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Abstract

The use of a macrocyclic polyamine, 28[ane]-N O, as a selective modifier in a bonded-phase capillary column for the
electrophoretic separation of 14 aromatic acids is described. Parameters that affect the performance of the separations, such
as the type of buffer, the pH and concentration of buffer, the applied potential and the injection mode were studied. By
changing the buffer pH (4.0-5.0), buffer concentration (10-50 mM) and applied potential (—10~—20 kV), optimum
conditions were obtained at —20 kV, using an acetate buffer (20 mM, pH 4.5), hydrodynamic injection with a vacuum at the
buffer reservoir on the detector side and detection at 220 nm. The results showed that the separation was effective under
these conditions. The plate number was greater than 4-10* m™*. Due to the wide variation in the mobilities of the test
compounds, injection studies suggested that a vacuum at the buffer reservoir on the detector side would produce a result that
is more representative of the initial sample composition. Benzoic acid in soy sauce, salicylic acid in Salic ointment and
Aspirin were sampled and analyzed using the established conditions. [0 1999 Elsevier Science BV. All rights reserved.
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1. Introduction

Aromatic organic acids are important compounds
in commerce, pharmaceutics, biochemistry and the
environment. They are most commonly analyzed by
ion chromatography (IC) and ion-exclusion chroma-
tography [1]. As an alternative, several approaches
based on reversed-phase chromatography have been
used for such separations. However, the columns
used were expensive and would only last for up to a
few thousand injections. The other disadvantage is
the need for long run times and large volumes of
eluents. In recent years, capillary electrophoresis has
emerged as an increasingly powerful separation tool
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that complements high-performance liquid chroma-
tography (HPLC) and IC. Much research and many
applications concerning aromatic organic acid analy-
sis have been reported in the literature. However, in
the measurement of small molecule carboxylic acids,
reversal or suppression of the electroosmotic flow
(EOF) is often needed to give successful separations.
Attempts to overcome the problems have included
the addition of cationic surfactants [2,3], metal ions
[4], quaternary ammonium salts for the multipoint
ion association [5], separation in a sulfonated-poly-
mer wall-modified open tubular column [6], use of
dynamic control of the EOF [7] and the addition of
organic solvents [8,9], etc. Methods involving a
coating reagent are likely to result in poorer de-
tection limits.
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Capillary electrochromatography (CEC), a mi-
croseparation technique that uses electroosmosis
instead of pressure-driven flows to transport the
solvent and solutes through a capillary column, has
become increasingly important in the past few years
[10-14]. Both packed columns and open-tubular
columns can be used in this system. They each
possess unique capabilities, which differ from those
of other separation methods, including chromatog-
raphy. Research on improvement of the column, one
of the essential components in these methods, is
likely to become an increasingly vigorous area of
research in the coming years [15].

Anion coordination is one of the growing areas in
supramolecular chemistry. Several classes of anion
receptor molecules have been designed by Lehn [16].
He aso reported the complexation of dicarboxylate
ions by the macrobicyclic polyammonium receptor
molecule as well as the crystal structure of the
cryptate supermolecule. Much stronger binding of
the terephthalate dianion than the linear dicarbox-
ylate was indicated, due to the chain length, and the
electrostatic and hydrophobic effects provided by it
[17].

In our previous papers [18,19], the 24- and 28-
membered macrocyclic polyamines, [24]ane-N4 and
[28]ane-N,O, were synthesized and evaluated for
their use in bonded-phase capillary columns for the
electrophoretic separation of organic and inorganic
anions. We found that the selectivity of the sepa
ration can be attributed to anion complexation, anion
exchange and reversal of the EOF provided by the
wall-bonded functional groups. The prepared col-
umns are highly promising in electrophoretic sepa-
ration, and complexation has not been developed
extensively for modifying anion selectivity in capil-
lary electrophoresis. In this work, the coordination
behavior of [28]ane-N4O,, bonded to the fused-silica
capillary wall, towards aromatic organic acids was
studied and the potential of the prepared column for
the separation of these acids was evaluated.

