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Abstract

Compiling ion-exchange chromatographic data, which has been allowed by recent developments in chromatographic
techniques, indicates that solvation plays important roles in determining selectivity. lon-exchange chromatography in
nonagueous solvents is not a novel idea, but is expected to give insights into roles of solvation in separation mechanisms,
because changing solvents is the simplest way to study solvation effects. Thus, nonaqueous media facilitate to understand the
chemistry taking place in ion-exchange resins or a the interface between an ion-exchange resin and solution. In contrast,
capillary electrophoresis is a remarkable method to study solution chemistry, because the migration of solutes can be directly
related to the reactions occurring in solution. The application of this method to nonaqueous media is also expected to
enhance the separation selectivity and understanding of nonagueous solution chemistry. In this paper, nonaqueous
ion-exchange chromatography and capillary electrophoresis are reviewed mainly from fundamental viewpoints. O 1998
Elsevier Science BV.
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these, flow separation techniques have been most
frequently employed because of their high ap-
plicability and versatility. Chromatography and re-
cently developed capillary electrophoresis are typical
representatives of efficient flow separation tech-
niques.

Chromatography is an effective technique to sepa-
rate compounds of various properties. lon-exchange
chromatography has covered the separation of almost
all ionic compounds differing in molecular sizes and
molecular nature. Despite extensive use of this
separation technique, the proper separation mecha
nism has not completely been elucidated partly
because principal efforts in this discipline have been
directed to technical and practical developments. For
these reasons, ion-exchange chromatography has
been mostly done in agueous or hydro-organic
media, in which most of the ionic compounds are
dissolved better than in other solvents and thus, in
water, the application to various samples is much
easier [1-6] than in nonagueous media. Although
results in aqueous ion-exchange chromatography
should involve important information concerning the
separation mechanisms, varying the nature of media
is expected to provide more essential clues to
elucidate the origin of separation mechanisms and
selectivity.

It is one of serious disadvantages of ion exchange
that this method provides no direct information on
events occurring at the surface of the stationary
phase, because the ion-exchange equilibrium is al-
ways determined by the balance between the solute
interaction and the eluent interaction with active sites
of a resin. However, the separation selectivity ob-
tained with a particular eluent should reflect the
order of the retention interactions of solutes. A
number of data have been compiled for agueous ion
exchange, especially since the introduction of ion
chromatography, and have allowed us to infer mech-
anisms of this separation method. One of important
results reported so far is that the selectivity can be
varied by the chemical structures of ion-exchange
sites [7—10]. This suggests that chemical interaction
such as ion-pair formation between a solute ion and
an ion-exchange site be an essential factor to de-
termine the selectivity. In solution, ion-pair forma-
tion equilibria are usually athermic or endothermic,
indicating that the desolvation entropy is a driving

force of this interaction [11]. If ion-pair formation is
closely related to ion-exchange equilibria, the in-
formation on the solvation of solute ions must be
useful in considering the origin of ion-exchange
selectivity. Since both solutes and ion-exchange sites
are solvated in different ways in different solvents,
changing the solvation states of ions must result in
different ion-exchange selectivity. Thus, uses of
nonagqueous mobile phases in ion-exchange chroma-
tography should give unique selectivity and insights
into ion-exchange mechanisms.

As mentioned above, it is difficult to obtain direct
information on the basic interaction involved in ion-
exchange equilibria. In contrast, capillary electro-
phoresis (CE) possibly provides direct information
on interactions in solutions. This is an advantage of
this method as an approach to solution chemistry
over chromatography. Though the basic principles of
CE separation are similar to those of conductometric
measurements, CE is superior to conductometry in
that differences in ionic mobility or in reactivity are,
in CE, shown in a very comprehensible manner, i.e.
peak separation [12—14]. For the same reason as in
ion exchange, nonagueous CE is much less common
than agueous CE so far. However, nonaqueous CE
can be a remarkable approach to nonaqueous solu-
tion chemistry, as shown later, and the excellent
applicability of this method has recently been ac-
cepted [15-17].

In this review, the author discusses the usefulness
of ion-exchange chromatography and CE as fun-
damental tools to study nonagueous solution chemis-
try, as well as the unique separation that is im-
possible or very difficult to achieve in agueous
media.

2. Nonaqueous ion-exchange chromatogr aphy

2.1. Separation mechanism in ion-exchange
chromatography

No one doubts that the primary separation mecha
nism in ion-exchange chromatography is the electro-
static interaction between ion-exchange sites and
counter ions. However, other interactions seen in
usual solute—solute, solute—solvent, and solvent—sol-
vent interaction in solution contribute to overal
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retention or selectivity in ion-exchange. lon-dipole
and dispersion interaction, for example, should be
included as important mechanisms [18]. In addition,
in polar solvents such as water, the entropic contri-
bution originating from solvent structures around
ion-exchange sites should also be taken into consid-
eration [19,20]. These phenomena together are called
‘ion-exchange interaction’, and are often represented
by a single equilibrium such as

Z XX+ z,Y* = 2, X + 2, Y™ (1)

where X and Y with a bar are species in an ion-
exchange resin phase, and z, and z, denote the
charges of ions X and Y. The thermodynamic
equilibrium constant for Eq. (1) well describes
various phenomena, if activity coefficients are cor-
rectly taken into account. However, equilibrium
constants represented by concentrations, called selec-
tivity coefficients, are often used instead of thermo-
dynamic equilibrium constants. It has been pointed
out that treating the selectivity coefficients as
thermodynamic values possibly draws a wrong con-
clusion [21-23].

