 0.19 14 0.16 6.55 n.d. -
Chromosorb 102 1.00 45 1.00 0 0.61 19
Chromosorb 103 0.25 40 0.26 5.28 0.83 27
Chromosorb 104 n.d. — n.d. — n.d. —
Chromosorb 105 2.22 25 2.67 0 n.d. -
Chromosorb 106 0.56 60 0.36 0 0.50 56
Chromosorb 107 0.15 75 n.d. — 0.11 49
Chromosorb 108 0.71 190 0.16 0 n.d. -
Superox-FA 3.79 0.23 3.60 2.30 3.01 0.93
RSL-300 2.18 0.23 1.28 5.23 2.07 0.32

@ Relative sensitivity: height of the MeHg peak obtained on the AT-1000 column divided by the MeHg peak height obtained on the tested

column.

» MeHg peak height obtained on the AT-1000 column divided by the PhHg peak height obtained on the tested column.

¢ n.d. = not detectable.

PhHg peaks could only be observed on Chromo-
sorb 102, 103, 106 and 107. Good peak shapes and
reproducibility were obtained especially with Chro-
mosorb 102, but the sensitivity was nineteen times
lower than the MeHgCl peak on AT-1000 and
interactions of the solvent with the stationary phase
were also observed. In the Chromosorb series the
best stationary phase for MeHgCl and EtHgCl was
non-polar (Chromosorb 101) and for PhHgCl it was
weakly polar (Chromosorb 102). For MeHgCl and

TABLE 111
GC CONDITIONS USED WITH THE GC-ECD SYSTEM

EtHgCl, the AT-1000 column showed a much higher
sensitivity.

Better results were obtained with the two FSOT
columns. The best efficiency with these columns
would be obtained in the capillary mode (24 ml
min~!) and using hydrogen as the carrier gas.
Unfortunately, the operating parameters used (they
are summarized and compared with the AT-1000
column conditions in Table I1I) are not optimum, as
with the HS-GC-MIP system argon has to be used

Column Temperature Carrier flow-rate Solvent
(m]l min~ 1)
AT-1000 Isothermal: 150°C (MeHgCl, EtHgCl) 100 Water
Chromosorb 101-108 Isothermal: 155°C (MeHgCl, EtHgCl) 20 Water
155°C (PhHgCl) Benzene
Superox-FA Isothermal: 150°C (MeHgCl, EtHgCl) 25 Water
150°C (PhMeCl) Benzene
RSL-300 Isothermal: 100°C (MeHgCl, EtHgCl) 25 Benzene
150°C (PhHgCl) Benzene
Programme: 90°C, 16°C min~? to 180°C Benzene

(separation of all three components)
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(hydrogen cannot be used because it is unsuitable as
a plasma support gas for the MIP). In addition, to
benefit the advantage of adding no make up gas after
the column (in fact the “capillary mode” is not used)
requires much higher flow-rates than optimum.

With the Superox-FA column sharp and fairly
symmetrical peaks were observed for the three
mercury compounds (Fig. 2). The sensitivity was
much higher than with the AT-1000 column (peak
heights about four times higher, detection limit
about six times lower) and PhHg also eluted from
the column. It was not possible to obtain baseline
separation between the PhHg and MeHg peak on
the Superox-FA column, even with temperature
programming. In contrast, this was possible on the
RSL-300 column. This column gave the best results:
increased baseline stability, sharp peaks (Fig. 3), low
retention times, lower detection limits (Table IV)
and excellent baseline resolution for the three
selected organomercury chlorides. With tempera-
ture programming, more than 2000 plates were
obtained for EtHg and PhHg (Fig. 4). A dis-
advantage for our purposes (working with aqueous
mercury solutions in an HS sampler) is that aqueous
solutions cannot be used.

Each of the two FSOT columns has advantages
and disadvantages when used in the HS-GC-MIP
system. The RSL-300 column allows the deter-
mination of the three mercury compounds but leads
to a serious loss in sensitivity at the level of the HS
sampler as water cannot be used with this column.
With the Superox-FA column water can be used as
the solvent, providing a vapour phase enrichment in
the head space vial compared with a benzene
solution, but the analysis then suffers from an
incomplete separation of MeHgCl and PhHgCl.
However, the presence of PhHg is very rare in most
environmental samples.

HS-GC-MIP study

The only column that might give an improvement
in sensitivity for the determination of MeHg with the
HS-GC-MIP system using the AT-1000 column is
the Superox-FA column. However, it is very likely
that a smaller volume of sample will be injected into
the head space of the FSOT column than into the
packed column. Band broadening will also occur
more easily with an open tubular column, therefore
there can be a loss in sensitivity. Head space
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sampling into open tubular columns is more critical
than into packed columns due to the low flow
resistance of the former. Also, lower inlet pressures
are generally applied to open tubular columns. The
sample volume injected depends on this pressure and
the flow resistance of the column. For reproducible
sampling it is essential that the column head pressure
is higher than the vapour pressure in the sample vial,
otherwise phenomena such as double peaking and
broad peaks with excessive tailing may occur.
Moreover, the lower detection limit attained with
the FSOT column in the GC-ECD system was
partly due to an increased baseline stability. With
another type of detector this effect can be totally
different.

The MPD-850 detector was first evaluated and
compared with the detector used in the packed
column system, the Perkin-Elmer AAS-403 [29-31].
The only correct way for comparison is to use the
same head space and gas chromatography system
coupled to each of the detectors. The Perkin-Elmer
AAS-403 detector coupled to the packed-column
system was already evaluated. The AAS detector in
this system was therefore replaced by the MPD-850.
The HS-GC system was maintained at the normal
optimum working conditions. It was shown that the
best detection limit that could be attained using the
MPD-850 detector was twice as high as the detection
limit attained when using the AAS-403. The MeHg
signal was almost three times higher with the
MPD-850, but unfortunately the noise level was
approximately six times higher.

Finally, the Superox-FA FSOT column was
tested on the HS-GC-MIP system. Before sharp,
symmetrical and reproducible peaks could be
obtained for the lower MeHg concentrations (0—100
pg 171, the normal range for the working standards
used with standard additions) it was necessary to
“activate” the Superox-FA column by injecting a
large concentration of MeHgCl several times (10 mg
171). It was necessary to repeat this activation every
5-10 days, depending on the number of analyses
performed.

A stable plasma could be obtained at all the
carrier gas flow-rates evaluated (15-35 ml min~1). It
was not therefore necessary to add a make up gas.
The MeHg signal was almost doubled when the
internal diameter of the plasma tube was reduced
from 2 mm (that used on the packed column system)
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Fig. 2. Chromatograms (isothermal) obtained with the GC-ECD system using a Superox-FA FSOT column. Peaks: A = MeHgCl;
B = EtHgCl; C = PhHgCl. '



GC OF METHYLMERCURY

] _

337

v T ¥ T T T T T T ¢ T T
0

<€
IR 2min 0 Smin

T
Smin (o]

T T T T

Fig. 3. Chromatograms (isothermal) obtained with the GC-ECD system using an RSL-300 FSOT column. Peaks: A = MeHgCl;

B = EtHgCl; C = PhHgCl.

to 1 mm, whereas the noise level remained constant.
It was also revealed that an adequate heating of the
interface tube from the column to the plasma tube is

TABLE IV
ABSOLUTE DETECTION LIMITS (GC-ECD SYSTEM)

Defined as the signal level corresponding to twice the standard
deviation of the background signal.

Column MeHgCl EtHgCl PhHgCl
(pg) (pg) (pg)
AT-1000 4.1 4.1 —
Superox-FA 0.7 0.5 3.1
RSL-300 0.4 03 0.5

essential to avoid tailing of the peaks. Cold spots in
the interface have to be avoided, otherwise
condensation will occur.

The HETP attained was very high (6.8 cm). The
retention time was very short (1 min) and was close
to the time necessary for the column effluent to
by-pass the plasma (30 s), the time necessary for
complete elution of the solvent peak. A typical
chromatogram (at 170°C and 30 ml min~!, the
optimum conditions) is shown in Fig. 5. Compared
with the MeHg peak obtained with the packed
column system (Fig. 1) a narrower peak showing less
tailing is obtained. :

When the pure solvent (water) was injected after
the injection of a standard solution, a small memory
peak was observed. As a modified head space
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Fig. 4. Chromatogram (temperature programming) obtained with the GC-ECD system using an RSL-300 FSOT column. Peaks:

A = MeHgCl; B = EtHgCl; C = PhHgClL

sampler was used it seems that head space sampling
into the FSOT column is more critical to avoid
memory peaks than head space sampling into the
packed column. This memory effect was dependent
on the concentration of the standard: the memory
peak was higher for a standard with a higher
concentration. Despite this small memory effect, the
reproducibility for the measurement of MeHgCl
standard solutions on the capillary HS-GC-MIP
system was very good. The relative standard
deviation of the peak heights of six replicate
measurements was typically 4%, which is slightly
higher than that typically obtained with the packed
column system (3%). The correlation coefficient of
the linear regression for the calibration graph was
0.999 (seven concentrations, each concentration
injected three times to give a total of 21 injections).
The detection limit, expressed as the signal level
corresponding to twice the standard deviation of the
background signal, was 0.5 ug 17'. The detection
limit obtained with the packed column system using
the MPD-850 was 0.8 ug17*, or 1.6 times higher. If

the AAS-403 was used as the detector in the capillary
system, it was possible to obtain a detection limit of
about 0.25 ug 17%.

In a final step, a real sample was analysed using
the capillary column system. The mussel sample
(mytilus edulis), was obtained from the Community
Bureau of Reference for an intercomparison exercise
on the determination of MeHg in biological tissues.
Ten other laboratories also analysed this sample. It
was analysed in this laboratory with both systems,
the packed column and capillary HS-GC-MIP
systems. Fig. 6 shows the calibration graph obtained
with the capillary system using the standard
additions method [29,30]. As can be seen, a cor-
rection for the memory effect is very important.
Without correction, a value of 0.189 + 0.005 ugg ™!
MeHgCl (result + S.D.) is found for MeHg in
mussel tissue. With correction (the signal is the sum
of the major MeHg peak and the small memory
peak), a value of 0.170 + 0.011 ug g~ MeHgCl is
found. Fig. 7 compares this result with that obtained
with the packed column system and those obtained
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Fig. 5. Chromatogram (isothermal) obtained with the new
HS-GC-MIP system using a Superox-FA FSOT column. The
small peak is a typical memory peak obtained for this MeHg
peak.

by the other laboratories participating in the
intercalibration exercise.

In conclusion, the capillary column system yields
only a limited success in terms of attaining a better
sensitivity. With the Superox-FA column, a factor
of 1.6 in the detection limit can be gained, compared
with a packed column, but a factor 6 was obtained
with a capillary column and the GC-ECD system. It
should be noted that this factor 6 was partly due to
an increased baseline stability for the capillary
column. With the MIP detector, the difference in
noise level for both columns was minimal.

Itis also clear from this study that it is impossible
to compare only the packed and the capillary
columns when using the HS-GC-MIP system. The
HS-GC and the GC-MIP interfaces have to be
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Fig. 6. Calibration graph obtained for the mussel sample using
the HS-GC-MIP system with Superox-FA FSOT column. (B)]
Without correction for the memory effect; (®) with correction.
(EDy =728 + 1.53x,r2 = 1.000; (®) y = 7.60 + [.78x,r% =
1.000.

I optimized for each specific column (e.g. the amount

of sample which can be injected onto the capillary
column is smaller than onto the packed column; the
internal diameter of the interface tube from the
capillary column to the plasma tube is smaller than
with a packed column and the plasma tube itself has
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Fig. 7. Intercomparison of the results found for the mussel
sample. Lab code 1, mean of all individual values +S8.D. reported
by the ten different laboratories participating in the inter-
calibration exercise; lab code 2, mean of mean values +S.D.
reported by the same labs; lab code 3, result +S.D. found by this
laboratory using packed HS-GC-MIP; lab code 4, result +S.D.
found by this laboratory using capillary HS-GC-MIP.
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a smaller internal diameter), so that more than the
column parameters differ for the two systems.

The capillary column has some important
disadvantages compared with the packed column:
the capillary column has to be activated regularly
and there is a limited memory effect. As packed
columns are also cheaper and more easy to handle
than capillary columns, it seems obvious to continue
working with a packed column.

REFERENCES

1 Y. Thibaud and J. Noel, Evaluation des Teneurs en Mercure,
Methylmercure et Selenium dans les Poissons et Coquillages
des Cotes Frangaises de la Méditerranée, Rapport Définitif,
Ifremer, Nantes, 1989.

2 N. Bloom, Can. J. Fish. Aquat. Sci., 46 (1989) 1131.

3 K. May, M. Stoeppler and K. Reisinger, Toxicol. Environ.
Chem., 13 (1987) 153.

4 S. P. Raj, J. Environ. Biol., 8 (1987) 151.

5 A. M. Scheuhammer, Environ. Pollut., 46 (1987) 263.

6 K. Reisinger, M. Stoeppler and H. W. Niirnberg, Fresenius Z.
Anal. Chem., 316 (1983) 612.

7 J. Yamamoto, Y. Kaneda and Y. Hikasa, Int. J. Environ.
Anal. Chem., 16 (1983) 1.

8 N.S.Bloom, C. J. Watras and J. P. Hurley, in Proceedings of
an International Conference on Mercury as an Environmental
Pollutant, Givle, Sweden, June 1990, Wat. Air Soil Pollul.,
(1991) in press.

9 N.S.BloomandS. W. Effler, in Proceedings of an Internation-
al Conference on Mercury as an Environmental Pollutant,
Gavle, Sweden, June 1990, Wat. Air Soil Pollut., (1991) in
press.