2. Experimental
2.1. Apparatus

A high-voltage power supply with a 30-kV capaci-
ty (Model 890-CE, Jasco, Tokyo, Japan), a variable-

wavelength UV-Vis detector (Jasco 870-CE) and an
integrator (Jasco 807-1T) were employed for capil-
lary electrophoresis. The separations were carried out
on a fused-silica capillary columns with an external
coating of polyimide (J&W Scientific, Folsom, CA,
USA) and that was chemically modified with a 28-
membered macrocyclic ligand containing oxygen and
nitrogen as donor atoms. The modified capillaries
were of 75 um 1.D. and the total length of the
capillary was 70 cm, with a distance of 50 cm
between the injection end and the detection window.
Samples were injected from the negative end and by
hydrodynamic mode via a vacuum at the buffer
reservoir on the detector side. The detector was set at
220 nm.

2.2. Reagents and chemicals

Most chemicals were of analytical reagent grade
from Merck (Darmstadt, Germany). Purified water
(18 MQ cm) from a Milli-Q water purification
system (Millipore, Bedford, MA, USA) was used to
prepare  all  solutions.  y-Glycidoxypropyltri-
methoxysilane was obtained from Aldrich (Mil-
waukee, WI, USA). All liquid reagents and solvents
used in moisture-sensitive reactions were distilled
and collected over type 4 A molecular sieves.

o-Phthalic acid, m-phthalic acid, p-phthalic acid,
benzene-1,2,4,5-tetracarboxylic acid (pyromellitic
acid), trimellitic acid, 2,6-pyridinedicarboxylic acid,
p-sulfanilic acid, benzoic acid and mandelic acid
were purchased from Merck. Benzyl alcohol, gallic
acid, 3-hydroxy-2-naphthoic acid, p-hydroxybenzoic
acid, p-anisic acid and sdlicylic acid were from
Wako (Tokyo, Japan). o-Acetylsalicylic acid was
obtained from Lancaster (Lancashire, UK). Aspirin,
Salic ointments and soy sauce were obtained from a
supermarket. Stock solutions (0.01 M) of the anions
investigated were prepared in methanol and were
diluted appropriately with pure water prior to use.
All solvents and solutions for CEC anaysis were
filtered through a 0.45-pm PTFE membrane (Milli-
pore).

2.3. Yynthesis of 1,15-dioxa-4,812,18,22,26-
hexaazacyclooctaeicosane (/28]ane-N,O.,)

The anion complexone was prepared from 3,3'-
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diaminodipropylamine and triethylamine, according
to the methods described by Liu and Chen [19].

2.4. Coating of capillaries with -
glycidoxypropyltrimethoxysilane

Fused-silica capillaries (75 cmX75 um 1.D.) were
first flushed with 1 M NaOH (30 min), then with
pure water (15 min), 1 M HCl (30 min) and pure
water (15 min). The capillaries were purged with
nitrogen for 20 min before being dried at 110°C
overnight. For coating, the capillary was filled with a
10% (w/v) solution of ~y-glycidoxypropyltri-
methoxysilane in toluene. The capillary was kept for
3 h at 110°C, for silylization. After purging with
toluene to remove unreacted reagent for severa
minutes, the capillaries were dried in a vacuum oven.
The capillary was then filled with a 1% (w/v)
solution of the macrocyclic compound, [28]ane-
NsO,-6HCI in N,N-dimethylformamide. After stand-
ing for 10 h at 120°C, for functionalization, the dried
capillaries were purged with methanol and pure
water for several minutes before being equilibrated
with buffer solution. They were then ready for use.

Table 1
Chemical and physical properties of the model compounds

Compound pK, * (25°C, u=0) Equiv. conduc’
| 1.70, 3.12, 4.92, 6.23; (2.25)° 68.1
I 2.48, 4.04, 5.54; (1.82)° 62.7
" 2.23, 5.07; (1.21)°

A% 2.95, 5.40; (1.10)° 52.3
\Y 3.50, 4.50; (1.43)° 54.7
VI 3.54, 4.46; (1.45)° 52.6
Vil 2.97; (0.97)° 36.0
Vil 3.40; (0.93)°

IX 4.20; (0.67)° 324
X 3.23; (0.95)°

Xl 2.54; (0.99)°

Xl 4.27; (0.63)°

X1l 4.48; (0.51)° 29.0
b\ 4.58; (0.45)° 31.4
XV 3.49

*From Ref. [29].

® Limiting equivalent ionic conductance (S cm” equivalent *):
data from Ref. [30].

