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SUMMARY

The retention behaviour of aromatic acids on a pyridine polymer column in
ion-exchange high-performance liquid chromatography was investigated, and com-
pared with that on a pyridinium polymer column. The effect of the eluent pH on the
capacity factor, k’, of the acids on these polymer columns may be explained by the
extent of dissociation of both the solute and the polymer. The relationship between
the concentration of methanol in the eluent and k' showed that both polymer col-
umns exhibit similar hydrophobic interactions with the solutes. On the pyridine poly-
mer column, good resolution of structural isomers of aminobenzoic and hydroxy-
benzoic acids was obtained. It is suggested that undissociated pyridyl groups con-
tribute to the solute retention.

INTRODUCTION

In the analysis of aromatic acids by high-performance liquid chromatography
(HPLC), a variety of separation modes such as ion-exchange, ion-exclusion, reversed-
phase, normal-phase and ion-pair chromatographies are available!. We recently re-
ported an evaluation of a porous vinylpyridine polymer cross-linked with divinyl-
benzene (pyridine polymer) for use as a column packing in HPLC?. So far, there
have been no reports of the application of polymers containing pyridyl groups as
column packings in ion-exchange HPLC, except for an investigation of a picolyl
Kel-F column3.

This paper describes the separation of aromatic acids by ion-exchange chro-
matography on a pyridine polymer column. In general, the capacity of a weak an-
ion-exchange resin is dependent on the pH of the eluent, and the retention of acidic
compounds based on the ion-exchange mechanism is easily controlled by changing
the eluent pH. Moreover, the interaction between the solute and the undissociated
pyridine group is expected to influence significantly on the retention of the solute.
The retention behaviours of the acids on the pyridine polymer have also been com-
pared with those on a pyridinium polymer prepared by quaternization of the pyridine
polymer with methyl bromide.
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EXPERIMENTAL

Apparatus and materials

An EYELA PLC-10 high-performance liquid chromatograph (Tokyo Rika-
kikai Co.) equipped with a UV spectrophotometric detector and a sample injector
with a 10-ul loop was used.

The chemicals used as chromatographic solutes and buffers were reagent grade
from a variety of sources. Methanol and water used as the mobile phase were distilled
from glass apparatus before use.

Preparation of column packings

Macroporous pyridine polymer (20% cross-linked with divinylbenzene, par-
ticle size 10-15 um) was prepared by the method described previously?. The pyridi-
nium polymer was prepared as follows. A 5-g amount of the pyridine polymer (ni-
trogen content: 7.96%) suspended in 20 ml of methanol was placed in a 50-ml pres-
sure bottle and cooled with a mixture of ice and salt. Methyl bromide (25 ml) was
added to the cooled mixture and the mixture was heated at 60°C for 15 h. The product
was filtered off and washed with methanol. The nitrogen and bromine contents of
the quaternized polymer were 4.76% and 28.04%, respectively.

Chromatography

The columns (25 x 0.26 cm 1.D.) were made from stainless-steel tubing and
packed with a methanol slurry of the packing materials, Unless stated otherwise,
methanol-water (1:1) containing 0.05 M phosphate buffer and 0.05 M sodium nitrate
was used as the eluent at a flow-rate of 0.5 ml/min. The eluent pH was measured
after mixing the buffer and organic modifier. The column was maintained at 55°C by
external circulation. The sample solutions (1 mg/ml) were prepared in methanol. The
dead volume of the column was determined by using pyridine unretained solute.

RESULTS AND DISCUSSION

In ion-exchange chromatography, the retention of solutes is affected by the
nature and concentration of the salt added in the eluent owing to the competition
between the solute and other ions. A comparison of the effects of monovalent anions
in the eluent on the retention of nitrobenzoic acids is presented in Table I. The order
of the capacity factor, k', of the acids on the pyridine polymer was H,PO; > Cl~
> NOj; > ClOg, and a similar behaviour was observed on the pyridinium polymer
except that the values for H,PO; and Cl~ were nearly equal.

The apparent pK, value of the pyridine polymer determined in 50% aqueous
methanol is nearly equal to the value (4.2) determined in water4, and aromatic car-
boxyl groups have pK, values in the region of 2-5. Therefore, the k' values of the
acids vary with the pH of the eluent by which dissociation of the functional groups
on the polymer and acidic solute is affected. The relationships between eluent pH
and k' for hydroxybenzoic and nitrobenzoic acids on pyridine and pyridinium poly-
mers are shown in Fig. 1. Over the pH range examined, the degree of dissociation of
2-hydroxybenzoic acid and nitrobenzoic acids is approximately constant. Therefore,
the decrease in &’ values of these acids with increasing eluent pH is due to the decrease
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TABLE 1

EFFECT OF VARIOUS IONS ON THE CAPACITY FACTOR, k’, OF NITROBENZOIC ACIDS
ON PYRIDINE POLYMER (I) AND PYRIDINIUM POLYMER (II) COLUMNS

Eluent: methanol-water (1:1) containing 0.05 M phosphate buffer and 0.025 M of the above ions (pH
5.52).