10 M. Dermelj, M. Horvat, A. R. Byrne and P. Stegnar,
Chemosphere, 16 (1987) 877.

11 M. Horvat, T. Zvonaric, P. Stegnar and A. R. Byrne, 3rd
International Conference on Environmental Contamination,
Venice, 1988.

12 S. C. Hight and M. T. Corcoran, J. 4ssoc. Off. Anal. Chem.,
70 (1987) 24.

P. LANSENS ef al.

13 M. Horvat, K. May, M. Stoeppler and A. R. Byrne, 4ppl.
Organomet. Chem., 2 (1988) 515.

14 M. Horvat, A. R. Byrne and K. May, Talanta, 37 (1990) 207.

15 Y. Talmi, Anal. Chim. Acta, 74 (1975) 107.

16 K. Chiba, K. Yoshida, K. Tanabe, H. Haraguchi and K.
Fuwa, Anal. Chem., 55 (1983) 450.

17 K. B. Olsen, D. S. Sklarew and J. C. Evans, Spectrochim.
Acta, Part B, 40 (1985) 357.

18 G. Decadt, W. Baeyens, D. Bradley and L. Goeyens, Anal.
Chem., 57 (1985) 2788.

19 J. E. O'Reilly, J. Chromatogr., 238 (1982) 433.

20 A.G.F. Brooks, E. Bailey and R. T. Snowden, J. Chromato-
gr., 374 (1986) 289.

21 R. Dumarey, R. Dams and P. Sandra, J. High Resolut.
Chromatogr. Chromatogr. Commun., 5 (1982) 687.

22 S.P. Wasik and F. P. Schwartz, J. Chromatogr. Sci., 18 (1980)
660. .

23 B.D. Quimby, M. F. Delaney, P. C. Uden and R. M. Barnes,
Anal. Chem., 52 (1980) 259.

24 T. Hanie, S. Coulombe, M. Moison and J. Hubert, Dev. At.
Plasma Spectrochem. Anal. Proc. Int. Winter Conf. 1980,
(1981) 337.

25 S. A. Estes, P. C. Uden and R. M. Barnes, Anal. Chem., 54
(1982) 2402.

26 C. ). Cappon and T. Y. Toribara, LC" GC, 4 (1986) 1010.

27 J. H. Petersen, Report: Evaluation of CP Sil 8 Stationary
Phase in Gas Chromatographic Determinations of Methyl-
mercury, Levnedsmiddelstyrelsen, Saborg.

28 Y. H. Lee and J. Mowrer, Anal. Chim. Acta, 221 (1989) 259.

29 P.Lansens and W. Baeyens, Anal. Chim. Acta, 228 (1990) 93.

30 P.Lansens, M. Leermakers and W. Bacyens, in Proceedings of
an International Conference on Mercury as an Environmental
Pollutant, Gavle, Sweden, June 1990, Wat. Air Soil Pollut.,
(1991) in press.

31 P. Lansens, C. Meuleman, M. Leermakers and W. Baeyens,
Anal. Chim. Act&, 234 (1990) 417.

32 P.Lansens and W. Baeyens, J. High Resolut. Chromatogr., 12
(1989) 132.

33 P. Lansens, C. Meuleman and W. Baeyens, Anal. Chim. Acta,
229 (1990) 281.



Journal of Chromatography, 586 (1991) 341-346
Elsevier Science Publishers B.V., Amsterdam

CHROM. 23 656

Predicting partition coefficients in polyethylene glycol-
potassium phosphate aqueous two-phase systems

Mark A. Eiteman** and John L. Gainer

Center for Bioprocess and Product Development, Department of Chemical Engineering, University of Virginia, Charlottesville, V A

22903-2442 (USA)

(First received April 25th, 1991; revised manuscript received July 23rd, 1991)

ABSTRACT

Partition coefficients in polyethylene glycol-potassium phosphate aqueous two-phase systems are predicted using a previously
developed mathematical model. The model is based on a simplification of equations which arise from an osmotic pressure virial
expansion and relates the partition coefficient to the concentration difference between phases of one of the phase-forming components
and to the solute hydrophobicity. The predicted partition coefficients are compared to experimental values for several different solutes
in this phase system over the range of pH of 5.5t0 9.2. The predictions are generally good for uncharged solutes, but show disagreement

with experimental values for charged solutes.

INTRODUCTION

An aqueous two-phase system may occur when
two mutually incompatible components, such as
polyethylene glycol (PEG) and dextran, or PEG
and certain salts, are dissolved together in water.
Two liquid phases form, with each of the incompat-
ible components tending to enrich one or the other
phase. A solute added to such a system partitions
between the phases, and its partition coefficient, K,
is defined as the solute concentration in the upper
phase divided by the solute concentration in the
lower phase. Numerous studies have focussed on
the general prediction of partition coefficients in
aqueous two-phase systems. For example, the parti-
tion coefficient is thought to depend on solute hy-
drophobicity [1,2], molecular weight [3], temper-
ature [4], pH [5-7], solute charge [8], and the pres-
ence of additional salts [9-12]. Since such two-phase
systems are composed primarily of water, they pro-

* Present address: Department of Biological and Agricultural
Engineering, Driftmier Engineering Center, University of
Georgia, Athens, GA 30602, USA.

0021-9673/91/303.50 ©

vide a gentle environment for the fractionation of
biomaterials [4,13-15], and a detailed review of the
use of two-phase systems for the recovery of pro-
teins has recently been published by Huddleston
and Lyddiatt [16].

Several models and correlations have been devel-
oped to predict partition coefficients in aqueous
two-phase systems. Diamond and Hsu [17,18] sim-
plified the lattice model of Flory [19] and Huggins
[20] to correlate the partitioning of peptides and
proteins. Baskir et al. [21] modified a spherical lat-
tice model to predict the distribution of particulates
between two polymer—polymer phases. Kang and
Sandler [22,23] extended the UNIQUAC equation
to predict the binodal phase diagram, while King et
al. [24] combined a term for electrostatic effects with
the osmotic pressure virial expansion to predict
protein partitioning. Cabezas et al. [25] proposed a
model derived from the Hill solution theory, and
Forciniti and Hall [26] have used statistical mechan-
ical models for predicting phase diagrams and par-
tition coefficients of proteins. All of these approach-
es have provided insights into polymer solution be-
havior and partitioning, but many are of limited use

1991 Elsevier Science Publishers B.V. All rights reserved
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because of the difficulty in predicting the pertinent
parameters. However, one result has been that, to a
good approximation, the logarithm of a solute’s
partition coefficient is proportional to the concen-
tration difference between the phases of one of the
phase-forming components (4w,):

InK = kdw,. 1

Obviously, if a suitable expression is found for the
proportionality constant, then eqn. 1 can be very
convenient and useful for predicting partition coef-
ficients. Although no insight is gained into the ac-
tual molecular mechanisms of phase formation and
solute partitioning, eqn. 1, nevertheless, permits a
priori predictions of partition coefficients in aque-
ous two-phase systems.

For several years, Zaslavsky and co-workers [27-
30] have studied the effect that the number of meth-
ylene groups on the solute molecule has on its parti-
tion coefficient. In all systems studied, they found
that a linear relationship exists between the loga-
rithm of the partition coefficient and the number of
methylene groups on the aliphatic chain of the sol-
ute. Moreover, the hydrophobic properties of aque-
ous two-phase systems were quantified by a 4g"?
value [31], which has been defined as the free energy
for a methylene group transfer between the phases.
The introduction of such a hydrophobicity scale
permits comparison of different phase systems.

One method to describe solute hydrophobicity in
terms which are independent of the two-phase sys-
tem has recently been advanced by Eiteman and
Gainer [32]. Consistent with observations of Zas-
lavsky and co-workers [27-30], the logarithm of the
partition coefficient of a solute in an aqueous two-
phase system has been shown to be linearly related
to the solute hydrophobicity (as measured by its log
P value [33,34]). Since a value for log P for a solute
may be calculated using a group contribution meth-
od [35], this approach allows an a priori estimation
of partition coefficients. Specifically, the partition
coefficient may be correlated by:

InK = DAw,log(P/Py), 2
where D has been termed the discrimination factor

and log P, the intrinsic hydrophobicity of the phase
system.The value of the intrinsic hydrophobicity

M. A. EITEMAN, J. L. GAINER

marks the boundary on the hydrophobicity scale
above which solutes will partition into the upper
phase and below which solutes will partition into
the lower phase. Both of these parameters should be
constant for any given two-phase system. Their val-
ues for a particular phase system (constant Aws)
may be readily determined by partitioning a series
of normal alcohols. The partition coefficients will be
related to the hydrophobicity of the solutes:

InK = B + mlogP (3)

If the value of Aw, is also measured for the specific
system of interest, the D and log Pq may be calculat-
ed directly by comparing eqns. 2 and 3:

D = Awy/m C))
logPy = —B/m Q)

The model (eqn. 2) has previously been applied to
the prediction of partition coefficients in the PEG-
MgSO, system, at a single pH [32]. The same model
should apply for simple compounds in other sys-
tems, such as a system which spans several units of
pH. In this study the PEG-potassium phosphate
system, without additional buffering, was seclected
to examine the applicability of eqn. 2.

MATERIALS AND METHODS

PEG molecular weight 8000, potassium phos-
phate monobasic (KH,PO,) and potassium phos-
phate dibasic (K,HPO,) were each purchased from
Sigma, St. Louis, USA. Stock solutions of 1.00 M
monobasic and dibasic salts were each prepared
with distilled deionized water. Ten phase systems
covering a range of pH values (but each of 1.00 M
phosphate ion concentration) were prepared by
combining proportions of the monobasic and di-
basic stock solutions. The proportion of the mono-
basic salt solution used varied between 0 and 90%.
An amount of 2.00 g PEG was added to each of the
10 m1 1.00 M phosphate solutions. For pH, density,
PEG concentration measurements, and partitioning
experiments the capped solutions were equilibrated
at 25°C (£0.05°C) in a constant temperature bath
(Brinkmann Instruments) for about one week.

Amounts of 10-50 mg of various solutes were
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added to each of the separate systems. After equili-
bration, the phases were then carefully separated
with glass Pasteur pipets. Gas or liquid chromato-
graphy, as appropriate, was employed to determine
the solute concentration in each phase. The parti-
tion coefficients for small molecules were found to
be independent of solute concentration for the
range of dilute solutions prepared. The two-phase
systems used for the determination of pH were
placed in capped tubes under nitrogen, and the
analysis performed on the lower of separated phas-
es at 23°C using an Orion Sureflow pH electrode
and a Corning general purpose combination elec-
trode. A 10-ml pycnometer was used to measure
density (p) at 25°C. The concentration of PEG was
found by freeze-drying each phase, then extracting
PEG from the residue with warm acetone.

The gas chromatographic (GC) column selected
was a 6 ft. x 2 mm LD. glass column packed with
Chromosorb 101 (80/100) from Alltech, Deerfield,
USA. The instrument itself was a Hewlett-Packard
5890A fitted with a flame ionization detector. The
operating temperatures, carrier gas (helium) flow-
rate and pressure were adjusted depending upon the
particular solute analyzed. The high-performance
liquid chromatographic (HPLC) system comprised
a Whatman 5-um Partisphere Cg column, Waters
pumps Model 510, with a Gilson Model 231 sample
injector, a Waters UV detector (Model 481), and
Hewlett-Packard 3392A integrator. The standard
error of the mean from the analyses did not exceed
6%.

TABLE I
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RESULTS AND DISCUSSION

Ten different two-phase systems, each containing
1.00 M phosphate ion concentration, were prepared
over the pH range of 5.5 to 9.2, and Table I lists
their properties. The effect of pH on the PEG con-
centration difference between the phases is shown in
Fig. 1. The value of the PEG concentration differ-
ence is greatest at the highest values of pH. Since
eqn. 1 suggests that the logarithm of the partition
coefficient is proportional to the PEG concentra-
tion difference, one might anticipate that any hy-
drophobic solute will exhibit the greatest partition
coefficient at high pH values. (Conversely, a hydro-
philic solute will partition more into the lower
phase the higher the pH.)

Initially, a series of normal alcohols (from etha-
nol to hexanol) was studied, and the partition coef-
ficients are shown in Fig. 2 as a function of pH. The
partition coeficients for each alcohol were lowest at
acidic pH values. This observation should not be
attributed to any change in the solute with pH, but
rather to a change in the phase system itself since
the PEG concentration difference between the phas-
es (4w,) is greatest at the highest pH values. Fur-
thermore, the more hydrophobic the alcohol, the
greater its partition coefficient. Therefore, the parti-
tioning behavior observed qualitatively agrees with
eqn. 2.

The parameters D and log Py may be calculated
from the data shown in Fig. 2. These two param-
eters will have different values for each solution.

SUMMARY OF THE PEG-1.00 M POTASSIUM PHOSPHATE AQUEOUS TWO-PHASE SYSTEM AT 25°C.

pH™ denotes lower phase pH, while p’ and p” denote upper and lower phase densities, respectively.