¢ Effective charge at pH 4.5.

3. Results and discussion

Initial studies centered on the possible use of the
complexone-bonded-phase capillary column for the
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Fig. 1. Structures of the compounds selected.
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separation of aromatic organic acids. Table 1 lists the
physica and chemical properties of the selected
compounds (the structures are shown in Fig. 1). In
order to obtain conditions of high affinity towards
the organic anion for the bonded-phase capillary
column and a background electrolyte with a match-
ing mobility, two kinds of background electrolyte
were investigated.

3.1. Phosphate buffer

3.1.1. Composition of the buffer

Stable complexes can be formed between bonded
phase ligand and organic anions over a wide range of
pH conditions. However, widespread ionic maobility
was observed for the analytes, as shown in Table 1.
At lower pH vaues, the polyamines are more
protonated and more stable complexes can be formed
with the anions. Hence, a buffer system comprising
sodium dihydrogenphosphate (limiting equivalent
ionic conductance/S cm’ equivalent *, 33) and
disodium hydrogenphosphate (limiting equivalent
ionic conductance/S cm® equivalent !, 57) with a
pH range of 4-7 was chosen. However, using
phosphate buffer (pH 5.2, 20 mM), only 13 peaks
were obtained for the 14 organic acids (Fig. 2).
Gallic acid and p-anisic acid coeluted, whereas m-
and p-phthalic acid and sdlicylic acid were not
baseline-resolved.

Hence, other parameters that influence the sepa-
ration efficiency, such as the type of running buffer,
pH, concentration, applied potential, sample injection
mode, the addition of organic solvents, etc. were
studied.

31.2. Type of sample injection

The influence of both electrokinetic and hydro-
dynamic injection on the resolution and sensitivity of
the determination of the test compounds was studied.
The latter was accomplished by either elevating the
capillary at the sample end, permitting sample intro-
duction by siphoning, or by applying a vacuum at the
buffer reservoir on the detector side. Both the peak
height and migration times obtained using these
methods for all of the analytes studied are provided
in Fig. 3. Since the amount injected using the
electrokinetic method is related to ionic mobility,
pyromellitic acid moves quickly and its sensitivity is
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Fig. 2. Electropherogram of aromatic acids. Column: fused-silica
capillary (50 cmx75 um |1.D.) with covalent surface modification
using macrocyclic polyamine, [28]ane-N,O,. Sample injection,
—5 kV for 15 s. Background electrolyte, phosphate buffer (20
mM, pH 5.2). Applied voltage, —20 kV. Detection was at 220 nm.
Peaks: 1, pyromellitic acid (5 uM); 2, trimellitic acid (5 pM); 3,
2,6-pyridine-dicarboxylic acid (5 wM); 4, o-phthaic acid (5 pM);
5, m-phthalic acid (5 wM); 6, p-phthalic acid (5 pM); 7, salicylic
acid (5 wM); 8, mandelic acid (5 uM); 9, p-sulfanilic acid (5
rM); 10, benzoic acid (5 wM); 11, 3-hydroxy-2-naphthoic acid (5
wM); 12, gdlic acid and p-anisic acid (5 pM); 13, p-hydroxy-
benzoic acid (5 pM).

the greatest. Because p-hydroxybenzoic acid and
p-anisic acid migrate more slowly than the other
analytes, samples injected by electromigration at —5
kV for 15 s, even at a concentration of 40 pM, still
led to poor sensitivity. Hence, the sample injected
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Fig. 3. Peak height and migration times of aromatic acids using various injection modes. Conditions are the same as in Fig. 2 except for the
injection mode. Electrokinetic (—5 kV, 15 s); siphoning (15 cm, 25 ); vacuum at outlet end (3 ml syringe, 2 9).

into the column does not have the same composition difference than obtained using the siphoning method.
as the origina sample. Siphoning by elevating the Accordingly, it was adopted for the further study.
sample end permitted better quantitative results.