There are some criticisms against the above
discussion based on Eqg. (1). Stahlberg indicated that
the stoichiometric consideration is inapplicable to
long-range mechanisms, such as electrostatic inter-
action, because the distribution of ions in solution is
also influenced by the electrostatic potential [23—25].
On the basis of this idea, Stahlberg derived a useful
equation capable of evaluating contributions from the
accumulation of a solute ion in the diffuse layer [23].
Similar, but dightly different, approaches have been
presented by Cantwell and co-workers [26—-28] and
Holl and co-workers [29-32]. In order to explain
ion-exchange selectivity, various chemical interac-
tions are taken into account in their models; surface
adsorption [23,26-28], surface complexation [29—
32], ion exclusion [26-28], etc. The author consid-
ered that three possible mechanisms are involved in
ion-exchange equilibria; (1) ion-pair formation be-
tween an analyte and an ion-exchange site; (2) the
specific adsorption of ions on the resin matrices; and
(3) the nonselective accumulation of analytes in the
diffuse layer [33]. In nonagueous media, surface
adsorption must be suppressed because the polar-
izability of such molecules is usually larger or much

larger than that of water, but the ion-pair formation
should basically be enhanced because of the low
solvation ability of nonagueous solvent molecules
toward ions. The assumption of the surface ion-pair
formation must be justified by the discussions on
ion-exchange selectivity in nonaqueous solvents (see
Section 2.2).

Let us consider anion separation as an example. In
aqueous anion exchange, the basic order of the
affinity to a resin bearing tertiary ammonium ions as
active groups is, eg. F <Cl <Br <l <CIO,
(hereinafter denoted as usual selectivity). This order
agrees well with the order of decreasing radii of
solvated ions, that of increasing crystal radii, and that
of decreasing numerical hydration energy [18,34].
The surface adsorption of ions should be related to
the dispersion forces, which are usually enhanced
with increasing molecular size; the above anion-
exchange selectivity is understandable if the surface
adsorption is a main factor governing usual selectivi-
ty. However, ion-pair formation also explains the
above selectivity because larger ions favorably un-
dergo this reaction in water because of smaller
desolvation energy expense. Thus, these two mecha
nisms, surface adsorption and ion-pair formation,
result in the same selectivity in agueous ion-ex-
change even if either is a major mechanism.

Though it is difficult to find direct evidence for the
ion-pair formation, this interaction can account for
the dependence of ion-exchange selectivity on the
structures of ion-exchange. The anion separation
selectivity obtained with primary ammonium ions as
anion-exchange sites can be evidence for ion-pair
formation; unusual selectivity not obeying the above
hydration consideration can be seen [9,35]. In this
case, the hydrogen bond formation between anions
and ammonium ions must be dominant; smaller ions
are better hydrogen bond acceptors because of their
high charge density.

A novel model has been recently proposed, which
includes surface adsorption, ion-pair formation, and
diffuse layer accumulation as possible mechanisms
[33]. The model, developed on the basis of linearized
Poisson—Boltzmann and  Gouy—Chapman—Stern
theory, indicated that the accumulation of analyte
ions in the diffuse layer is important when an eluent
ion forms a strong ion-pair with an ion-exchange
site, but in general plays a minor role. The surface
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adsorption, which depends on the properties of resin
matrices, and the ion-pair formation, are basicaly
responsible for the determination of the overall
selectivity. In nonaqueous solvents, the surface ad-
sorption should be suppressed in comparison with in
water. Thus, the ion-exchange selectivity in nonaque-
ous solutions should well reflect the relative ion-pair
formation abilities of solute ions. In the following
section, unless otherwise stated, the ion-exchange
selectivity obtained in nonagueous mobile phases is
discussed from a viewpoint of ion-pair formation.

2.2. Changes in the anion-separation selectivity by
varying the solvent properties and/or the structures
of anion-exchange sites

As mentioned above, the desolvation process plays
very important roles in ion-pair formation in solu-
tion. If ion-exchange equilibria include ion-pair
formation, its separation selectivity must be changed
by varying solvation states of ions. Such modi-
fication of the solvation is most simply done by
changing solvents [34,36—39]. Figs. 1 and 2 show
chromatograms of anions obtained with two different
stationary phases (-NH, and —NEt; polymer matrix
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Fig. 1. Anion-exchange chromatograms with the —NH, resin.
Mobile phase: (8) 0.02 M LiNO, in MeOH, (b) 0.02 M Et,NNO,
in MeCN-MeOH (80:20, v/v), (c) 0.02 M LiNO, in water, and
(d) 0.01 M Et,NpNB (tetraethylammonium p-nitrobenzoate) in
DMF-MeOH (75:25, v/v). Detection, at 246 nm for NO, eluent
and at 390 nm for pNB ™~ eluent. Flow-rate, 1 ml min~" for (a—c)
and 0.6 ml min~* for (d). From Ref. [34].
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Fig. 2. Anion-exchange chromatograms with the —NEt; resin.
Mohile phase: (8) 0.02 M LiNO, in MeOH, (b) 0.02 M LiNO, in
MeCN-water (60:40, v/v), (c) 0.01 M Et,NpNB in MeCN, and
(d) 0.01 M Et,NpNB in DMF. Detection, at 246 nm for NO,
eluent and at 395 nm for pNB ™~ eluent. Flow-rate, 1 ml min™* for
(a—c) and 0.7 ml min~* for (d). From Ref. [34].