% Dibasic ~ PEG K PO;- pH” o 0" Aw,
(1.00 M) (wt. %) (wt. %) (wt.%) g/ml) /ml
g

100 0.150 0.0586 0.0712 9.17 1.0839 1.1773 0.64
90 0.150 0.0559 0.0714 7.88 1.0827 1.1736 0.60
80 0.151 0.0531 0.0717 7.44 1.0819 1.1699 0.53
70 0.151 0.0504 0.0720 7.17 1.0813 1.1660 0.52
60 0.152 0.0476 0.0722 6.90 1.0809 1.1622 0.48
50 0.153 0.0447 0.0724 6.63 1.0810 1.1587 0.46
40 0.153 0.0419 0.0727 6.39 1.0814 1.1540 0.44
30 0.154 0.0390 0.0730 6.13 1.0825 1.1499 0.40
20 0.154 0.0362 0.0732 5.83 1.0848 1.1454 0.35
10 0.155 0.0333 0.0735 5.52 1.0889 1.1400 0.30




344

0.7}~

06+ o}

041+ o
sz o]
03L O

0.2

'

55 [

1 1 I 1 1 I
6.5 7 75 8 85 9

pI_‘{I/

Fig. 1. PEG concentration difference between the phases (4w,)
versus the lower phase pH in the PEG-1.00 M potassium phos-
phate aqueous two-phase system at 25°C.
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Fig. 2. Measured partition coefficients (K) of normal alcohols
versus the lower phase pH in the PEG-1.00 M potassium phos-
phate aqueuos two-phase system at 25°C. @ = Hexanol;, B =
pentanol; A = butanol; O = propanol; [1 = ethanol.
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Fig. 3. Measured partition coefficients (K) of normal alcohols
versus their hydrophobicity (log P) as calculated by.the method
of Rekker and DeKort [35]. Dotted lines show least squares fit of
data to eqn. 3 (numeric values of constants shown in Table ).
Lower phase pH: O = 9.17; O = 7.17,; A = 639, B = 5.52.
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The parameters are determined using eqn. 3 by
plotting the logarithm of the observed partition
coefficient versus the calculated hydrophobicity.
Fig. 3 shows such plots for four of the solutions,
while Table II lists the calculated values of the slope
(m), intercept (B) and correlation coefficient (R) for
all of the systems studied. In general, the slopes and
intercepts (of eqn. 3) are larger the higher the pH.
The values of these slopes and intercepts may be
used in eqn. 4 and 5, along with the measured con-
centration differences to calculate the discrimina-
tion factor and intrinsic hydrophobicity for each
phase system. Fig. 4 shows the values for the para-
maters D and log P, for each solution. The value of
each parameter generally decreases with increasing
pH, so that the phosphate system having the lowest
pH is the most intrinsically hydrophobic.

With these calculated values for the discrimina-
tion factor and intrinsic hydrophobicity, as well as
the measured concentration difference, eqn. 2 may
be used to predict partition coefficients for other
solutes. Fig. 5 shows the predicted and observed
partition coefficients for three organic solutes in the
PEG-potassium phosphate aqueous two-phase sys-
tem. The partition coefficients for methyl penta-
none and butanediol are very well predicted by the
model, while the predicted partition coefficients for
phenylpropanol are consistently about 15% below
the observed values.

TABLE 11

CALCULATED SLOPES (), INTERCEPTS (B) AND COR-
RELATION COEFFICIENTS (R) OF PARTITION COEFFI-
CIENTS OF NORMAL ALCOHOLS IN THE PEG-1.00 M
POTASSIUM PHOSPHATE AQUEOUS TWO-PHASE SYS-
TEM AT 25°C

Data was fit to the Eqn. 3.

pH" Slope (m) Intercept (B) . R~

9.17 1.0978 0.8351 0.999
7.88 1.0081 0.8484 0.996
7.44 0.9987 0.7905 0.997
7.17 0.9636 0.7341 0.998
6.90 0.8973 0.6985 0.998
6.63 0.8790 0.6652 0.991
6.39 0.8320 0.5804 0.995
6.13 0.7809 0.5396 0.995
5.83 0.7501 0.4615 0.991
5:52 0.6909 0.3957 0.994
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Fig. 4. Intrinsic hydrophobicity (log P,) and discrimination fac-
tor (D) in the PEG-1.00 M potassium phosphate aqueous two-
phase system at 25°C. O = Intrinsic hydrophobicity; O = dis-
crimination factor.
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Fig. 5. Predicted (dotted curves) and observed partition coeffi-
cients versus the pH of the lower phase in the PEG-1.00 M po-
tassium phosphate aqueous two-phase system at 25°C. Hydro-
phobicities calculated by the method of Rekker and DeKort [35].
[0 = Phenylpropanol (log P = 1.93); O = 4-methyl 5-penta-
none (log P = 1.32); A = 2,3-butanediol (log P = —0.286).
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Fig. 6. Predicted (dotted curves) and observed partition coeffi-
cients versus the pH of the lower phase in the PEG-1.00 M po-
tassium phosphate aqueous two-phase system at 25°C. Hydro-
phobicities calculated by partition in PEG-magnesium sulfate
system [32,36]. O = Tyrosine-phenylalanine (log P = [.01);
O = tyrosine (log P = —0.539).
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The solutes shown in Fig. 5 are all uncharged,
while Fig. 6 shows the application of the model to
two charged compounds, tyrosine and the peptide
tyrosine-phenylalanine. The model predicts the par-
titioning behavior of tyrosine at low pH; however,
at the highest pH the observed partition coefficient
is twice as high as the prediction. Since these parti-
tion coefficients are close to one and a relatively
small change may be difficult to detect, a more hy-
drophobic peptide was selected. As Fig. 6 shows,
the partition coefficients of tyrosine-phenylalanine
are predicted well by the model only at low pH,
which are solutions in which the peptide will be un-
charged. When the pH increases and the peptide
becomes increasingly negatively charged, the ob-
served partition coefficients increasingly exceed the
model predictions. Although limited, these results
suggest that in the PEG—phosphate system, a nega-
tively charged solute will tend to have a greater par-
tition coeflicient at a particular pH than it would
have if it were uncharged at that same pH. An addi-
tional term appears to be necessary in the model to
account for these charge effects.

CONCLUSIONS

Partition coefficients of uncharged solutes have
been successfully predicted in PEG-potassium
phosphate aqueous two-phase systems over the pH
range of 5.5-9.2. However, partitioning results with
charged solutes indicate that, in this phase system,
the observed partition coefficients become greater
than predicted when solutes become more negativ-
ely charged.
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ABSTRACT

The derivatization of saturated long-chain fatty acids (LCFA) with a UV chromophore, 1,4-dibromoacetophenone, using non-ionic
micelles to facilitate the reaction is described. Synperonic NP-12 was used as a non-ionic surfactant and tetrakis(decyl)ammonium
bromide as an ion-pair agent. The reaction was carried out in the dark at 60°C for 20 min. After adding 1 ml of chloroform to the
reaction mixture and centrifugation for 30 s, the mixture was ready for high-performance liquid chromatographic analysis on an RP-18
column. The derivatization rate constant for LCFA was found to be in the range 6 - 107%-9 - 10" * s~ !. The use of micelles overcomes
solubility difficulties with highly lipophilic compounds such as LCFA and provides a simple derivatization procedure.

INTRODUCTION

Lipophilic compounds such as fatty acids lack a
chromophore or a fluorophore that permits their
detection and they therefore require derivatization
steps prior to their high-performance liquid chroma-
tographic (HPLC) analysis. Most often these deriva-
tization reactions are carried out in aprotic solvents.
Micellar solutions have been used to enhance the re-
actions by extractive separation similarly to liquid-
liquid extraction [1]. Among the compounds that
have been made to react in such solutions are amino
acids [2], fatty acids [3] and others [4].

Recently, Van der Horst and co-workers [5,6]
reported the advantages of micellar systems in the
derivatization of carboxylic acids with fluorphore
reagents such as 4-bromomethyl-7-methoxycou-
marin and 9-bromomethylacridine [7]. The theory
and practice ‘of micellar phase-transfer catalysis
(MPTC) have been discussed extensively (e.g., [8]).

Derivatization in an aqueous micellar system,
without the need for isolation of the analyte prior to
the derivatization reaction, is likely to result in good
yields and to be less time consuming. In addition, the
use of MPTC permits the derivatization of long-
chain fatty acids (LCFA) directly in aqueous solu-
tions. The aim of this study was to apply the recently
developed micellar-aided derivatization technique
to the analysis of LCFA.

The procedure used is based on that of Van der
Horst et al. [8,9], which has been extended to allow
the determination of LCFA with the use of a
common UV label bromophenacyl bromide, which
has not been used before in MPTC. The micellar
system consisted of an aqueous solution containing
Synperonic NP-12 as a non-ionic surfactant. A non-
ionic surfactant was chosen to allow for better
interactions with, and therefore better solvation of,
the hydrophobic LCFA [10]. Tetrakis(decyl)ammo-
nium bromide (TDeABr) was used as an ion-pair
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agent and 1,4-dibromoacetophenone (bromophena-
cyl bromide) (Br-Ph-Br) [11] as derivatizing reagent.

EXPERIMENTAL

Chemicals

Synperonic NP-12 non-ionic surfactant [a poly-
oxyethylene(12) nonylphenyl ether], was a gift from
Professor Nissim Garti (Casali Institute of Applied
Chemistry, Jerusalem, Israel). TDeABr was pur-
chased from Fluka (Buchs, Switzerland) and Br-Ph-
Br from Sigma (St. Louis, MO, USA).

Standard fatty acids (C16:0, C18:0, €20:0, C22:0,
C24:0, C25:0, C26:0, C27;0 and C28:0) were pur-
chased from Fluka. HPLC-grade chloroform, meth-
anol and acetone were obtained from BioLab
(Jerusalem, Israel) and were filtered through an
RC-55 membrane filter from Tamar (Jerusalem,
Israel). Silica gel (63-100 um) was purchased from
Woelm (Eshwege, Germany).

Solutions

Synperonic NP-12 surfactant was prepared at a
concentration of 0.025 M in 0.01 M phosphate
buffer (pH 7.0) (the critical micelle concentration is
about 0.1 mM in phosphate buffer). A 0.006 M
solution of the ion-pair reagent, TDeABr, was
prepared in 0.01 M phosphate buffer (pH 7.0). Fatty
acid stock solutions were prepared by dissolving 5
mg of each acid in 100 ml of chloroform. A Br-Ph-Br
stock solution was prepared daily by dissolving
0.525 g in 25 ml of acetone; it was stored in the dark
at 4°C.

Derivatization reaction

To dried fatty acids mixtures (which were evapor-
ated under nitrogen) the following solutions were
added: 300 ul of Br-Ph-Br, 560 ul of Synperonic
NP-12 and 140 pl of TDeABr. The mixture reacted,
protected from light, by refluxing at 60°C for 20 min
while stirring.

The fatty acid esters in the reaction mixture were
initially extracted using one of three techniques: (1)
purification by filtration through a silica gel column
(protected from light) and extraction with chloro-
form; (2) direct extraction with chloroform and
absorption of the aqueous phase with anhydrous
sodium sulphate, followed by filtration; (3) extrac-
tion with chloroform and separation by centrifuga-
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tion. The third method was the easiest and gave the
best yield, and was therefore adopted. Chloroform
(1 ml) was added to the reaction mixture while
stirring. Centrifugation for 30 s resulted in two
separate phases. The lower chloroform phase was
injected into the HPLC system directly without any
further treatment.

HPLC system

The analyses were made on a Spectra-Physics
(Santa Clara, CA, USA) Model 8700 liquid chroma-
tograph equipped with 20-ul loop injector and
a Model D-2000 Chromato Integrator (Merck,
Darmstadt, Germany).

Separations of the fatty acid esters were done on
an RP-18 reversed-phase column (LiChrosorb car-
tridge, 12.5 cm x 0.4 cm L.D.) protected by a 2.5
cm x 0.4 cm LD. guard column (Merck). Both
columns were packed with 5-um particles.

All organic solvents were filtered through Type
RC-55 0.45-um membrane filters (Tamar). The
mobile phase was methano! at a flow-rate of 1.5
ml/min. The analytical column was kept in a water-
bath at 16°C. Detection of the fatty acid esters was
performed with a Spectra-Physics UV detector
operated at 254 nm.

RESULTS AND DISCUSSION

As the analysis of fatty acids is hindered by the
lack of a chromophore or a fluorophore, derivatiza-
tion is necessary. Most of the derivatization proce-
dures require first the preparation of fatty acid salts,
followed by extraction into an organic phase with a
phase-transfer catalyst such as an 18-crown-6-ether
[11,12]. The derivatization reaction takes place in the
organic phase and is difficult to combine with
reversed-phase (RP) HPLC. In the micellar system,
“pseudo-phases” exist and the combination with
RP-HPLC is easier. In addition, as the aqueous
micellar solution is buffered at pH 7, the fatty acids
are converted into their salts, which aids in the
derivatization reaction. Therefore, the derivatiza-
tion procedure is simple and requires minimum
volumes of reagent and solvents. The derivatization
scheme used is a modification of the method de-
scribed by Van der Horst et al. [8] for other
substances and allows the satisfactory separation of
LCFA by HPLC.
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Reaction conditions

Several experimental conditions were examined to
find the optimum for preparing the derivatives.
Derivatization of LCFA was done with excess of
Br-Ph-Br at 60°C. The reaction time was varied from
5 to 70 min and it was found that 20 min represent a
suitable compromise between reaction time and
completion of reaction.

Fig. 1 shows a three-dimensional surface diagram
of LCFA reaction rates. Chromatographic peak
areas are plotted versus reaction time and versus
chain length of the acid. Each crossing point on the
surface represents one set of experimental condi-
tions. Fig. 1 shows an initial increase in the reaction
completion (larger peak areas) with increasing reac-
tion time. After 40 min the reaction reaches a
plateau.