However, hydrodynamic injection via a vacuum on 3.1.3 Optimization of the phosphate—methanol

the detector side was the best of the three methods. buffer

The reason might be due to the greater pressure Stock solutions of all analytes were prepared in



406 WH. Chen, C.Y. Liu / J. Chromatogr. A 848 (1999) 401-416

methanol and diluted with pure water prior to use.
Since the composition of the solvent has the potential
to influence the mobility of these compounds [8,9],
20 mM phosphate buffer, pH 4.9-methanol (95:5,
v/v) was tested for the separation of organic acids.
By changing the applied potential, a faster separation
was achieved with the higher voltage (—20 kV) (Fig.
4). Decreasing the applied potential gave rise to
better resolution. At applied potential of —15 and
—10 kV, 13 peaks were baseline-separated, out of the
14 compounds investigated (coelution of gallic acid
and p-anisic acid). However, peak-broadening was
observed for the slower-migrating analytes and some
overlapping for the last two peaks occurred at an
applied potential of —10 kV.

The effects of varying the methanol concentration
over the range of 5-20% (v/v) were studied (Fig. 5).
With increasing methanol concentration, there was a
drastic decrease in the mobilities, especially for the
slower-migrating analytes, but resolution between
most acids improved. At methanol concentrations
greater than 10%, the resolution between gallic acid
and p-anisic acid improved significantly, however,
peak-broadening for all peaks was indicated.

Increasing the acidity of the phosphate buffer to
pH 4.0, even a 5% (v/v) methanol, produced a
partial separation of gallic acid and p-anisic acid. At
10% methanol, baseline-separation of these two
compounds was obtained. Further increasing the
concentration of methanol, however, not only re-
sulted in a poorer separation efficiency for most
acids, but the migration time was longer than 1 h for
the elution of gallic acid, p-anisic acid and p-hy-
droxybenzoic acid.

3.2, Acetate buffer

To improve the separation efficiency, acetate
buffer with a limiting equivalent ionic conductance
of 40.9 S cm® equivalent” * and a pK, of 4.76 was
selected for further study.

321 Acidity of the acetate buffer

An increase in buffer pH from 4.0 to 4.9 causes an
obvious increase in the migration time for most
analytes, except those compounds of greater ionic
mobility (Fig. 6). The results indicate that the
bonded ligand does have at least some effect on
migration of the solute, since the EOF of the bonded-

phase column is reversed compared with that of a
bare capillary column and the migration velocity of
the neutral marker decreases as the pH increases
[19]. In other words, a greater effective charge would
result in a more stable complex with the bonded
ligand, although we cannot ignore the factor that the
electrophoretic migration velocity of the analytes
would be affected by the change in pH. A lower pH
would result in a less ionized solute, which, in turn,
would lead to weaker complex formation with the
bonded-phase and, hence, a shorter migration time.
At pH 4.0, p-anisic acid (pK, 4.48) was eluted after
p-hydroxybenzoic acid (pK, 4.58), since the effec-
tive charges are nearly the same, and the molecular
mass of the former is larger. However, at pH 4.4,
they eluted, unexpectedly, in reverse order. The
significant difference in mobility between p-anisic
acid and p-hydroxybenzoic acid is probably the
result of the dlightly greater effective charge of
p-anisic acid than p-hydroxybenzoic acid (Table 1).
Similar behavior also existed among the other com-
pounds. At pH 4.0, 3-hydroxy-2-naphthoic acid (pK,
2.54) had a much greater effective charge and eluted
far more slowly than benzoic acid (pK, 4.20) and
p-sulfanilic acid (pK, 3.23). The phenomenon is
primarily due to the larger molecular mass of 3-
hydroxy-2-naphthoic acid compared with benzoic
acid (a difference of 66). The higher effective charge
of the former may result in the formation of a more
stable complex with the bonded ligand and this could
be the other reason. However, less diversity was
obtained at the higher pH. Increasing the pH to 4.4
resulted in poor separation of the pair. On further
increasing the pH to 4.9, the elution order was
reversed, as mentioned before, but the difference was
not so much. Fig. 7 indicates that the migration time
dlightly increases for 3-hydroxy-2-naphthoic acid,
while that of benzoic acid increases noticeably. We
realize that the variation in the effective charge for
benzoic acid is more significant than that for 3-
hydroxy-2-naphthoic acid, as the buffer's pH was
raised. This causes a stronger interaction between the
bonded ligand and benzoic acid than before, and the
increase even surpassed that of 3-hydroxy-2-
naphthoic acid.