resin) with four different solvents. Water, methanol
(MeOH), acetonitrile (MeCN), and N,N-dimethyl-
formamide (DMF) were selected as solvents. Though
examples obtained with pure solvents are shown
when possible, chromatograms obtained with mixed
solvents, containing the solvent of interest as much
as possible, are shown in some cases because the
extremely strong affinity of some ions to the resin
prevented the confirmation of peak appearance (e.g.
Cl~ with the -NH; stationary phase with DMF or
MeCN or ClO, with the —NEt; stationary phase in
water). Selectivity varys with solvents: CI™ <Br <
| <SCN <CIO, (usual selectivity) with MeOH
and water, CIO, <l (SCN )<SCN (I1)<Br <
Cl ™~ (denoted as unusual selectivity) with MeCN and
DMF (in parentheses) irrespective of the structures
of ion-exchange functional groups. It should be
noted that the separation window becomes narrow on
going from in water to in MeOH, indicating that
usual selectivity tends to diminish in MeOH.
Similar selectivity was obtained with silica-based
anion-exchange resins (denoted by Si—-NH; and Si—
N(Et),Me" according to the structure of active
sites). The specific adsorption of anionic species is
thought to be weaker on silica gel than on polymer
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gel. Anion-exchange selectivity is similar, except
that partially unusual selectivity appears for the Si—
NH; even with methanolic mobile phases;, | <
ClO, ~Br <Cl . These results can be understood
as follows: the specific adsorption on the polymer gel
still acts as a part of the retention mechanisms even
in MeOH, but is much reduced in comparison with
in water; the weak specific adsorption on the poly-
mer gel results in usual sdlectivity in MeOH; this
effect is almost suppressed on the silica gel, and
eventually partly unusual selectivity appears; thus,
partly unusually selectivity obtained with the Si—
NH; resinin MeOH should reflect actual interaction
between solute ions and ion-exchange sites in this
solvent. Thus, the structures of ion-exchange sites
more strongly affect separation selectivity than the
matrices of the resin; in other words, the interaction
between solutes and active sites dominantly deter-
mines overall selectivity especialy in nonagueous
ion-exchange.

The —NH] and —NEt; sites have different ion-
exchange features. The latter site is principaly a
poor electron acceptor due to the low charge density
and a poor hydrogen-bond donor, but undergoes
strong ion-induced dipole interaction and London
dispersion interaction. From these, we can infer that
the —NEt, resin prefers larger ions, while the —=NH
resin prefers smaller ions. This inference agrees well
with experimental results in anion-exchange chroma-
tography with wide varieties of anion-exchange
groups; the relative affinity to large ions is enhanced
by increasing molecular sizes of anion-exchange
sites in water [7].

If the complete desolvation occurs for both ion-
exchange sites and counter ions upon the ion-pair
formation, not only the solvation states of the latter
but those of the former possibly influence separation
selectivity. However, amost the same results were
obtained with MeCN and DMF despite their much
different donor abilities. It is understandable that no
difference between results obtained with these two
solvents was found for the —NEt, resin, because the
free energies of transfer from DMF to MeCN for
tetraalkylammonium ions are almost zero [34]. How-
ever, though no quantitative data are available for the
solvation of monoalkylammonium ions, their solva-
tion energy in DMF should be different from that in
MeCN; these ions must be more stable in DMF. The

fact that identical selectivity was obtained for the
—NH, resin in these two solvents implies that the
relative extents of the desolvation from the —NH
sites are independent of the nature of solvents; the
absolute extents of desolvation must depend on the
nature of solvents. Thus, in anion exchange, the
solvation states of anions is responsible for the
determination of separation selectivity, while those
of ion-exchange sites formally have no effects. This
agrees well with results of solvent swelling measure-
ments. According to the results of swelling measure-
ments for tetraalkylammonium-type resins, Cl~-form
anion-exchange resin swells in water amost five
times better than a CIO, -form resin of the same
cross-linking when compared on the basis of moles
of water sorbed in the equivalent resin, whereas the
latter swells in DMF almost 10 times better than the
former [40]. In water, the ion-pair formation between
a counter anion and an anion-exchange site is not
very strong and the desolvation is not facilitated very
much. Though Cl ~ is still solvated better than CIO,
even in DMF solution, the strong ion-pair formation
of Cl™ in anion-exchange resins, which is accom-
panied by the desolvation from interacting ions,
results in poor swelling in this medium.

The results can be summarized as follows: (1) the
—NH, resins bind smaller anions more strongly than
the -NR; (R=alkyl groups) resins do; (2) in water
unusual selectivity does not appear even with —NH
resins because of stronger acceptor ability of water
and surface adsorption; (3) unusual selectivity can be
seen in solvents of poor acceptor ability irrespective
of the structure of anion-exchange sites; and (4) the
donor ability of a solvent plays minor roles in the
determination of anion-exchange selectivity in com-
parison with its acceptor ability (reversed situation
must be true for cation exchange).