Using the approach of van der Horst ez al. [7] and
of Schmid and Sapunov [13], the data in Fig. 1 allow
the calculation of the derivatization reaction rate
constants of the fatty acids. Table I gives these
constants for all the acids studied, and they vary
between 6 10”* and 9- 107% s™1. As expected [8],
the ks values for LCFA from C16:0 to C28:0 were
found to be in the same range, and the general trend
seems to be a slight decrease with increasing chain
length.

T=60°C

Peak Area (104)

Fig. 1. Three-dimensional surface diagram of LCFA reaction rates.
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Influence of the surfactant

We examined the effect of the non-ionic surfac-
tant concentration (0.025, 0.05, 0.1 and 0.125 M) on
the derivatization reaction. It was found that the
best yield of the derivative was obtained with 2 0.025
M surfactant concentration.

Extraction was necessary prior to injection for
HPLC analysis in order to obtain a homogeneous
solution, avoid blocking of the RP-18 column and
obtain reproducible results. Separation by centrifu-
gation was found to be adequate for this purpose.

Chromatographic separations of LCFA

The HPLC separation of LCFA derivatives from
C16:0 to C28:0in 24 min is shown in Fig. 2. Limits of
detection for the nine fatty acids, as calculated at.a
signal-to-noise ratio of 3, are given in Table I. As
only 1/40th of the reaction mixture was injected into
the HPLC system, the detection limits could be
lowered by dissolving the dried reaction mixture in a
smaller volume of chloroform. '

Reproducibility and linearity

Reproducibility of the method was evaluated
using standard fatty acids at a certain concentration
(30 ug of each) in four replicates. The data are given
in Table I. The reproducibility ranges between 4.5
and 9% (relative error).
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TABLE I

DERIVATIZATION RATE CONSTANTS AND DATA ON
REPRODUCIBILITY AND DETECTION LIMITS OF LCFA
PHENACYL ESTERS IN MICELLAR PHASE-TRANSFER
CATALYSIS

Fatty acid Rate constant, Reproducibility Detection limit

kops (1073571 (%)° (nmol)
C16:0 0.963 9.0 0.293
C18:0 0.836 8.6 0.282
C20:0 0.760 8.5 0.321
C22:0 0.778 6.9 0.368
C24:0 0.825 4.5 0.544
C25:0 0.788 8.9 0.589
C26:0 0.783 6.8 0.631
C27:0 0.800 7.7 0.646
C28:0 0.644 6.2 0.649

¢ Relative error for four identical samples injected into the HPLC
system five times.

Calibration graphs in the range 2.5-30 ug (ca.
5.9-117 nmol) of LCFA showed a correlation
coefficient above 0.99.

CONCLUSIONS
The method described offers a solution for the

solubility problems of LCFA in aqueous media.
Using a non-ionic surfactant, Synperonic NP-12,

LIS S N I L AL M

ABC
T !
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v b ok b e e
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Retention Time (min)

Fig. 2. Chromatogram of LCFA phenacyl esters. (A) C16:0; (B)
C18:0; (C) C20:0; (D) C22:0; (E) C24:0; (F) C25:0; (G) C26:0; (H)
C27:0; (I) C28:0.
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and a cationic ion-pair agent, TDeABr, derivatiza-
tion was carried out with a UV reagent, 1,4-di-
bromoacetophenone, without the need for multi-
step purification procedures of the analyte prior to
HPLC analysis.

The use of MPTC allows the derivatization of
LCFA in only one step. Hence, it can be applied to
automated analyses of plasma, as discussed recently
by Van der Horst et al. [14]. The use of MPTC may
be of gredt interest for the determination LCFA
which are present in the plasma of patients with
genetic diseases.
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ABSTRACT

The enantiomers of the f-adrenergic blocking drug nadolol may be separated on a chiral stationary phase following conversion to
their 1-naphthylurea derivatives by reaction with the achiral reagent 1-naphthylisocyanate. A mixture of n-hexane, propan-2-ol and
acetonitrile is used to elute the enantiomers from a column comprising (R)-N-(3,5-dinitrobenzoyl)-L-leucine covalently bound to 5-um
aminopropylsilica. Nadolol is a cis-diol structure which has three stereogenic centres, however the two diol carbons are held in a fixed
configuration and it therefore has only four optical isomers. These are resolved in under 30 mn using the procedure described herein,

which is therefore suitable for use in the quality control context.

INTRODUCTION

The chromatographic separation of drug
enantiomers has assumed greater importance with
the realisation that pharmacologically significant
differences exist between stereoisomers. The in-
creased emphasis on research into enantiospecific
drug action has been accompanied by increased ac-
tivity in the field of chromatographic chiral separa-
tions. This has resulted in an upsurge in published
methods for such separations and the development
of an almost bewildering array of chromatographic
chiral stationary phases (CSPs). The B-adrenergic
blocking agents have received particular attention
as they are a pharmacologically important class of
drugs and consequently have been used as models
in the development of a great many chiral separa-

0021-9673/91/803.50  ©

tions systems. Nadolol is a distinctive f-blocker in
that although it has three stereogenic centres it is a
cis-diol and has only four optical isomers. Only one
direct separation of all four has been reported by
Lee et al. [1] who investigated the separation of na-
dolol using supercritical fluid chromatography un-
der sub-critical conditions with carbon dioxide as
an eluent and were unable to resolve more than
three peaks when using Chiralcel-type or the Pirkle-
type stationary phases. However, they obtained full
resolution of all four optical isomers using an o;-
acid glycoprotein column. As part of a wide-rang-
ing programme examining the critical parameters
that determine chiral separation on Pirkle-type
phases a method has been successfully developed
for the direct separation of all four optical isomers
of nadolol on an (R)-N-(3,5-dinitrobenzoyl)-L-leu-

1991 Elsevier Science Publishers B.V. All rights reserved
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cine CSP following achiral derivatisation of the
analyte with 1-naphthylisocyanate.

EXPERIMENTAL

Reagents and chemicals

Bristol-Myers Squibb (Princeton, NJ, USA) stan-
dard reference samples of racemic nadolol, nadolol
racemate A [(RS)~(SR)], nadolol racemate B [(RR)-
(89, (RS)-nadolol, (SR)-nadolol and (S:S)-nadolol
were used. 1-Naphthylisocyanate (99%) and 2-eth-
oxy-1-ethoxycarbonyl-1,2-dihydroquinoline
(EEDQ; 97%) were obtained from Aldrich (Poole,
UK) whilst-the chromatographic solvents (n-hex-
ane, propan-2-ol, ethanol and acetonitrile) were ob-
tained from BDH (Liverpool, UK) and were ana-
Iytical-reagent grade.

Chromatographic conditions

An eluent consisting of n-hexane—ethanol-aceto-
nitrile (45:5:1, v/v/v) was mixed, degassed by helium
sparging and pumped at 2 ml/min using a Consta-
metric I pump (LDC-Milton Roy, Riviera Beach
FL, USA), fitted with a Rheodyne 7037 pressure
relief valve (Rheodyne, Cotati, CA, USA). A Rheo-
dyne 7420 valve was used to apply 20-ul samples to
the column, which contained (R)-N-(3,5-dinitro-
benzoyl)-L-leucine covalently bound to aminopro-
pylsilica. The absorbance of the eluent at 239 nm
was monitored with a Shimadzu SPD-6A UV detec-
tor (Shimadzu, Duisburg, Germany) set at 0.16
a.ufs. All chromatograms were collected using
both a Perkin-Elmer PE56 chart recorder (Perkin-
Elmer, Norwalk, CT, USA) and the Beckman
CALS PeakPro laboratory data system (Beckman
Instruments, Fullerton, CA, USA).

Two separate columns were employed in the
study. The first was a 250 mm X 4.6 mm L.D. com-
mercially available column containing 5-um pack-
ing (CHI-1-LEU, Hichrom, Reading, UK). The
second column was prepared in the laboratory by
passing a solution of 5 g of the chiral selector (R)-N-
(3,5)-dinitrobenzoyl)-L-leucine and 5 g of the pep-
tide-coupling agent EEDQ in tetrahydrofuran
through a 150 mm X% 4.6 mm LD. column packed
with 3-um aminopropylsilica (HPLC Technology,
Macclesfield, UK). The column was then washed, in
turn, with tetrahydrofuran and with dichlorometh-
ane, before 100 ml of dichloromethane containing
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10 g of trifluoroacetic anhydride were pumped
through to derivatise any unreacted propylamine
groups. The column was washed with dichloro-
methane before being equilibrated with the eluent.

Derivatisation procedure

The test solute was dissolved in eluent at a con-
centration of 0.5-2.0 mg/ml and a five-fold molar
excess of 1-naphthylisocyanate was added. The so-
fution was mixed and allowed to stand for 15 min
before being injected onto the column.

RESULTS AND DISCUSSION

The conversion of f-blockers to their urea deriv-
atives by means of isocyanates (see Fig. 1) has been
previously reported by this group [2-4] and others
[5-11]. The 1-naphthylurea function was identified
as one likely to enhance chiral separation on Pirkle
phases, so this was selected for use with nadolol for
that reason. Alcohols also react with isocyanates,
forming urethanes although under the conditions
employed (ambient temperature, short reaction
time) the naphthalenediol alcohol groups are un-
likely to react.

Using an optimised mobile phase composition
(as described below) the separation of the four
enantiomers on the 5-um column is almost com-
plete (Fig. 2), with baseline resolution between

CHy

Pl
oY Y e
HOI:@ OH H
.
HO

Fig. 1. Reaction between nadolol and 1-naphthylisocyanate
leading to the formation of the naphthylurea derivative of the
B-blocker.



SHORT COMMUNICATIONS 353
]
4
Ll
o
o>
[=3
_JU {88)-Nadolol
—J {RS)~Nadolol
_ld {8R)-Nadolol
—-l— Nadolol racemate 'B* (RR/88)
] Neadolol racemate ‘A’ {R8/8R)
¥
o0
[~
o
Q
gér—‘—l Nadolol
a -
[ R
o :
EE:
ih < Aeagent blank
o
(=T T T I T T T T I T T T T l v I T T T ¥ l T T T T I T T T T '
10 20 30 40 50 60 70
Elution Time Minutes
lﬁuu szes iuzms inzza7 Flzme Fmes Pugo

Fig. 2. Chromatograms for injections of nadolol standard materials (for details of see Chromatographic conditions).

peaks 2, 3 and 4 and approximately 80% separation
of peaks 1 and 2. The elution order was determined
using reference standard materials and is summar-
ised in Table I. Although only three of the four iso-
mers were available, assignment was based on a
comparison with known racemic mixtures. Two
system peaks are seen to elute at 11 and 13 min,
neither being unreacted reagent which elutes with
the solvent front. They are products of reaction be-
tween excess derivatising reagent and the eluent as
they increase in size if solutions (including the
blank) are left to stand for a time.

The separation achieved for the racemic sample
of nadolol is sufficient for quantitation of the
enantiomers, although the run time is rather long,
necessitating some 40 min between injections. Pre-
liminary attemps to optimise the separation have
been undertaken based on modifications to the mo-

TABLE I

CAPACITY FACTORS FOR THE OPTICAL ISOMERS OF
NADOLOL

For details see Chromatographic conditions.

Component Capacity factor (k)

Peak | Peak 2 Peak 3 Peak 4
(SS)-Nadolol 16.2
(RS)-Nadolol 17.7
(SR)-Nadolol 22.8
(RR)-Nadolol® - - - -
Nadolol racemate A® 17.4 22.7
Nadolol racemate B¢ 16.3 19.9
Nadolol 16.3 17.5 9.7 22.8

“ Not available.
® Nadolol racemate A = (RS)~(SR)-nadolol.
¢ Nadolol racemate B = (RR)~(SS)-nadolol.
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Fig. 3. Chromatograms showing effect of eluent on separation of nadolol enantiomers using (A) n-hexane—propan-2-ol-acetonitrile
(45:5:1, v/v/v), (B) n-hexane—ethanol-acetonitrile (45:5:1, v/v/v), (C) as for (B) in the proportions 45:5:2.5, v/v/v and (D) as for (B) in the

proportions 45:7.5:1, v/v/v.

bile phase composition. Substituting the ethanol
with propan-2-ol leads to slight improvements in
resolution, but with an unacceptable increase in the
retention time to approximately 80 min for the
slowest eluting enantiomer (Fig. 3). The use of
methanol instead of ethanol leads to a two-phase
eluent and although the upper (#-hexane) phase can
be removed and used, this shows rapid elution of all
components with almost total loss of resolution. In-
creasing the ethanol content or the acetonitrile con-
tent both speed up elution, although in the latter
case there is significant loss of resolution between
peaks 2 and 3 and a worsening of the overlap be-
tween peaks 1 and 2.

The separation can be improved further by re-
ducing the particle size of the silica, as can be seen
from the superior resolution observed for a given

eluent on the 3-um column (Fig. 4) compared with
that for the 5-um column with the same eluent.
This dramatic improvement should be treated
with some caution, however, as the two columns
may not be entirely comparable. Besides having dif-
ferent lengths and particle sizes, the two columns
used different silica supports and were prepared in
different ways. The 5-um column was commercially
packed with a chiral packing material based on
Spherisorb silica whilst the 3-uym column was pur-
chased as a commercially available achiral column
(Hypersil aminopropylsilica) and then derivatised
in the laboratory. However, for the 3-um column
the propan-2-ol again gave the better separation
whilst the ethanol gave faster elution. Thus the
choice of optimum eluent composition depends on
the requirements for the speed and quality of the
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Fig. 4. Separation of nadolol enantiomers on a 3-um column using an eluent containing (A) propan-2-ol or (B) ethanol (for details see

Chromatographic conditions).

separation and on the particle size of the available
column,

CONCLUSIONS

The separation of the four optical isomers of na-
dolol may be achieved on a covalent Pirkle-type
CSP following conversion to their I-naphthylurea
derivatives with the achiral reagent 1-naphthyliso-
cyanate. The separation of the optical isomers may
be optimised by adjusting the choice of alcohol
modifier in the eluent, as well as the relative propor-
tions of the eluent components. The use of a smaller
(3-um) particle size silica support affords significant
improvements in both speed and extent of separa-
tion. This optimised method allows the enantiomers
to be accurately quantitated in an analysis time of
less then 30 min.
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ABSTRACT

The retention behavior of salicylideneglycinatoaluminium(111) was investigated. The capacity factor of the complex decreased with
increasing concentration of ionic solutes and increasing water content in the eluent. The capacity factor of the complex was also smaller
when an end-capped octadecylsilane column was used than when a non-end-capped octadecylsilane column was used. The complex was
tightly retained with a silica gel column, but it was not retained with a polymer gel column. The complex was retained through the
electrostatic interaction with the silanol groups of silica gel. It was found that the high-performance liquid chromatographic system was

highly selective for aluminium(111).