Compound k'onl k' on IT

H,PO; CI~ NO; ClO; H.PO; (on Noy Clog

2-Nitrobenzoic acid 2.67 1.08 067 038 839 9.00 647 3.86
3-Nitrobenzoic acid 11.79 469 297 208 13.73 13.26  6.77 3.66
4-Nitrobenzoic acid 10.17 428 269 1.81 1036 10.81  6.23 3.74

in dissociation of the pyridine polymer. As the pH decreased, the pH profiles of k’
for 3- and 4-hydroxybenzoic acids tended to flatten out, due to a contribution from
the undissociated acids. In the case of the pyridinium polymer which is completely
dissociated in the pH range examined, the k' values for all the acids tested increase
with eluent pH up to their maximum dissociation. The results shown in Fig. 1 may
be accounted for in terms of the extent of dissociation of both the solute and the
polymer.

Organic solvents in the eluent also affect not only the dissociation of functional
groups but also the hydrophobic interactions between the solute and polymer. In the
retention of organic compounds on a C,g-modified silica gel column®, porous poly-
mer columns® and ion-exchange columns’ 19, linear relationships between the log-
arithm of &’ or the distribution coefficient and the concéntration of organic modifier
in binary water—organic eluents have been observed. Similar relationships were found
for the pyridine and pyridinium polymer columns. The slopes of the lines obtained
at 30-60% aqueous methanol are listed in Table II. The values for the acids having
nearly equal pK, values tend to increase with increasing hydrophobic nature of the

(1) (n)
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Fig. 1. Effect of eluent pH on the capacity factor, k', of hydroxybenzoic acids (A) and nitrobenzoic acids
(B). Column: I = pyridine polymer; II = pyridinium polymer. @ = 2-, O = 3- and A = 4-substituted
benzoic acid. Eluent: methanol-water (1:1) containing 0.05 M phosphate buffer and 0.05 M sodium nitrate.
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TABLE II

SLOPE, a4, AND CORRELATION FACTOR, r, FOR THE RELATIONSHIP BETWEEN THE CON-
TENT OF METHANOL IN THE ELUENT, ¢, AND log & ON PYRIDINE POLYMER (I) AND
PYRIDINIUM POLYMER (II) COLUMNS

log k' = ac + b, where ¢ = percentage of methanol in water.

Compound pK, log p* I n

a r a r
3-Hydroxybenzoic acid . 408 1.50 —0.009 —0.998 —0.007 —0.995
4-Chlorobenzoic acid 399 275 —0016 —0.998 —0017 —0.998

* Log p are hydrophobicity values!s.

compounds. A similar behaviour was previously found by Sherma and Rieman® for
the retention of ketones on a Dowex 50-X8 column with aqueous solutions of various
organic solvents as eluents. The slope obtained on the pyridine polymer is similar to
that on the pyridinium polymer. Although the polymers have different functional

TABLE III

CAPACITY FACTOR, k‘, OF AROMATIC ACIDS ON PYRIDINE POLYMER (I) AND PYRIDI-
NIUM POLYMER (1I) COLUMNS .

Eluent: methanol-water (1:1) containing 0.05 M phosphate buffer and 0.05 M sodium nitrate (pH 5.52).

Compound K, k’
I i

2-Aminobenzoic acid 2.05, 4.95 8.08 6.55
3-Aminobenzoic acid 3.07, 4.74 206 4.64
4-Aminobenzoic acid 2.38, 4.89 478 4.06
2-Hydroxybenzoic acid 3.00, 13.40 2,75 20.27
3-Hydroxybenzoic acid 4.08, 9.93 594 9.89
4-Hydroxybenzoic acid 4.58, 9.23 10.11  7.19
2-Nitrobenzoic acid 217 0.56 6.36
3-Nitrobenzoic acid 3.49 267 6.66
4-Nitrobenzoic acid 3.4 233 623
2-Chlorobenzoic acid 2.94 .11 4.05
3-Chlorobenzoic acid 3.82 4.69 596
4-Chlorobenzoic acid 3.99 525 513
1,2-Benzenedicarboxylic acid 295, 541 2.52 1947
1,3-Benzenedicarboxylic acid 3.62, 4.60 225 35.23
1,4-Benzenedicarboxylic acid 3.54, 4.46 1.97 29.03
2-Methylbenzoic acid 391 3.84 209
3-Methylbenzoic acid 4.27 528 271
4-Methylbenzoic acid 4.37 531 255
Benzoic acid 4.21 331 317
Nicotinic acid 4.82, 12.00 025 1.30
Isonicotinic acid 4.84, 12.33 0.17 1.34

4-Methylbenzenesulphonic acid 1.70 0.39 10.07
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groups, they have the same polymer backbone, it is this which mainly contributes to
the hydrophobic interaction.