Thus, ion-exchange selectivity, in most cases, can
be discussed on the basis of the extent of ion-pair
formation and the solvation states of solute ions.
Since other possible mechanisms, such as specific
adsorption, are suppressed in nonagueous solvents, it
can be concluded that ion-pair formation is the most
important mechanism in nonagueous ion exchange;
in other words, we can understand nonagueous ion-
exchange selectivity by ion-pair formation, and infer
ion-pair formation taking place on the ion-exchange
resin surface from ion-exchange data.
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2.3, Modification of anion-exchange selectivity by
crown ether complexation

It was shown in the preceding section that chang-
ing solvents and/or the structures of ion-exchange
sites results in different separation selectivity.
Changing solvents in a chromatographic run is
routinely done in, e.g. gradient elution, while chang-
ing the structures of functional groups is much
laborious and should usually be carried out by off-
line procedures; e.g. the on-line reversible conver-
sion between tertiary alkylammonium ion and pri-
mary ammonium ion must be impossible. However,
use of nonaqueous solvents allows reversible on-line
modification of ion-exchange resins.

It is known that the —NH, -type resin retains
polyethers by the complex formation, where counter
anions play important roles, because this reaction
involves the dissociation of ion-pairs between the
—NH; and a counteranion as well as the ion-pair
formation between the —NH, complexed by a
polyether and a counter anion [41-43]. As shown
above, the —~NH, chemically bonded on silica gel
showed a selectivity different from the —NEt; -type
anion-exchange resin. The difference in the selectivi-
ty is marked in MeOH. This difference in ion-
exchange sdlectivity is caused by lower charge
density and lower hydrogen bond formation ability
of the latter. The complex formation of the —NH,
groups with polyethers, which preferably occurs in
MeOH, causes the dispersion of effective charges of
the ammonium ion, and lowers hydrogen bond
formation ability. Thus, the —NH; site complexed
by a polyether is expected to behave like a tertiary
ammonium group [44].

Fig. 3 shows changes of corrected retention times
for selected anions with the concentration of 15-
crown-5 (15C5) in MeOH mobile phases. It can be
seen that partly unusual selectivity changes into
entirely usual one with increasing 15C5 concen-
tration (see retention, e.g. at zero and at 0.05 M
15C5). Anions are separated into two classes accord-
ing to their retention behaviors; (1) anions whose
retention decreases with increasing 15C5 concen-
tration; and (2) anions showing reversed tendency.
Group (1) includes smaller anions, CI~ and Br,
while group (2) includes larger anions. lon-exchange
retention is determined not by the absolute affinity of
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retention time / min
n
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10 SCN-+ 2
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Fig. 3. Changes in retention times of anions with the addition of
15C5 to 0.01 M LiNO, methanolic solution. Solid circles repre-
sent amounts of 15C5 adsorbed on Si—-NH resin. From Ref. [41].

solute ions but by the affinity relative to that of an
eluent ion (NO; in this case). The ion-exchange
affinity of NO, is intermediate between those of
groups (1) and (2). The —NH groups binds group
(1) ions better than NO, before polyether com-
plexation; this causes partly unusua selectivity.
However, after polyether complexation, the relative
affinity of group (1) is lowered while that of group
(2) is enhanced; this allows the appearance of usual
selectivity. These results are consistent with the
above consideration about the -NH, and the —NEt;
resins, the former prefer smaller ions as counteran-
ions, but the latter prefers larger ions. Thus, crown
ether complexation allows on-line conversion of the
structures of anion-exchange sites, and drastically
changes separation selectivity.

3. Nonaqueous CE: an approach to the
evaluation of some equilibria occurring in
nonaqueous solution

Advantages of nonagueous solvents in CE have
been discussed from various view points [15-17,45—
50]. Nonagueous solvents can solubilize organic
large compounds that are insoluble in water, and thus
give the possibility to separate such compounds by
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CE. In addition, according to the Helmholtz—
Smoluchovky equation, both electrophoretic mobility
and electroosmosis are represented as a function of
€/m, where € is the permittivity and n is the viscosity
of a solvent. Some solvents, such as N-methylfor-
mamide and acetonitrile, provide larger e/n ratios
than water, indicating that larger electrophoretic
mobility and electroosmotic flow-rates are possibly
obtained, abeit the dissociation of solutes must be
suppressed in some media. Changing solvents results
in the different solvation states of solutes, different
total mobility, and eventually different separation
selectivity. Thus, use of nonaqueous solvents pos-
sibly brings about unusual selectivity even for the
separation of usua ions.

As mentioned aready, in our work, CE has been
used as an approach to nonagueous solution chemis-
try. Though other approaches, such as e ectrochemi-
cal and spectroscopic methods, have been usually
employed to probe solution chemistry, CE has some
advantages over these conventional methods; e.g.
impure or even mixed samples can be used for
physicochemical measurements, changes in the spec-
trometric or electrochemical properties of com-
pounds are not necessary, net changes of solute
charges are very clearly shown, etc. If the reactions,
not occurring in agueous media, are appropriately
combined with CE separation, we can design novel
separation, and in some cases quantitatively evaluate
reactions involved in the separation. Two examples
are shown below.

3.1. Separation of polyethers and determination of
polyether complex formation constants

Polyether chemistry has been one of the main
topics in chemistry in the last three decades [51-58].
In analytical chemistry, polyethers have been used
for the separation and sensing of hard Lewis acids
such as akali, akaline earth, and lanthanoid ions
[58-60]. Crown ethers have, in particular, been
utilized to develop various analytical methods be-
cause of their high complexation ability and selec-
tivity toward hard cations. Acyclic polyethers have
also been studied, e.g. to understand the origin of
high complexation selectivity of cyclic counterparts,
albeit the complexation ability and selectivity are
mostly lower than those of crown ethers [58]. It is

essential to know the complex formation constants of
various polyethers in order to understand polyether
chemistry and develop novel ligands and analytical
methods.