INTRODUCTION

Silica-based materials have been used extensive-
ly in high-performance liquid chromatographic
(HPLC) studies because of their chemical stability,
rigidity and availability [1-4]. In HPLC separations
using silica-based columns, residual silanol groups
on the surface of packing materials often affect the
retention behavior of analytes [5-7]. Silanol groups
also affect the separation of metal complexes [8,9].

In a previous paper [10], we reported the determi-
nation of gallium using HPLC with salicylidenegly-
cine and mentioned the peculiar retention behavior
of salicylideneglycinatoaluminium(IIT). The reten-
tion behavior of the aluminium(II1) complex did not
obey the ordinary reversed-phase mode. We sug-
gested that the behavior was due to the effect of the
silanol groups. In this paper, this peculiar retention
behavior of the aluminium(III) complex was investi-
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gated. For this purpose, the effect of the addition of
various solutes in the eluent was examined. The
effect of acetonitrile content and various column
materials was also investigated.

EXPERIMENTAL

Reagents and apparatus
Bissalicylideneethylenediamine (BSED) was syn-
thesized from salicylaldehyde and ethylenediamine
using the method reported by Freeman and White
[11]. The crude product was recrystallized from
benzene, then identified by mass spectrometric anal-
ysis and elemental analysis. The BSED solution (1 -
10~3 M) was prepared by dissolving a fixed amount
of BSED in acetonitrile. The standard solution of
aluminium(III) (1000 ug ml~') was prepared by
dissolving potassium aluminium sulphate in 0.05 M
sulphuric acid. Analytical reagent-grade acetonitrile

1991 Elsevier Science Publishers B.V. All rights reserved
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was distilled and filtered through a membrane filter
(pore size 0.45 um). Water was purified with a
Milli-Q system after being distilled and deionized.
Other reagents used were of analytical reagent-
grade.

The HPLC system consisted of a Shimadzu
LC-6A pump (Kyoto, Japan), a Shimadzu RF-535
fluorometric detector, a Rheodyne 7125 loop injec-
tor equipped with a 20-ul sample loop and a
Shimadzu R-1231 recorder. Four Merck LiChro-
CART columns (125 mm x 4 mm 1.D.) filled with
different kinds of silica-based materials were used:
(1) LiChrosorb RP-18 [7-um irregularly shaped
silica gel bonded with octadecylsilane (ODS)]; (2)
LiChrospher RP-18 (5-um sphericalsilica gel bonded
with ODS); (3) LiChrospher RP-18(e) (end-capped
LiChrospher RP-18); (4) LiChrospher Si-60 (5-um
spherical silica gel). A Tosoh TSK gel Octadecyl
4PW column (150 mm x 4.6 mm I.D.) (Tokyo,
Japan) filled with 7-um hydrophilic polymer gel
bonded with octadecyl groups was also used.

Procedure

To an acidic solution containing 1.0 ug of alumi-
nium(III) ion in a 25-ml volumetric flask, 1.0 ml of
0.5 M glycine solution, 1.0 ml of 1.0 - 10~ 2 M BSED
solution and 2.0 ml of 2 M acetate buffer (pH 3.5)
were added, and the solution was diluted to the mark
with water. The solution was heated at 60°C for
10 min. After cooling, an aliquot (20 ul) of the
solution was injected into the HPLC system.

The eluent was acetonitrile-water (50:50, v/v)
containing a solute to be examined. The pH of the
eluent was adjusted to 3.5 by the addition of dilute
hydrochloric acid prior to the addition of acetoni-
trile. The flow-rate was 0.8 ml min~*. The temper-
ature of the eluent was kept at 20°C + 1°C. The
excitation and emission wavelengths of the fluorom-
etric detector were set at 350 and 455 nm, respec-
tively.

RESULTS AND DISCUSSION

Salicylideneglycine formed from salicylaldehyde
and glycine reacts with aluminium(II) to form a
fluorescent complex [12]. Although the alumi-
nium(III) complex gave maximum fluorescent inten-
sity at pH 4.0 in a water—acetonitrile mixture, the
best chromatograms were obtained at 3.5 (both
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eluent and sample). It has been reported [12] that the
composition of the aluminium(IIT) complex is the
metal to ligand in a ratio of 1:1, and that the
salicylideneglycine acted as a diprotic acid. There-
fore the aluminium(II) complex has a positive
charge.

Cationic complexes are retained with ODS sta-
tionary phases through two mechanisms: the first
is the hydrophobic interaction with alkyl chains
bonded onto silica; the second is the ion-exchange
interaction with unreacted silanol groups. If ion-ex-
change interaction is more dominant than hydro-
phobic interaction, in retaining the cationic com-
plex, the following predictions are introduced.

(a) With increasing cation concentration in the
mobile phase, the retention of the cationic complex
decreases because the cation competes with the
complex.

(b) With increasing acetonitrile content in the
mobile phase, the retention of the complex increases,
because the dielectric constant of the mobile phase
decreases.

(c) With increasing content of silanol groups, the
retention of complex increases.

Fig. 1 shows the chromatograms of the alumi-
nium(Ill) complex in various concentrations of
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Fig. 1. Chromatograms of the aluminium complex with various
sodium acetate concentrations of the eluents. (A) 0 M; (B)0.33 -
1072 M;(C) 1.0 10 M. Eluent: acetonitrile-water (50:50, viv),
pH 3.5; column: LiChrosorb RP-18.
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Fig. 2. Effect of ammonium sait concentration on the capacity
factor. © =Ammonium chloride; A = trimethylamine hydro-
chloride; [ = tetrabutylammonium bromide. Other conditions
are the same as those in Fig. 1.

sodium acetate used as buffer for the eluent. Increas-
ing the concentration of sodium acetate decreased
the retention time of the aluminium(III) complex.
Other sodium carboxylates such as sodium acetate,
sodium propionate and sodium n-butylate gave
similar effects to the retention of the aluminium(IIT)
complex. In this case, the sodium ion was the
competing cation, so that the number of carbons in
the carboxylates did not influence the retention.
Fig. 2 shows the results of the addition of amine salts
in the eluent. The effects of trimethylamine hydro-
chloride and tetraethylammonium chloride were not
very large compared with that of ammonium chlo-
ride. As the total carbon number of the solutes used
increased, the effect of the solute increased, because
alkyl amines interacted with the stationary phase
through hydrophobic interaction. Tetrabutylam-
monium bromide, which has sixteen carbons, was
the most effective reagent in this work. Inorganic
salts gave similar results to those of ammonium
salts. The divalent salts were more effective than the
monovalent salts. Non-ionic solutes gave no effects
and zwitter-ionic solutes slightly affected the reten-
tion behavior.

We examined the effect of acetonitrile content in
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] J |
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Fig. 3. Effect of acetonitrile content on the capacity factors of
reagent and aluminium complex. (] = Reagent; O = aluminium
complex. Other conditions are the same as those in Fig. 1.

the eluent upon the capacity factor of the alumi-
nium(I1T) complex. Although the capacity factor of
the ligand decreased, the capacity factor of the
aluminium(II1T) complex increased with increasing
acetonitrile content, as shown in Fig. 3, which was
consistent with the prediction.

There are inumerable silanol groups on the sur-
face of silica-based materials, which act as a cation-
exchange site. We used various HPLC columns in
order to examine the effect of silanol groups on the
retention of the aluminium(IIT) complex. Fig. 4
shows that the aluminium(IIT) complex eluted faster
with the end-capped ODS column [LiChrospher
RP-18(¢e)] than with the non-end-capped ODS col-
umn (LiChrospher RP-18). Moreover, the alumi-
nium(ITT) complex was little retained on a polymer
gel column (TSK gel Octadecyl 4PW) which has no
silanol groups. The results show that silanol groups
play an important role in retaining the alumi-
nium(IIT) complex. A silica gel column (LiChro-
spher Si-60) did not give the peak of the alumi-
nium(IIT) complex. The complex was tightly re-
tained on the silica gel surface, but the complex was
eluted when a more water-rich eluent was used.

The results obtained above support the theory
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X’

[NaOAc] / 1073 M

Fig. 4. Effect of column materials on the capacity factor. O =
LiChrospher RP-18; (0 = LiChrospher RP-18(e); A = TSK gel
Octadecyl 4PW. Other conditions are the same as those in Fig. 1.

that salicylideneglycinatoaluminium(Ill) was re-
tained on a silica-based column through electro-
static interaction with silanol groups. The electro-
static interaction of the residual silanol groups
on the ODS column was investigated by several
workers [13,14]. In their cases, however, hydro-
' phobicinteraction with the stationary phase was still
the dominant force in retaining the complexes. The
retention of metal complexes only through ion-ex-
change interaction has not been reported as far as we
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know. We found that in the new metal complex
system ion-exchange reaction with silanol groups
played the dominant role in the separation of
cationic complexes in the aqueous reversed-phase
mode.

The HPLC system was quite selective for the
aluminium(III) ion. No transitional metal ion gave a
peak on the chromatogram. Nor did the alkaline
earth metal ions or the indium ion give a peak. Only
the peak of gallium ion appeared near the solvent
front in the chromatogram. The gallium(IIT) com-
plex was rarely retained on the column. The applica-
tion of this finding to the determination of aumi-
nium will be considered in further work.
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ABSTRACT

The gas chromatographic-resonance electron-capture mass spectrometric determination and identification of physiologically active
bromine-containing compounds in the products of metabolic activity of marine symbiotic microorganisms are described. It is shown
that the bacteria Vibrio sp. associated with the sponge Dysidea sp. are capable of producing brominated diphenyl esters.

INTRODUCTION

In recent years, interest in searching for new pro-
ducers of physiologically active substances from mi-
croorganism has been increasing [1-3]. For a suc-
cessful search for such microorganisms, it is neces-
sary to use sensitive analytical techniques that per-
mit the determination of small amounts (sometimes
picomoles) of the necessary metabolites.

The combination of chromatography with mass
spectrometry (MS) is the most reliable and sensitive
technique. The use of specific detectors allows the
separative capability of chromatography to be in-
creased and an enhanced analytical resolution in
the case of a poorly purified mixtures. This can be
achieved by using element-selective, structure- or
functional selective or property-selective detectors
[4]. This applies to gas chromatography (GC)-MS.
For example, if substances studied possess a high
electron affinity, the use of GC-negative ion chem-
ical ionization (NICI) MS increases the sensitivity
even more.

0021-9673/91/$03.50 ©

In addition to these widely applicable methods,
MS with resonance electron capture ionization
(REC-MS) has been developed. In comparison with
the traditional MS (including GC-MS), its charac-
teristic feature is a greater specifity due to the ener-
getic selectivity of ionization (the resonance charac-
ter of ionization) [5]. So far REC-MS has not been
used for the analysis of bioorganic compounds. In
this work, REC-MS was used for the detection and
identification of physiologically active bromine-
containing compounds in the products of metabolic
activity of the bacteria Vibrio sp. associated with
the sponge Dysidea sp.

EXPERIMENTAL

Chemical and microbiological studies

Eight strains of microorganisms were isolated
from microbiological samples taken from two col-
lections (Tuluifa and Ofu, East Samoa) of the
sponge Dysidea sp., a well known source of 3,5-
dibromo-2-(3',5'-dibromo-2"-metoxyphenoxy)phe-
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nol (TBDPE) [6]. The microorganisms were culti-
vated on a medium containing peptone (5 g), yeast
extract (2.5 g), MgSO, - TH,0 (0.1 g) and sea water
(1 1) at 30°C for 72 h.

The culture liquid (1 1) was extracted three times
with 150-ml portions of n-butanol. The evaporated
butanol extract was separated on a silica gel (KSK)
column with chloroform—ethyl acetate (20:1). The
fractions obtained were tested for brominated com-
pounds by NI-MS [electron impact (EI) 70 V, ion-
ization by secondary electrons]. The bromine-con-
taining fractions were combined and purified on a
Sephadex LH-20 column with chloroform—ethanol
(7:1), followed by UV detection at 265 nm. One of
the 21 fractions obtained showed the presence of
brominated compounds (monitoring by NI-MS
with EI, 70 V). It was further separated using high-
performance liquid chromatography (HPLC) on a
Beckman—Altex Si 100 Polyol column (Serva).