Under the chromatographic conditions in which the pyridyl groups of the poly-
mer are slightly dissociated, the retention behaviour of various acids was investigated
and the results are summarized in Table III together with those on the pyridinium
polymer. Benzenedicarboxylic acids and some aromatic acids having low pK, values
such as 2-hydroxybenzoic, 2-nitrobenzoic and 4-methylbenzenesulphonic acids were
strongly retained on the pyridinium polymer, but only weakly retained on the pyri-
dine polymer. From these results, it is presumed that the contribution of ion exchange
to the retention on the pyridine polymer is small. Among the structural isomers
tested, the acids having low pK, values were eluted more rapidly on the pyridine
polymer. However, this was not the case on the pyridinium polymer.

It is considered that non-ionic interactions between the undissociated acids
and the pyridyl groups on the polymer contribute to the retention of the acids. Ac-
cordingly, it is necessary to take into account that both ionic and non-ionic inter-
actions are involved in retention of the acids on the polymers. The interactions were
therefore analyzed by a dual binding model, which has been employed previously to
explain the retention of compounds in ion-pair chromatography!!-!? and to interpret
the silanophilic and hydrophobic interactions of silica-bonded hydrocarbonaceous
stationary phasesS-13.14, Accordingly to Bij et al.13, this model can be expressed by
the equations

A 1 A
’ ;= + — 1)
ko —k kzoKA k20
k' = k1 + kz (2)
ko = ki + kao 3)

where k§ and k' are the measured capacity factors in the absence and presence of a
competing agent (CA) for ionic interaction, k, and k, are non-ionic and ionic ca-

TABLE IV

CONTRIBUTION OF NON-IONIC &;, AND IONIC k;, CAPACITY FACTORS TO THE RETEN-
TION OF COMPOUNDS ON PYRIDINE POLYMER (I) AND PYRIDINIUM POLYMER (II) COL-
UMNS

Eluent: methanol-water (1:1) containing 0.05 M phosphate buffer and 0.05 M or without sodium nitrate
(pH 5.52).

Compound I n
ky ky ky k;
Without 005 M Without 005 M
4-Nitrobenzoic acid 247 9.20 —0.14 499 9.75 1.24
4-Hydroxybenzoic acid 10.07 2.82 0.04 3.19 3995 4.00

4-Aminobenzoic acid 4.73 0.52 0.05 333 4.56 0.73
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pacity factors, kq is the ionic capacity factor in the absence of CA, K, is the binding
constant of CA and A is the concentration of CA. Under constant chromatographic
conditions, except for the concentration of CA, k, is constant independently of the
concentration of CA.

Sodium nitrate was used as CA and its concentration was varied from 0 to
0.005, 0.025 and 0.05 M. The concentration of the phosphate buffer used to adjust
the eluent pH was constant. The value of k; was the capacity factor measured in the
absence of sodium nitrate. The &’ values measured at various concentrations of so-
dium nitrate were employed in eqn. 1. An excellent linear relationship was obtained
between A/(ko — k') and A. The reciprocal of the slope of this line represents the
value of k3. The value of k; was obtained by substitution of ko into eqn. 3. The
value of k, in the presence of various concentrations of sodium nitrate was calculated
from eqn. 2. The data obtained are listed in Table IV. On the pyridine polymer
column, the k; values of 4-hydroxybenzoic and 4-aminobenzoic acids were greater
than k, in the absence of CA, but in the case of 4-nitrobenzoic acid the oposite was
found. When CA is present, k, decreases, therefore it is clear that these compounds
(shown in Table IV) are mainly retained by non-ionic interaction. Despite the pres-
ence of CA, strong ionic interaction contribute to the solute retention on the pyri-
dinium polymer. These results suggest that the solute retention on the pyridine poly-
mer is due predominantly to non-ionic interactions and in very small part only to
ionic interactions under the chromatographic conditions shown in Table III. How-
ever, it is almost certain that ionic interactions do exist in this chromatographic
system, for the dissociation of the pyridyl groups affected the retention of the acids.
Considerable ionic interaction must be involved in solute retention on the pyridinium
polymer under the same conditions.

The separation of structural isomers of aminobenzoic and hydroxybenzoic
acids is shown in Figs. 2 and 3, respectively. The good resolution of each isomer of
the aminobenzoic acids on the pyridine polymer is due to the non-ionic interactions.
The elution order of the hydroxybenzoic acids on this polymer differs from that on
the pyridinium polymer. 2-Hydroxybenzoic acid was strongly retained on the latter,
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Fig. 2. Separation of aminobenzoic acids on pyridine polymer (I) and pyridinium polymer an coluqms.
Peaks: 1 = 3-aminobenzoic acid; 2 = 4-aminobenzoic acid; 3 = 2-aminobenzoic acid. Other conditions
as in Table III.
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Fig. 3. Separation of hydroxybenzoic acids on the pyridine polymer (I) and the pyridinium polymer (II).
Peaks: 1 = 2-hydroxybenzoic acid; 2 = 3-hydroxybenzoic acid; 3 = 4-hydroxybenzoic acid. Other con-
ditions as in Table I1I.

but weakly on the pyridine polymer. An excellent separation of aromatic acids is
obtained on the pyridine polymer column under conditions in which the pyridyl
groups are slightly dissociated. The weak ionic interactions of the pyridine polymer
result in faster elution of acids having low pK, values, and non-ionic interactions
contribute to the separation of the structural isomers.
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