Polyethers coordinate a cation through ethereal
oxygen atoms arranged on the coordination shell of
the cation. Since the coordination shell should usual-
ly be occupied by solvent molecules before the
complexation, coordination bond formation competes
with solvation, meaning that polyether complexation
is seriously affected by the nature of solvents. It is
well known that water is an unfavorable solvent for
polyether complexation because of its high donor
ability. For this reason, polyether complexation has
been investigated in solvents of lower donor ability
and relatively high polarity; the latter condition is
necessary to alow the sufficient dissolution and
dissociation of sdts. MeOH is a suitable choice to
study polyether complexation, and has been most
extensively used for this purpose [55,56,58].

If electrically neutral polyethers form cationic
complexes, they must migrate towards a cathode
under an electric field. Their mobility is determined
not only by the charge and the molecular sizes of the
complexes but by the degree of complexation. The
apparent velocity (v,,,) of a polyether in the pres-
ence of a complexed cation can be written as [61]

KIMJV e

v =ve0+vep=veo+7l+ K[M] (2)

app
where v, and v, are the electroosmotic and electro-
phoretic velocity, v, IS a limiting velocity of a
complex, K and [M] are the complex formation
constant and the equilibrium concentration of a
cation of interest. Eq. (2) indicates that there are two
factors governing v i.e. v, and the degree of
complexation.

Fig. 4 shows the separation of oligomers of
polyoxyethylene (POE) with running MeOH solution
containing NH, as a complexed cation. Elec-
tropherograms indicate that the longer POE migrates
faster than the shorter counterparts despite the larger
molecular size of the former. Since it is known that
K values of POE systematically increase with in-
creasing chain length [59,60], the degree of com-
plexation is a primary factor affecting the migration
and the variation of v, valuesis a minor factor in
this instance.

app? ax
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Fig. 4. Electropherograms of dinitrobenzoyl-POE-dodecylether.
Solution: (A) 50 mM NH,Cl+50 mM Et;N, (B) 5 mM KCl+45
mM NH,Cl +45 mM Et,N. Capillary: 44.6 cmx50 um |.D. X375
pm O.D. Detection at 250 nm. Applied voltage, 20 kV. The peak
of the electroosmotic flow marker is shown by an arrow. From
Ref. [58].

It was assumed that [M] is much larger than the
concentration of sample polyethers and a difference
between [M] and the analytical concentration of the
cation should be negligible. According to Eq. (2), we
can determine K from the dependence of v, on [M].
Results are illustrated in Fig. 5. The application of
Eg. (2) to the determination of K values has some
limitation that K values should be lower than 200
M~ for reliable determination. This limitation
comes from the above assumption of the equality of
the equilibrium concentration with the analytical
concentration of a cation. This difference is negli-
gible when K is sufficiently small, but becomes
critical as K increases. The above threshold, K=200
M ™', was calculated by assuming differences be-
tween analytical and equilibrium concentration of a
cation to be lower than 5%. This limitation must be
improved by reducing sample concentration, in other
word by enhancing detectability. The liquid chro-
matographic method has been reported as an alter-
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Fig. 5. Relations between n and log K determined by MeOH CE
for Na" and some ammonium ions.

native method to determine K values of monodis-
persed POE compounds contained in polydispersed
samples [62—65]. This method is suitable for the
determination of relatively large formation constants
(>200). Thus, liquid chromatographic and CE ap-
proaches are complementary for the determination of
K values of polyethers.

Nonagqueous CE is applicable to the separation of
crown ethers as well [61]. Fig. 6 shows the sepa-
ration of crown ethers obtained with some different
cations. In any case, the separation of B12C4 from
acetone added as the electroosmotic flow marker is
seen, suggesting the weak interaction of B12C4 with
cations tested. Though reliable complex formation
constants cannot be determined because of the
limitation as stated above, the complexation selec-
tivity agrees well with the migration order.

3.2, Heteroconjugated anion formation

Heteroconjugated anion formation is also studied
by nonaqueous CE [66,67]. It is known that both
heteroconjugation and homoconjugation play impor-
tant roles in acid—base chemistry in solvents with
low acceptor ability, such as MeCN and DMF [68—
73]. Though Kolthoff and co-workers [69-71]
studied heteroconjugation of various compounds in
various aprotic solvents by potentiometry and spec-
trometry, these methods sometimes fail to give
obvious evidence of heteroconjugation. Nonagueous
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Fig. 6. Separation of crown ethers. Solution: (A) 25 mM NH,Cl +
25 mM Et,;N+25 mM Et,NCl, (B) 15 mM MeNH,Cl+15 mM
Et,N+35 mM Et,NCl, (C) 40 mM EtNH,Cl+40 mM Et,N+10
mM Et,NCI, (D) 40 mM diMeNH,Cl+40 mM Et,N+10 mM
Et,NCl, (E) 25 mM NaCl+25 mM Et,N+25 mM Et,NHCI.
Peaks: (1) B18C6, (2) DB18CS, (3) DB21C7, (4) DB30C10, (5)
DB24C8, (6) B15C5, (7) B12C4, (8) acetone. Detection at 280
nm. Other conditions are the same as for Fig. 4. From Ref. [58].