Mass spectrometry

MS was carried out on an LKB 2091 mass spec-
trometer (able to operate in both positive and nega-
tive ion modes), combined with a Packard Model
438A gas chromatograph by the use of standard
Jet-type separator. For working in the REC mode,
the filament power chain was modified such that the
filament current stabilization could be turned off
and the emission current arranged manually. GC
was carried out on an SE-54 capillary column (25 m
X 0.25 mm L.D.) using a solventless injection sys-
tem. Helium was used as the carrier gas at a flow-
rate of 2.0 ml/min. The temperature of column was
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increased from 200 to 300°C at 8°C/min. The tem-
perature of the ion source, injector and separator
was 250°C. With direct inlet of samples for succes-
sive sublimation of mixture components, the tem-
perature of the direct inlet evaporator was increased
from 50 to 150°C at 10°C/min. In the experiments in
the EI mode, the ionization voltage was set at 70 V
(for both positive and negative ions), and in the
REC mode at about 4 V (which gave the maximum
ion current yield of standard TBDPE isolated from
an ethanol extract of the sponge Dysidea sp. [6]).
Mass spectra were recorded with a UV oscillo-
graphic recorder. The instrumental conditions were
emission current 25 uA and pressure in the analyser
1-1077 Torr.

RESULTS

The investigation of standard TBDPE showed
that 65% of the total ion current is associated with
the bromine ions of m/z 79 and 81 (Fig. 1) in the
negative ion spectrum (EI, 70 V). We used this fact
to detect the bromine-containing compounds in bu-
tanol extracts of culture liquids of eight bacterial
strains isolated from the symbiotic complex of the
sponge Dysidea sp. The analysis allowed us to select
three strains of microorganisms in whose products
characteristic ions with m/z 79 and 81 were found.
One of the strains, defined as Vibrio sp., was used
for cultivation in order to isolate the bromine-con-
taining compounds. Successive purification of a bu-
tanol extract of culture liquid on Sephadex:LH-20
silica gel and HPLC resulted in a bromine-contain-
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Fig. 1. Negative ion mass spectrum (EI, 70 V) of the tetrabrominated diphenyl ether TBDPE.
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Fig. 2. Chromatograms recorded in a positive ion GC-MS run
for (a) a purified butanol extract of culture liquid and (b) for
standard TBDPE.

ing fraction (all the steps of the purification were
monitored via the bromine ions of m/z 79 and 81 by
NI-MS with EI, 70 V). GC showed the presence of a
series of compounds (Fig. 2a), among which we
failed to identify TBDPE by its retention time (Fig.
2b).

In this connection an attempt to take advantage
of the energetic selectivity of REC-MS was under-
taken. For this TBDPE was inserted into the ion
source through a direct inlet system, and the energy
of capture (of resonance) that provides the maxi-
mum vyield of the total ion current was set. Then
GC-MS analysis was carried out at the energy setin
this way. As expected, the energetic selectivity pro-
vided an almost complete absence of ion current
from compounds of other classes and allowed only
two peaks to be recorded on the chromatogram
(Fig. 3a). In addition to conformity with energies,
the first peak also coincided with the standard ac-
cording to its retention time (Fig. 3b). This allowed
us to identify this peak as TBDPE. The retention
time and the ionization energy of the second peak
allowed it to be attributed to the same type of com-
pound as TBDPE. The REC mass spectra recorded

Lo

0 1 2 3 4 S 3] 7 8 9 10 min,

Fig. 3. Chromatograms recorded in a resonance electron-capture
GC-MS run for (a) a purified butanol extract of culture liquid
and (b) for standard TBDPE.
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at this energy are hardly informative, because of up
to 65% of the total ion current is associated with
the bromine ions. However, knowing exactly the
presence of brominated compounds in the sample
and their retention times, we could carry out the
GC-MS analysis in the positive ion mode and re-
cord both compounds. The multiplicity and relative
intensities of three peak groups in the high-mass
region of the spectrum of the first compound [m/z
(%): 536 (16), 534 (65), 532 (100), 530 (70), 528 (18),
440 (14), 438 (42), 436 (43), 434 (15), 374 (9), 372
(17) and 370 (8)] coincided with the spectrum of
TBDPE (it was impossible to compare the low-mass
region owing to the high level of noise). The spec-
trum of the second compound established that its
molecular mass is 72 u higher than that of TBDPE,
and the multiplicity of the molecular ion region in-
dicated the presence of four bromine atoms in this
substance also. This result confirmed the inferences
which were made above on the basis of the REC-
MS data.

Hence the described technique allowed the re-
moval of chemical noise and the identification of
brominated diphenyl ethers in the culture liquid of
the strain Vibrio sp. at concentrations not higher
than 3—6 ul/l. Such an approach, with identification
by retention time, energy of capture and masses,
may be expected to be effective in the search for
physiologically active substances in complex mix-
tures.
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ABSTRACT

A new procedure for the determination of Ca2* in the presence of
isotachophoresis. Ca2* could be determined successfully using a leadi

phosphate anion and collagen was developed using capillary-type
ngelectrolyte containing | - 10~ 2 M potassium acetate—acetic acid

(pH 5.4) and a terminating electrolyte containing [ - 10~ 2 M n-hexanoic acid in the presence of collagen. Phosphate anion influenced the
determination of Ca®* at pH greater than 3 but not at pH 2-3. The calcium in several calcium phosphates was determined successfully
by adjusting the pH of sample solutions made from them to between 2 and 3 with hydrochloric acid.

INTRODUCTION

We are studying the synthesis of collagen—hy-
droxyapatite composites using the hydration [1-6]
of a-tricalcium phosphate («-TCP) in collagen solu-
tion. As the determination of Ca2* in this process is
influenced by phosphate anions, etc., it is necessary
to pretreat samples before analysis [7]. Capillary-
type isotachophoresis (ITP) has excellent selectivity
(8] for each ion, but it has rarely been applied to the
estimation of Ca?* in calcium phosphates. Thus,
we examined the determination of Ca?™ in the pres-

0021-9673/91/$03.50

ence of phosphate anions and collagen by ITP in
order to apply this method to the analysis of Ca2*
in the synthesis of collagen-hydroxyapatite com-
posites and in these materials.

EXPERIMENTAL

Apparatus

A Model IP-2A Shimadzu (Kyoto, Japan) iso-
tachophoretic analyzer equipped with a potential
gradient detector was used. As the main column, a
fluorinated ethylene propylene copolymer (FEP,

© 1991 Elsevier Science Publishers B.V. All rights reserved
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TABLE I
OPERATING CONDITIONS

SHORT COMMUNICATIONS

Parameter Electrolyte a Electrolyte b

Leading Terminating Leading Terminating
Cation H* Tris K* H*
Congcentration  1-1072 M 1-1072 M 1-1072 M 1-1072 M
Counter ion Cl~ OH~ CH, COO~ CH,(CH,), COO~
Concentration 11072 M 1-1072 M 1-1072 1-1072 M
Solvent Water Water Water (pH 5.4) Water

Shimadzu) tube (10 cm x 0.5 mm L.D.) and as a
precolumn a polytetrafluoroethylene (PTFE, Shi-
madzu) tube (10 cm x 1.0 mm I.D.) were used. A 2-
to 10-ul aliquot of sample solution containing 5 -
1073-1 - 1072 M Ca?"* was injected into the ITP
apparatus.

To compare ITP with atomic adsorption spec-
trometry (AAS), we analyzed the same samples
with a Model AA-180 atomic adsorption spectro-
meter (Nippon Jarrell-Ash, Kyoto, Japan).

Procedure

As operating conditions, the electrolytes a and b
shown in Table I were examined. In electrolyte a, 1 -
10~2 M hydrochloric acid was used as the leading
electrolyte and 1 - 1072 M tris(hydroxymethyl)ami-
nomethane (Tris) was used as the terminating elec-
trolyte. The ITP of samples was carried out for 14
min at 150 pA, and then at 100 ¢A. In electrolyte b,
1 - 10~% M potassium acetate-acetic acid (pH 5.4)
was used as the leading electrolyte and 1 - 1072 M
n-hexanoic acid was used as the terminating electro-
lyte. The ITP of samples was carried out for 13 min
at 200 uA, and then at 100 pA.

Materials

All solutions were prepared using guaranteed
reagent-grade chemicals. The Ca?* solution was
obtained from calcium carbonate dried at 100°C
and the phosphate anion solution was obtained
from potassium dihydrogenphosphate dried at
100°C. The collagen solution was prepared by dis-
solving ‘commercial pepsin-solubilized ~collagen
(Koken, Tokyo, Japan) in 1 - 10~* M hydrochloric
acid at 5-10°C. Sample solutions were obtained by

mixing the phosphate anion solution or the collagen
solution with the Ca?* solution and by dissolving
calcium phosphates in diluted hydrochloric acid
(pH 2-3).

RESULTS AND DISCUSSION

Operating conditions

Fig. 1 shows the isotachopherograms of Ca®*
when 5 pl of a 5+ 1073 M Ca®” solution were in-
jected into the ITP apparatus. The potential unit
(PU) value and the molar response in electrolyte a
were larger than in electrolyte b. The calibration
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Fig. 1. Isotachopherograms of Ca?*. Conditions (a) and (b) are
shown in Table 1. Injected sample: 5 ul of S mM Ca’*. L =
leading ion; T = terminating ion.
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Fig. 2. Calibration curves of Ca?*. Conditions (a) and (b) are
shown in Table I.

curves in both conditions were linear from-10 to 50
nmol (Fig. 2). However, as the collagen could be
precipitated in the analysis because of the basicity
(over pH 7) of the terminating electrolyte in electro-
lyte a, we adopted the electrolyte system of electro-
lyte b in this experiment.

The reproducibility of the zone length obtained
in analyses of 5 ul of a 1 - 1072 M Ca2?* standard
solution was as follows: X (n = 26), 25.3 mm; S.D,
1.1; coefficient of variation (C.V.), 4.4%.

Influence of collagen

To examine the influence of native and denatured
(heated for 30 min at 45°C) collagens on-the deter-
mination of Ca?* their concentrationin 5- 10-2 M
Ca?* solutions was varied, and the Ca2* in these
solutions was estimated when 5 ul of sample solu-
tion were injected. The zone length did not change
with an increase in collagen concentration, whether
native or denatured, when the collagen concentra-
tion was low (below about 0.1%).

—Q—O0—0__ Q.

o

Relative value
o
(3]

0 05 1.0
PICa (molar ratio)

Fig. 3. Comparison of analytical methods for the determination
of Ca®* in the presence of phosphate anions. O = capillary-
type isotachophoresis; © = atomic adsorption spectrometry.
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Fig. 4. Influence of pH on the zone lengths and the PU values of
Ca’* in the presence of phosphate anions. O = pH adjusted
with acetic acid and ammonia, containing 0.1 M acetic acid; ©
= containing 0.1 M acetic acid; © = no pH adjustment.

Influence of phosphate anion

To examine the influence of the phosphate anion
on the analysis of Ca2*, its concentration in § -
1073 M solution was varied to produce an equimo-
lar ratio (phosphorus/calcium = 1). The Ca2* in
these solutions was determined when 5 ul of sample
solution were injected. The zone length and the PU
value of the samples were the same when the phos-
phorus/calctum ratio was equimolar. These samples
were analyzed by AAS, and the values of these sam-
ples relative to samples containing no phosphate
anion were calculated for both methods.The rela-
tionship between phosphorus/calcium ratio and rel-
ative values is shown in Fig. 3. The relative values
measured by ITP did not change, but those ob-
tained with AAS decreased as the phosphorus/calci-
um ratio increased to 0.8, and then to about 0.5.
The phosphate anion was found to influence the
determination of Ca?* by AAS, but not by ITP.

Influence of pH in the presence of phosphate anion
As the hydration of «-TCP occurs mainly at pH
5-6, we need to analyze the concentration of Ca2*
in these solutions. Thus, we examined whether the
pH of solutions influences the determination of
Ca’* in the presence of equimolar phosphate
anion. As shown in Fig. 4, the pH of solutions with
no pH adjustment and containing 0.1 M acetic acid
was between 2 and 3, and these zone lengths and PU
values were the same. When the pH of these solu-
tions was adjusted to 2-3 with dilute hydrochloric
acid, the zone lengths and PU values recovered.
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TABLE 11
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CALCIUM CONTENT OF SEVERAL CALCIUM PHOSPHATES

Calcium phosphate Phosphorus/calcium Calcium content (%)
ratio
Measured® Calculated
Calcium pyrophosphate® 1.00 31.6 315
a-Tricalcium phosphate® 0.67 38.3 38.7
Hydroxyapatite’ 0.60 39.4 39.8

¢ Measured by capillary-type ITP.

» Synthesized by heating calcium hydrogenphosphate at 500°C for 1 h.
< Synthesized by heating an equimolar mixture of calcium carbonate and calcium pyrophosphate at 1300°C for 2 h.

4 Commercial product (Isizu, Osaka, Japan).

Consequently, by adjusting the pH of solutions to
2-3, Ca?* could be determined without the influen-
ce of the phosphate anion.
Determination of Ca®” in calcium phosphates

We measured Ca?”* in sample prepared by dis-
solving several calcium phosphates with different
phosphorus/calcium ratios in dilute hydrochloric
acid, and determined their calcium content. As
shown in Table 11, these measured values were con-
sistent with calculated ones.
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14TH INTERNATIONAL SYMPOSIUM ON CA-
PILLARY CHROMATOGRAPHY, BALTI-
MORE, MD, USA, MAY 25-29, 1992

The scientific program will consist of review
papers, invited and submitted papers, poster ses-
sions, and plenary and parallel discussion sessions on
the latest developments in, and applications of capil-
lary chromatography, microcolumn and microsepar-
ation techniques. Also presented will be a vendor
exhibition as well as workshop type discussion ses-
sions encompassing the latest developments in in-
strumentation. Techniques to be covered include:
capillary GC, capillary GC-MS, capillary GC-FTIR,
capillary GC-AES, micro HPLC, supercritical fluid
chromatography (SFC), capillary zone electro-
phoresis (CZE), micellar electrokinetic chromato-
graphy (MEKC), and new columns and
instrumentation. Applications to be covered are:
environmental analysis, organic chemicals, pharma-
ceutical analysis, drug testing, petroleum and petro-
chemicals, flavors and fragrances, food and
beverages, proteins and peptides, trace analysis, and
sample preparation techniques.