CE is capable of distinguishing neutral compounds
from ionic compounds, and of detecting even very
weak heteroconjugation. Thus, nonagqueous CE is a
suitable choice to study such hydrogen bond com-
plexes in solution.

Most Bransted acids, if excluding a few excep-
tions, are weak acids in aprotic solvents, such as
MeCN, mainly because of the low acceptor (or low
hydrogen-bond formation) abilities of the solvents.
Anions added in solution thus undergo very weak
solvation, and interact with stronger hydrogen donor,
Bransted acids, rather than be solvated. Table 1 lists
pK, values of selected Brensted acids in water and
MeCN [34,74]. If phenols are, for example, dis-
solved in aprotic solvents together with inorganic

Table 1
pK, values of some acids in water and MeCN
pK3
Water MeCN
Acids
HCl — 8.9
HBr — 55
HNO, — 8.9
HCIO, — 157
Phenols
Phenol 9.9 27.2
0-NO, 7.2 222
p-NO, 7.1 20.7
2,6-diNO, 37 16.5
Picric acid 0.3 11
Benzoic acids
Benzoic acid 4.2 20.7
3,5-di-NO, 2.8 16.9

“pK, values taken from Ref. [74].

anions (conjugated base of moderately strong acids
in the medium), heteroconjugated anion formation
rather than the proton transfer from the phenols to
the anions takes place. Thus, weak Brgnsted acids
behave as anions though they are not dissociated into
their conjugated bases. If this phenomenon is applied
to CE separation of weak Bransted acids, the follow-
ing equation must describe the migration of these
compounds

Us = Ugpp — Ut

L(L/t,, — 1/t,)

=av hetero

Substituting a =K axC)/ (KuaxC+1) and v, o0 =
(EApetero) /F 1N this equation gives

1/(2t,,, — Ltg) = [1/(KyaxC) + ULF/ (EAperero)
where v and t denote an electrophoretic velocity and
the time of migration, subscripts, s, app, f, and hetero
are the abbreviations of a solute, apparent, a flow,
and a heteroconjugated anion, and «, K,;,x, C, L, E,
F, and A, .., refer to the degree of heteroconjugated
anion formation, the heteroconjugated anion forma-
tion constant, the concentration of an anion in
running solution, the effective length of a capillary,
the strength of an electric field, Faraday constant,
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and the molar ionic conductivity of a heteroconju-
gated anion.

This equation indicates that the apparent migration
of a weak Brgnsted acid is determined by the
mobility (or limiting conductivity in the equation)
and the extent of heteroconjugation similar to the
separation of polyethers. Figs. 7 and 8 show selected
electropherograms of phenols with MeCN containing
CIO, and Cl ™ as running electrolytes, where sam-
ples were injected at the anodic end and the detection
window was placed at the cathodic end. The first
peak is of a flow marker (acetone). The slower
migration of phenols than the flow marker implies
that these compounds form anionic compounds.
Even with ClO,, that is usually regarded as an inert
anion, peak separation due to heteroconjugation is
seen. Though the above equation indicates that this
scheme is applicable to the determination of K, .,
the adjustment of ionic strengths, which is necessary
for the constancy of A, values, is difficult be-
cause even ClO, undergoes the heteroconjugation.
Therefore, instead of the adjustment of the ionic
strength, the following Onsager’s equation was used

0.01 AU

[}

0 10
time / min

Fig. 7. Electrophoretic separation of phenols: (ab) 0.1 M
Et,NCIO, in MeCN; (c) 0.01 M Et,NCI in MeCN. Peak identifi-
cation: (1) acetone, (2) m-aminophenol, (3) phenol, (4) p-hy-
droxybenzaldehyde, (5) o-nitrophenal, (6) 2,4-dinitrophenol, (7)
picric acid, and (8) p-nitrophenol. Detection at 265 nm. Capillary:
57.8 cmx50 pm 1.D.X375 pum O.D. Applied voltage, 15 kV.
From Ref. [63].

0.01 AU

)

0 10 20 30

time / min

Fig. 8. Electrophoretic separation of phenols: (g 0.01 M Et,NCl
in MeCN; (b) 0.02 M in MeCN. Peak identification: (1) acetone,
(2) resorcinal, (3) p-chlorophenol, (4) p-hydroxybenzaldehyde,
(5) p-nitrophenol, (6) o-nitrophenol, (7) p-isopropylphenal, (8)
p-aminophenoal, (9) p-tert-butylphenol, (10) m-aminophenol, (11)
p-ethylphenol, (12) o-cresol, (13) m-cresol, (14) p-cresol, (15)
p-hydroxybenzylacohol, (16) phenol, (17) o-aminophenal, (18)
2-naphthol, and (19) 1-naphthol. Detection at 265 nm. Other
conditions are the same as for Fig. 7. From Ref. [58].

for the correction of A, vaues. This equation for
an XY " -type electrolyte can be written as

A= A, — [€°Ay/{247e,ekT(1 +VO.5)}
— F?1(67nN)] /(1 + ka)
Kk = {2N%e’/(e,eRT)}"'*\I

where Ay, € €, € Kk, n, N, a and | are the molar
conductivity at infinite dilution, the elementary elec-
tric charge, the dielectric constant of vacuum, a
specific dielectric constant, the Boltzmann constant,
the viscosity of a solvent, Avogadro’s number, the
distance between ions, and molar ionic strength.