The deadline for Abstracts (300 words) is Novem-
ber 30, 1991 and should be sent to Prof. Dr. Pat
Sandra, Laboratory of Organic Chemistry, University
of Ghent, Krijgslaan 281 (S4), B-9000 Ghent, Bel-
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gium. Registration costs (including proceedings and
social program): prior to April 25, 1992, US$ 375,
after April 25th, Full US$ 425, One-day US$ 150,
Student US$ 200. Scholarships are available for
young scientists.

For further information, contact: Dr. Leonard
Schronk, Foundation of the ISCC, P.O. Box 663,
Kennett Square, PA 19348, USA. Tel. and Fax: ( +1-
215) 692-4320.

ISPAC, 5STH INTERNATIONAL SYMPOSIUM
ON POLYMER ANALYSIS AND CHARAC-
TERIZATION, INUYAMA, AICHI, JAPAN,
JUNE 1-4, 1992

ISPAC s a non-profit scientific organization. The
purpose and scope of ISPAC are to provide an inter-
national forum for the presentation of recent advan-
ces in the field of polymer analysis and
characterization methodologies.

This three-day symposium will consist of poster
sessions, invited lectures, and round-table discus-
sions and information exchange on recent advances
in polymer characterization approaches, techniques,
and applications. Topics will include: chromato-
graphy and other separation methods, IR, NMR,
mass spectrometry, chemical characterization, light
scattering rheology, microscopy, viscometry, surface
analysis, thermal analysis, thermodynamics, and sol-
ution properties of polymers, as well as general con-



tributions on polymer analysis and characterization.

Contributions dealing with other techniques or spe-
cial classes of polymers will also be included. Invited
talks will be tutorial in nature and will include state-
of-the-art developments.

The deadline for submission of Abstracts is March
1,1992.

For further information, contact: Dr. Sadao Mori,
Department of Industrial Chemistry, Faculty of En-
gineering, Mie University, Tsu Mie, 514, Japan. Tel:
(+81-592) 32-1211, ext. 3843; Fax: (+81-592) 31-
2252. Dr. Howard Barth, Dupont Company, Ex-
perimental Station, P.O. Box 80228, Wilmington, DE
19880-0228, USA. Tel: (+1-302) 695-4354; Fax:
(+1-302) 695-1351.

CAC-92, STH INTERNATIONAL CON-
FERENCE ON CHEMOMETRICS IN ANALYTI-
CAL CHEMISTRY, MONTREAL, CANADA,
JULY 14-17, 1992

The emphasis of this CAC ‘92 meeting will be on
the use of chemometrical methods in the solution of
practical analytical problems as well as the develop-
ment of new techniques and improved chemometri-
cal software.

The scientific program will include invited plenary
speakers, contributed research papers, and a se-
lected series of tutorials by experts to help present
the basis of these techiques and their application to
real world problems.

Topics to be presented will include:

o application and development of techniques of
design, optimization, and evaluation of analytical
methods, including sampling;

o application of chemometrics to the problems of
environmental analytical chemistry;

o signal-, image-, and data-analysis/processing, op-
timum filtering, parameter estimation, time,
series analysis, multivariate calibration and curve
resolution;

o application of expert systems to the development
and use of analytical methods and instruments.

The conference registration fee is expected to be
about US$ 200. The official language of the con-
ference will be English.

For further details contact: International Con-
ference on Chemometrics in Analytical Chemistry,
c/o Department of Chemistry, Clarkson University,
Potsdam, NY 13699-5810, USA. Tel: (+1-315) 268-
3861 (Dr. Hopke); ( +1-315) 268-2394 (Dr. Lavine);
Fax: (+1-315) 268-6670.

8TH INTERNATIONAL SYMPOSIUM ON CA-
PILLARY ELECTROPHORESIS AND ISOTA-
CHOPHORESIS, ROME, ITALY, OCTOBER
6-9, 1992

This meeting is the eighth of a biennial series, the
last one being held in High Tatras, CS. The meeting
will begin with a one day workshop October 6, 1992,
featuring a short course on capillary electrophoresis
for young researchers who would like to start with
these techniques.

Invited lectures, oral communications and poster
sessions will be the basis for wide discussion during
the three day symposium on October 7-9. The scien-
tific program will cover all aspects of capillary zone
electrophoresis, isotachophoresis, micellar electro-
kinetic chromatography, isoelectric focusing, in-
strumentation, gel filled capillaries, capillary
technology and applications.

The deadline for submission of abstracts is April
15, 1992. The official language of the symposium will
be english. '

For further information contact: Dr. Salvatore Fa-
nali, Istituto di Cromatografia del CN.R,, P.O. Box
10, 00016 Monterotondo Scalo (Rome), Italy. Tel:
(+39-6) 9005328/9005836; Fax: (39-6) 9005849;
Telex: 624809 CNR ML 1.

12TH INTERNATIONAL SYMPOSIUM ON
HIGH-PERFORMANCE LIQUID CHROMA-
TOGRAPHY OF PROTEINS, PEPTIDES AND
POLYNUCLEOTIDES, SYDNEY, AUSTRALIA,
NOVEMBER 29-DECEMBER 2, 1992

This international meeting will bring together
world experts to examine new developments and ap-
plications in the areas of HPLC and other high res-
olution techniques for the analysis and purification of



proteins, peptides, polynucleotides and their chemi-
cal mimetics. Sessions will also include advances in
biopharmaceutical, carbohydrate and lipid analysis.
The program will include invited and contributed
lectures, poster presentations and discussion ses-
sions.

You are invited to submit Abstracts describing
original research in areas including: electrokinetic
separations, column technology and support materi-
al, protein conformation and chromatographic beha-
viour, polypeptide structural studies, protein purity
and QC of recombinant proteins, polynucleotides,
polysaccharides, membrane proteins, lipids and lipo-
proteins, affinity chromatography, analytical applica-
tions, sample preparation, preparative chroma-
tography of biopolymers, high resolution electro-
phoresis, integrated purification systems, biospecific
detectors, process monitoring, recovery of recombi-
nant proteins, protein—surface interaction, molecular
biorecognition, isolation and purification techniques,
regulatory issues and quality control, detection and
amplification, electrophoresis, separation and pro-
tein engineering, membrane technology and special
topics. The Scientific Committee welcomes your
suggestions for additional topics to be covered in the
Symposium. The deadline for submission of Ab-
stracts is June 10, 1992.

The registration fee will be A$ 495 before Septem-
ber 30, 1992 and includes admission to all scientific
sessions, one copy of the final program and a book of
abstracts, one copy of the Proceedings and social
program. Students are eligble for a reduced rate at
AS$ 325 (Proceedings not included). After Septem-
ber 30, 1992 the fee will be A$ 545 full registration
and A$ 365 for students.

Papers presented at the Symposium will be pub-
lished in a special issue of the Journal of Chromato-
graphy provided the instructions issued by the Editor

are carefully followed. '

For further information contact: 12 ISPPP Sectre-
tariat, GPO Box 128, Sydney, NSW 2001, Australia.
Tel.: (+61-2) 262-2277; Fax: ( +61-2) 262-2323,

HPLC ’93, 17TH INTERNATIONAL SYMPO-
SIUM ON COLUMN LIQUID CHROMATO-
GRAPHY, HAMBURG, GERMANY, MAY 9-14,
1993

The Symposium will cover all aspects of high-per-
formance liquid chromatography (HPLC) and re-
lated high resolution separation techniques. The
sessions will address advances in: sample preparation
and derivatization, various areas in both analytical
separations and preparative isolation and purifica-
tion, novel detectors and detections methods, hyphe-
nated techniques, miniaturization (microbore and
capillary LC), biopolymer separations, supercritical
fluid chromatography, field flow fractionation, capil-
lary electrophoresis and electrokinetic chromato-
graphy and chemometrical applications. This 5-day
symposium will include invited lectures, contributed
presentations, posters and panel discussions.

A planned exhibition of instruments will be inte-
grated into the poster session. Interested exhibitors
are requested to contact the secretariat for further
information.

Abstracts for presentations should be submitted
by July 31, 1992. The deadline for registering is
March 19, 1993.

For further details contact: Gesellschaft Deut-
scher Chemiker, Abteilung Tagungen, P.O. Box
900440, Varrentrappstrasse 40-42, W-6000 Frankfurt
am Main 90, Germany. Tel: (+49-69) 7917-360; Fax:
(+49-69) 7917-475.

Announcements are included free of charge. Information on planned events should be sent well in advance (6 months) to:
Journal of Chromatography, News Section, P.O. Bov 330, 1000 AH Amsterdam, Netherlands, or by Fax: (+31 20) 5862304.




CALENDAR OF FORTHCOMING EVENTS

O Dec. 4-5, 1991
Wiesbaden, Germany
European Symposium on Analy-
tical Supercritical Fluid Chroma-
tography and Extraction
Contact: Karin Markides,
Analytical Chemistry, Uppsala
University, Box 531, S-751 21
Uppsala, Sweden. Tel.: (+46-
18) 182500; Fax: ( +46-18)
108542.

Dec. 9-11, 1991

Storlien, Sweden

EUCHEM Conference on Ca-

pillary Electroseparations
Contact: Dr. Agneta Sjogren,

The Swedish National Commit-

tee for Chemistry, Wallingatan

26B, S-111 24 Stockholm,

Sweden. Tel.: (+46-8) 115260;

Fax: (+46-8) 106678.

Jan. 6-11, 1992
San Diego, CA, USA
1992 Winter Conference on Plas-
ma Spectrochemistry

Contact: Dr. R. Barnes, c/o
ICP Information Newsletter, De-
partment of Chemistry, CRC To-
wers, University of
Massachusetts, Amherst, MA
01003-0035, USA. Tel.: (413)
545-2294; Fax: (413) 545-4490;
Bitnet: RBARNES@UMASS.

Feb. 9-13, 1992
Amsterdam, Netherlands
HPCE ‘92, 4th International
Symposium on High Perfor-
mance Capillary Electrophoresis
Contact; Shirley E. Schless-
inger, HPCE ‘92, 400 East Ran-
dolph Drive, Suite 1015,
Chicago, IL 60601, USA. Tel.:
(312) 527-2011.

Feb. 17-18, 1992
Antwerp, Belgium
Hands-on Workshops on: Super-
critical Fluid Extraction and
Superecritical Fluid Chromato-
graphy; on Liquid Chromato-
graphy-Gas Chromatography;
and on Hyphenated Techniques
in Capillary Gas Chromato-
graphy: Mass Spectrometry,
Fourier Transform Infrared
Spectroscopy, Atomic Emission
Detection

Contact: Dr. R. Smits, p.a.
BASF Antwerpen N.V.,, Central
Laboratory, Scheldelaan, B-
2040 Antwerp, Belgium.

Feb. 18-21, 1992
Antwerp, Belgium
2nd International Symposium on
Hyphenated Techniques in
Chromatography

Contact: Dr. R. Smits, p.a.
BASF Antwerpen N.V,, Schelde-
laan, B-2040 Antwerp, Belgium.
Tel.: (323) 5682831; Fax: (323)
5683355; Telex: 31047 basant b.

March 9-13, 1992
New Orleans, LA, USA
43rd Pittsburgh Conference and
Exposition on Analytical Chem-
istry and Applied Spectroscopy
Contact: Mrs. Alma Johnson,
Program Secretary, The Pitts-
burgh Conference, 300 Penn
Center Boulevard, Suite 332,
Pittsburgh, PA 15235-5503,
USA.

April 6-8, 1992

Atlanta, GA, USA

ANATECH ‘92, 3rd Interna-
tional Symposium on Analytical
Techniques for Industrial Pro-

cess Control

Contact: ANATECH ‘92, In-
fosciences Inc., 3000 Dundee
Road, Suite 313, Northbrook,
IL 60062, USA. Tel.: (708) 291-
9161; Fax: (708) 291-0097.

April 6-8, 1992

Nancy, France

PREP-92, 9th International

Symposium on Preparative and

Industrial Chromatography
Contact: PREP-92 Secretary,

ENSIC.-LP.CI, 1rue Grand-

ville, B.P. 451, F-54001 Nancy

Cedex, France. Tel.: (+33)

83300276; Fax: (+33) 83350811.

May 5-8, 1992
Liége, Belgium
4th International Symposium on
Drug Analysis

Contact: Dr. J. Crommen,
Drug Analysis ‘92-Ligge,
University of Liege, Institute of
Pharmacy, rue Fusch 5, B-4000
Liege, Belgium, Tel.: (+32-41)
237002; Fax: ( +32-41) 221855.

May 5-8, 1992

Munich, Germany

13th International Conference

on Biochemical Analysis
Contact: U. Arnold, Nym-

phenburger Strasse 70, D-8000

Munich 2, Germany. Tel.: (+49-

89) 1234500; Fax: (+49-89)

183258.

May 12-14, 1992
La Grand Motte, France
4th European Mecting of
Groupe Frangais de Bio-Chro-
matographie

Contact: Groupe Frangais de
Bio-Chromatographie, Unité



d’Immuno Allergie, Institut Pas-
teur, 28 rue du Docteur Roux,
75724 Paris Cedex 15, France.
Tel.: (+33-1) 45688000, ext.
7143; Fax: (+33-1) 43069835;
Telex: 250609 F.

May 17-22, 1992

Kyoto, Japan

4th International Conference on

Fundamentals of Adsorption
Contact: Prof. M. Suzuki,

Conference Chairman, Institute

of Industrial Science, University

of Tokyo, 7-22-1 Roppongi, Mi-

nato-ku, Tokyo 106, Japan.

W May 25-29, 1992
Baltimore, MD, USA
14th International Symposium
on Capillary Chromatography
Contact: Dr. Leonard
Schronk, Foundation for the
ISCC, P.O. Box 663, Kennett
Square, PA 19348, USA. Tel.
and Fax: (+1-215) 692-4320.

B June 1-4, 1992
Inuyama, Aichi, Japan
ISPAC, 5th International Sym-
posium on Polymer Analysis
and Characterization

Contact: Dr. Sadao Mori, De-
partment of Industrial Chem-
istry, Faculty of Engineering,
Mie University, Tsu, Mie 514,
Japan. Tel: (+81-592) 32-1211,
ext. 3843; Fax: ( +81-592) 31-
2252. Dr. Howard Barth, Du-
pont Company, Experimental
Station, P.O. Box 80228, Wilm-
ington, DE 19880-0228, USA.
Tel: (+1-302) 695-4354; Fax:
(+1-302) 695-1351.

June 9-2, 1992
Dortmund, Germany
22nd Roland W. Frei Memorial

Symposium on Environmental
Analytical Chemistry and Work-
shop on Detection in Environ-
mental Analysis

Contact: Symposium Office
IAEAC, M. Frei-Hausler, P.O.
Box 46, CH-4123 Allschwil 2,
Switzerland. Tel.: (+41-61)
632789; Fax: (+41-61) 4820805.

June 14-19, 1992
Baltimore, MD, USA
HPLC ‘92, 16th International
Conference on Column Liquid
Chromatography

Contact: HPLC ‘92, Ms. Shir-
ley E. Schlessinger, 400 E. Ran-
dolph Drive, Suite 1015,
Chicago, IL 60601, USA. Tel.
(312) 527-2011.

W July 14-17, 1992

Montreal, Canada
CAC-92, 5th International Con-
ference on Chemometrics in
Analytical Chemistry

Contact: International Con-
ference on Chemometrics in
Analytical Chemistry, c¢/o De-
partment of Chemistry, Clark-
son University, Potsdam, NY
13699-5810, USA. Tel: (+1-
315) 268-3861 (Dr. Hopke);
(+1-315) 268-2394 (Dr. La-
vine); Fax: (+1-315) 268-6670.

Aug. 24-27, 1992
Jena, Germany
COMPANA 92, 5th Con-
ference on Computer Applica-
tions in Analytical Chemistry
Contact: COMPANA ‘92,
Friedrich Schiller University
Jena, Institute of Inorganic and
Analytical Chemistry, Steiger 3,
Haus 3, 0-6900 Jena, Germany.
Tel.: (+37-82) 25467 or (+37-
82) 25029.

Aug. 31-Sept. 3, 1992
Cincinnati, OH, USA
106th Annual International
Meeting and Exposition of the
Association of Official Analyti-
cal Chemists

Contact: Margaret Ridgell,
AOAC, 2200 Wilson Boulevard,
Suite 400, Arlington, VA 22201-
3301, USA. Tel.: (703) 522-
3032; Fax: (703) 522-5468.

Sept. 13-18, 1992
Aix-en-Provence, France
19th International Symposium
on Chromatography

Contact: G.AM.S,, 88 Boule-
vard Malesherbes, 75008 Paris,
France. Tel.: (1) 45639304; Fax:
(1) 49530434

- |HOct. 5-8,1992

Tiibingen, Germany
3rd International Symposium on
Chiral Discrimination

Contact: Gesellschaft Deut-
scher Chemiker, Abteilung Ta-
gungen, P.O. Box 90 04 40,
D-6000 Frankfurt 90, Germany.
Fax: (+49-69) 791-7475

M Oct. 6-9, 1992

Rome, Italy
ITP ‘92, 8th International Sym-
posium on Capillary Electro-
phoresis and Isotachophoresis
Contact: Dr. Salvatore Fana-
li, Istituto di Cromatografia del
C.NR,, P.O. Box 10, 00016
Monterotondo Scalo (Rome),
Italy. Tel: (+39-6)
9005328/9005836; Fax: ( +39-6)
9005849; Telex: 624809 CNR
ML 1.

Nov. 4-6,1992
Montreux, Switzerland
9th Montreux Symposium on



Liquid Chromatography—Mass
Spectrometry (LC-MS, SFC-
MS, CZE-MS, MS-MS)

Contact: Marianne Frei,
IAEAC Secretariat, P.O. Box
46, CH-4123 Allschwil, Switzer-
land. Tel.: (+41-61) 632789;
Fax: (+41-61) 4820805.

Nov. 29-Dec. 2, 1992 .
Syndey, Australia
12th International Symposium
on HPLC of Proteins, Peptides
and Polynucleotides

Contact: 12 ISPPP Sectreta-
riat, GPO Box 128, Sydney NSW
2001, Australia. Tel.: (+61-2)
262-2277; Fax: (+61-2) 262-
2323,

B May 9-14, 1993
Hamburg, Germany
17th International Symposium
on Column Liquid Chromato-
graphy '
Contact: Gesellschaft Deut-
scher Chemiker, Abteilung Ta-
gungen, P.O. Box 900440,
Varrentrappstrasse 40-42, W-
6000 Frankfurt am Main 90, Ger-
many. Tel: (+49-69) 7917-360;
Fax: (+49-69) 7917-475.

Sept. 5-11,1993

Edinburgh, UK
EUROANALYSIS VIII, 8th Eu-
ropean Conference on Analyti-
cal Chemistry

m Indicates new or amended entry.

Contact: Miss P.E. Hutchin-
son, Analytical Division, The
Royal Society of Chemistry, Bur-
lington House, Piccadilly, Lon-
don W1V 0BN, UK. Tel.: (071)
4378656; Fax: (071) 734-1227,
Telex: 268001.

June 20-24, 1994
Bournemouth, UK
20th International Symposium
on Chromatography '
Contact; Executive Secre-
tary, The Chromatographic So-
ciety, Nottingham Polytechnic,
Burton Street, Nottingham,
NG14BU, UK. Tel.: (0602)
500596; Fax: (0602) 500614.



PUBLICATION SCHEDULE FOR 1992

Journal of Chromatography and Journal of Chromatography, Biomedical Applications

MONTH 01991 N 1991 D 1991

Journal of 585/1 585/2 587/2

Chromatography 586/1 588/1+2
586/2 The publication schedule for further issues will be published later
587/1

Cumulative

Indexes,

Vols. 551-600

Bibliography

Section

Biomedical

Applications

INFORMATION FOR AUTHORS

(Detailed /nstructions to Authors were published in Vol. 558, pp. 469-472. A free reprint can be obtained by application to the
publisher, Elsevier Science Publishers B.V., P.0. Box 330, 1000 AH Amsterdam, The Netherlands.)

Types of Contributions. The following types of papers are published in the Journal of Chromatography and the section on
Biomedical Applications: Regular research papers (Full-length papers), Review articles and Short Communications. Short
Communications are usually descriptions of short investigations, or they can report minor technical improvements of previously
published procedures; they reflect the same quality of research as Full-length papers, but should preferably not exceed five
printed pages. For Review articles, see inside front cover under Submission of Papers.

Submission. Every paper must be accompanied by a letter from the senior author, stating that he/she is submitting the paper for
publication in the Journal of Chromatography.

Manuscripts. Manuscripts should be typed in double spacing on consecutively numbered pages of uniform size. The manu-
script should be preceded by a sheet of manuscript paper carrying the title of the paper and the name and full postal address of
the person to whom the proofs are to be sent. As a rule, papers should be divided into sections, headed by a caption (e.g.,
Abstract, Introduction, Experimental, Results, Discussion, etc.). All illustrations, photographs, tables, etc., should be on sep-
arate sheets.

Introduction. Every paper must have a concise introduction mentioning what has been done before on the topic described, and
stating clearly what is new in the paper now submitted.

Abstract. All articles should have an abstract of 50-100 words which clearly and briefly indicates what is new, different and
significant.

lllustrations. The figures should be submitted in a form suitable for reproduction, drawn in Indian ink on drawing or tracing
paper. Each illustration should have a legend, all the /egends being typed (with double spacing) together on a separate sheet. If
structures are given in the text, the original drawings should be supplied. Coloured illustrations are reproduced at the author’s
expense, the cost being determined by the number of pages and by the number of colours needed. The written permission of
the author and publisher must be obtained for the use of any figure already published. Its source must be indicated in the
legend.

References. References should be numbered in the order in which they are cited in the text, and listed in numerical sequence on
a separate sheet at the end of the article. Please check a recent issue for the layout of the reference list. Abbreviations for the
titles of journals should follow the system used by Chemical Abstracts. Articles not yet published should be given as “in press”
(Journal should be specified), “submitted for publication” (journal should be specified), “in preparation” or “personal commu-
nication”’.

Dispatch. Before sending the manuscript to the Editor please check that the envelope contains four copies of the
paper complete with references, legends and figures. One of the sets of figures must be the originals suitable
for direct reproduction. Please also ensure that permission to publish has been obtained from your institute.

Proofs. One set of proofs will be sent to the author to be carefully checked for printer’s errors. Corrections must be restricted to
instances in which the proof is at variance with the manuscript. “Extra corrections” will be inserted at the author’s expense.

Reprints. Fifty reprints of Full-length papers and Short Communications will be supplied free of charge. Additional reprints can
be ordered by the authors. An order form containing price quotations will be sent to the authors together with the proofs of their
article.

Advertisements. The Editors of the journal accept no responsibility for the contents of the advertisements. Advertisement rates
are available on request. Advertising orders and enquiries can be sent to the Advertising Manager, Elsevier Science Publishers
B.V., Advertising Department, P.O. Box 211, 1000 AE Amsterdam, Netherlands; courier shipments to: Van de Sande Bak-
huyzenstraat 4, 1061 AG Amsterdam, Netherlands; Tel. (+31-20) 515 3220/515 3222, Telefax (+31-20) 6833 041, Telex
16479 els vinl. UK: T. G. Scott & Son Ltd., Tim Blake, Portland Houze, 21 Narborough Road, Cosby, Leics. LE9 5TA, UK; Tel.
(+44-533) 753 333, Telefax ( +44-533) 750 522. USA and Canadas" Weston Media Associates, Daniel S. Lipner, P.O. Box
1110, Greens Farms, CT 06436-1110, USA; Tel. (+1-203) 261 2500, Telefax (+1-203) 261 0101.



For Superior Chiral Separation

From Analytical To Preparative.

The finest from DAICEL:----

Why look beyond DAICEL? We have developed the finest CHIRALCEL,
CHIRALPAK and CROWNPAK with up to 17 types of HPLC columns, all
providing superior resolution of racemic compounds.
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Temperature : 40°C
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Bl Separation Service

® A pure enantiomer separation in the amount of 100g ~10kg is now available.

@ Please contact us for additional information regarding the manner of use and application of our
chiral columns and how to procure our separation service.

DAICEL CHEMICAL INDUSTRIES, LTD.

chiral chemicals division.
8-1. Kasumigaseki 3-chome, Chiyoda-ku, Tokyo 100, Japan Phone: 03 (507) 3151 FAX: 03 (507) 3193

DAICEL(U.S.A.).INC. DAICEL(U.S.A.),INC.  DAICELIEUROPA)GmbH DAICEL CHEMICAL(ASIA)PTE. LTD.

Fort Lee Executive Park 23456 Hawthorne Blvd Oststr. 22 65 Chulia Street #40-07

Two Executive Drive, Fort Lee Bldg. 5, Suit 130 4000 Dusseldorf 1, FR. Germany OCBC Centre, Singapore 0104
New Jersey 07024 Torrance, CA 90505 Phone: (211) 369848 Phone: 5332511

Phone: (201) 461-4466 Phone: (213) 791-2030 Telex: (41) 8588042 DCEL D FAX: 5326454

FAX: (201) 461-2776 FAX: (213) 791-2031 FAX: (211) 364429




	Journal of Chromatography 1991 Vol.586 No.2
	Contents
	J.of Chromatography, 586 (1991) 181-197
	J.of Chromatography, 586 (1991) 199-219
	J.of Chromatography, 586 (1991) 221-232
	J.of Chromatography, 586 (1991) 233-248
	J.of Chromatography, 586 (1991) 249-254
	J.of Chromatography, 586 (1991) 255-258
	J.of Chromatography, 586 (1991) 259-263
	J.of Chromatography, 586 (1991) 265-270
	J.of Chromatography, 586 (1991) 271-276
	J.of Chromatography, 586 (1991) 277-281
	J.of Chromatography, 586 (1991) 283-289
	J.of Chromatography, 586 (1991) 291-295
	J.of Chromatography, 586 (1991) 297-301
	J.of Chromatography, 586 (1991) 303-307
	J.of Chromatography, 586 (1991) 309-313
	J.of Chromatography, 586 (1991) 315-322
	J.of Chromatography, 586 (1991) 323-328
	J.of Chromatography, 586 (1991) 329-340
	J.of Chromatography, 586 (1991) 341-346
	J.of Chromatography, 586 (1991) 347-350
	J.of Chromatography, 586 (1991) 351-355
	J.of Chromatography, 586 (1991) 356-359
	J.of Chromatography, 586 (1991) 360-362
	J.of Chromatography, 586 (1991) 363-366
	Author Index
	News section