Table 2 lists selected K, o @nd A, e, Values for
phenols determined by the above scheme. The K,y
vaues for X=ClO, are too small for the other usual
method to detect this interaction. Again, the ability to
detect the weak interaction is a remarkable advantage
of nonaqueous CE.
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Table 2
Kuax for selected phenols with Cl -, NO,, and CIO, in MeCN
Phenols Log Kiax

cl® NO;® clo,”
Phenol 2.09(0.01) 1.03(0.04) 0.44(0.02)
o-Me 1.72(0.13) 0.96(0.11) 0.34(0.01)
m-Me 1.95(0.16) 0.93(0.18) 0.34(0.01)
p-Me 1.87(0.15) 0.88(0.17) 0.34(0.01)
p-Et 1.84(0.03) 0.95(0.19) 0.32(0.02)
p-tBu 1.79(0.04) 0.89(0.12) 0.25(0.01)
0-NH, 2.14(0.13) 0.91(0.04)
m-NH,, 1.81(0.04) 0.65(0.09)
p-NH, 1.72(0.04)
o-NO, 1.27(0.17)
p-NO, 2.69(0.00) 0.95(0.10)
p-CHO 2.43(0.16)
p-Cl 2.17(0.03) 1.05(0.13) 0.54(0.03)
p-CH,OH 1.79(0.11) 1.01(0.13)
m-OH 2.02(0.05) 1.03(0.04) 0.79(0.05)

Standard deviations are in parentheses.
“From Ref. [66].
°From Ref. [67].

This scheme has been applied to the separation of
carboxylic acids and alcohols as well.

4, Conclusion

Nonagueous ion-exchange and CE are reviewed
from a fundamental point of view. Use of such
media allows to study the solvation of ions in ion-
exchange resins, to provide a clue to the proper
mechanism of this separation, to evaluate nonaque-
ous solution chemistry, and to modify or alter the
separation selectivity. Thus, though uses of nonaque-
ous solvents in ion-exchange and CE have not been
common so far, it is expected that these contribute to
the development of novel separation methods and to
the elucidation of reactions unknown or undetectable
by other conventional methods.

References

[1] PR. Haddad, PE. Jackson, lon Chromatogrphy—Principles
and Applications, Elsevier, Amsterdam, 1990.

[2] H. Small, lon Chromatography, Marcel Dekker, New York,
1989.

[3] PK. Dasgupta, Anal. Chem. 64 (1992) 775A.

[4] J.S. Fritz, J. Chromatogr. 546 (1991) 111.

[5] D.J. Pietrzyk, J. Chromatogr. Sci. 47 (1990) 585.

[6] T. Okada, Bunseki Kagaku 44 (1995) 579.

[7] R.E. Barron, J.S. Fritz, J. Chromatogr. 284 (1984) 13.

[8] J.S. Fritz, D.L. Dwal, R.E. Barron, Anal. Chem. 56 (1984)
1177.

[9] H.J. Cortes, T.S. Stevens, J. Chromatogr. 295 (1984) 269.

[10] D. Jensen, J. Weiss, M.A. Rey, C.A. Pohl, J. Chromatogr.
640 (1993) 65.

[12] JB. Gill, in: G. Mamantov, A.l. Popov (Eds.), Chemistry of
Nonagueous solutions, VCH, New York, 1997, p. 149.

[12] SFY. Li, Capillary Electrophoresis, Elsevier, Amsterdam,
1992.

[13] M. Novotny, H. Soini, M. Stefansson, Ana. Chem. 66
(1994) 46A.

[14] H. Engelhardt, (Guest Editor), J. Chromatogr. A, 716 and
717 (1995).

[15] A.J. Tomlinson, L.M. Benson, S. Naylor, LC-GC 12 (1994)
122.

[16] I.E.Valko, H. Sirén, M.-L. Reikkola, LC-GC 15 (1997) 560.

[17] SH. Hansen, J. Tjernelund, |. Bjernsdottir, Trends Anal.
Chem. 15 (1996) 175.

[18] JN. Israelachvili, Intermolecular and Surface Forces, Aca
demic Press, New York, 1985.

[19] G.E. Boyd, J. Phys. Chem. 84 (1980) 2752.

[20] Y. Sasaki, S. Tagashira, R. Murakami, |. Fujiwara, K.
Hayashi, Bunseki Kagaku 43 (1994) 111.

[21] G.E. Boyd, S. Lindenbaum, G.E. Myers, J. Phys. Chem. 65
(1961) 577.

[22] M. Lederer, J. Chromatogr. 452 (1988) 265.

[23] J. Stahlberg, Anal. Chem. 66 (1994) 440.

[24] J. Stahlberg, B. Jonsson, Cs. Horvéath, Ana. Chem. 63
(1991) 1867.

[25] J. Stahlberg, B. Jonsson, Cs. Horvath, Anal. Chem. 64
(1992) 3118.

[26] S. Afrashtehfer, F.F. Cantwell, Anal. Chem. 54 (1982) 2422.

[27] R.A. Hux, F.f. Cantwell, Anal. Chem. 56 (1984) 1258.

[28] F.F. Cantwell, in: JA. Marinsky, Y. Marcus (Eds), lon-
Exchange and Solvent Extraction, vol. 9, Ch. 6, Marcel
Dekker, New York, 1985.

[29] J. Horst, W.H. Holl, S.H. Eberle, React. Polym. 13 (1990)
209.

[30] W.H. Hall, J. Horst, M. Wernet, React. Polym. 14 (1991)
251

[31] W.H. Hall, J. Horst, M. Franzreb, in: M. Abe, T. Kataoka, T.
Suzuki (Eds.), New Developments in lon-Exchange, Kodan-
sha, Tokyo, 1991, p. 277.

[32] W.H. Hdll, M. Franzreb, J. Horgt, in: JA. Marinsky, Y.
Marcus (Eds), lon-Exchange and Solvent Extraction, vol.
11, Marcel Dekker, New York, 1993.

[33] T. Okada, Anal. Chem. (in preparation).

[34] S. Okazaki, |. Sakamoto, Yobai to lon, Taniguchi Insatsu:
Matsue, 1990; and references therein.

[35] T. Okada, J. Chromatogr. A 758 (1997) 19.

[36] PJ. Dumont, J.S. Fritz, L W. Schmidt, J. Chromatogr. A 706
(1994) 109.



28 T. Okada / J. Chromatogr. A 804 (1998) 17-28

[37] PJ. Dumont, J.S. Fritz, J. Chromatogr. A 706 (1994) 149.

[38] A. Rahman, N. Hoffman, J. Chromatogr. Sci. 28 (1990) 157.

[39] N. Hoffman, J. Liao, J. Chromatogr. Sci. 28 (1990) 428.

[40] Y. Marcus, in: JA. Marinsky, Y. Marcus (Eds), lon Ex-
change and Solvent Extraction, vol. 4, Marcel Dekker, New
York, 1973.

[41] T. Okada, T. Usui, J. Chromatogr. A 676 (1994) 355.

[42] T. Okada, T. Usui, J. Chem. Soc. Faraday Trans. 92 (1996)
4977.

[43] T. Okada, J. Phys. Chem. B 101 (1997) 7814.

[44] T. Okada, J. Chromatogr. A 758 (1997) 29.

[45] R.S. Sahota, M.G. Khaledi, Anal. Chem. 66 (1994) 1141.

[46] F. Wang, M.G. Khaledi, Anal. Chem. 68 (1996) 3460.

[47] I. Bjernsdottir, S.H. Hansen, J. Chromatogr. A 711 (1995)
313.

[48] C.L. Ng, H.K. Lee, SFY. Li, J. Lig. Chromatogr. 17 (1994)
3847.

[49] H. Salimi-Moosavi, R.M. Cassidy, Anal. Chem. 68 (1996)
293.

[50] PB.Wright, A.S. Lister, J.G. Dorsey, Ana. Chem. 69 (1997)
3251.

[51] R. Cecciapaglia, L. Mandolini, Chem. Soc. Rev. 22 (1993)
221

[52] K.M. Doxsee, H.R. Wierman, T.J.R. Weakley, J. Am. Chem.
Soc. 114 (1992) 5165.

[53] R.D. Rogers, A.H. Bond, S. Aguinaga, A. Reyes, J. Am.
Chem. Soc. 114 (1992) 2967.

[54] L.X. Dang, PA. Kallman, J. Phys. Chem. 99 (1995) 55.

[55] RM. Izatt, SJ. Bradshaw, SA. Nielsen, JD. Lamb, J.J.
Christensen, Chem. Rev. (and references therein) 85 (1985)
271

[56] R.M. lzatt, K. Pawlak, S.J. Bradshaw, Chem. Rev. (and
references therein) 95 (1995) 2529.

[57] K. Ohtsu, T. Kawashima, K. Ozutsumi, J. Chem. Soc.
Faraday Trans. 91 (1995) 4375.

[58] T. Okada, Analyst 118 (1993) 959.

[59] S. Tsurubou, M. Mizutani, Y. Kadota, T. Yamamoto, S.
Umetani, T. Sasaki, Q.T.H. Le, M. Matsui, Anal. Chem. 67
(1995) 1465.

[60] A. Ohki, J-P. Lu, R.A. Bartsch, Anal. Chem. 66 (1994) 651.

[61] T. Okada, J. Chromatogr. A 695 (1995) 309.

[62] T. Okada, Ana. Chem. 62 (1990) 327.

[63] T. Okada, Macromolecules 23 (1990) 4216.

[64] T. Okada, T. Usui, Anal. Chem. 66 (1994) 1654.

[65] T. Okada, Ana. Chem. 66 (1994) 2163.

[66] T. Okada, J. Chromatogr. A 771 (1997) 275.

[67] T. Okada, Chem. Commun. (1996) 1779.

[68] O. Popovych, R.PT. Tomkins, Nonaqueous Solution
Chemistry, Wiley, New York, 1981.

[69] I.M. Kolthoff, M.K. Chantooni Jr., S. Bhowmik, J. Am.
Chem. Soc. 88 (1966) 5430.

[70] I.M. Kolthoff, M.K. Chantooni Jr., J. Am. Chem. Soc. 91
(1969) 4621.

[71] K. lzutsu, 1.M. Kolthoff, T. Fujinaga, M. Hattori, M.K.
Chantooni Jr., Anal. Chem. 49 (1977) 503.

[72] Z. Pawlak, J. Magonski, J. Chem. Soc. Faraday Trans 1 78
(1982) 2807.

[73] J. Magonski, Z. Pawlak, T. Jasinki, J. Chem. Soc. Faraday
Trans. 89 (1993) 119.

[74] Kagakubinran, vol. 11, 3rd ed., Maruzen, Tokyo, 1984.