3.2.2. Concentration of acetate buffer
The effect of changing the concentration of the
acetate buffer, over the range 10-50 mM, on the
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Fig. 4. Electropherograms of the separation of aromatic acids with different applied potentials. Column, fused-silica capillary (50 cmx75 wm 1.D.) with covalent surface
modification using macrocyclic polyamine, [28]ane-N,O,. Sample injection, siphoning (15 cm, 25 s). Background electrolyte, phosphate buffer (20 mM, pH 4.9)-methanol
(95:5, v/v). Detection was at 220 nm. Applied voltage, (A) —20 kV; (B) —15 kV; (C) —10 kV. Peaks: 1, pyromellitic acid (5 wM); 2, trimellitic acid (5 uM); 3,
2,6-pyridine-dicarboxylic acid (5 wM); 4, o-phthalic acid (5 uM); 5, m-phthalic acid (10 wM); 6, p-phthalic acid (10 uwM); 7, salicylic acid (20 wM); 8, mandelic acid (20 pM); o
9, p-sulfanilic acid (20 wM); 10, benzoic acid (30 wM); 11, 3-hydroxy-2-naphthoic acid (5 wM); 12, gallic acid and p-anisic acid (40 uM); 13, p-hydroxybenzoic acid (40 uM). S
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Fig. 5. Electropherograms demonstrating the effect of methanol concentration on the migration of aromatic acids. Conditions were the same as in Fig. 2, except that various
amounts of methanol were added to the phosphate buffer (20 mM, pH 4.4) and the sample was injected using the vacuum mode (3 ml syringe, 3 ). Methanol concentration (%,
v/v): (A) 5; (B) 10; (C) 20. Peaks: 1, pyroméllitic acid (5 uM); 2, trimellitic acid (5 uM); 3, 2,6-pyridine-dicarboxylic acid (5 wM); 4, o-phthalic acid (5 pM); 5, m-phthalic
acid (10 uM); 6, p-phthalic acid (10 wM); 7, sdlicylic acid (10 wM); 8, mandelic acid (10 pM); 9, p-sulfanilic acid (10 wM); 10, benzoic acid (10 pM); 11,
3-hydroxy-2-naphthoic acid (2 wM); 12, galic acid (10 uM); 13, p-anisic acid (10 wM); 14, p-hydroxybenzoic acid (10 uM).
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Fig. 6. Electropherograms of the separation of aromatic acids at different pH values. Conditions were the same as in Fig. 2, except that the background electrolyte was acetate
buffer (20 mM) and the sample was injected in the vacuum mode (3 ml syringe, 2 s). The pH of the acetate buffer was as follows: (A) pH 4.0; (B) pH 4.4; (C) pH 4.9. Samples:
1, pyromellitic acid (5 pM); 2, trimellitic acid (5 nM); 3, 2,6-pyridine-dicarboxylic acid (5 wM); 4, o-phthalic acid (5 nM); 5, m-phthalic acid (10 wM); 6, p-phthalic acid (10
wM); 7, sdicylic acid (10 wM); 8, mandelic acid (10 wM); 9, p-sulfanilic acid (10 wM); 10, benzoic acid (10 wM); 11, 3-hydroxy-2-naphthoic acid (2 wM); 12, gallic acid (10
wM); 13, p-anisic acid (10 uM); 14, p-hydroxybenzoic acid (10 wM).
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separation was studied. The results indicate that, at
lower buffer concentrations (20 mM), baseline res-
olution is attainable. At higher concentrations, higher
sengitivity was provided but the migration was
slower.

323 Influence of applied potential

With acetate buffer (20 mM, pH 4.4) as the
background electrolyte, the effect of applied po-
tential, at —20, —15 and —10 kV was tested (Fig. 8).
A faster separation can be achieved with a higher
voltage. When operating at lower electric field
strength, the separation was slower but similar
resolution and migration order were achieved. There-
fore, the applied potential of —20 kV was selected as
the best separation condition.

3.24. Addition of metal ions

The use of a chelating resin for metal binding both
in liquid chromatography and gas chromatography
results in enhanced selectivity [20—22]. Hence, the

effect of the direct addition of metal ions to the
background electrolyte on the electrophoretic mobili-
ty and the migration behavior of organic acids was
studied. Chiari et a. found that the addition of
magnesium, calcium, manganese, cobalt and nickel
salts, respectively, to a 2-(N-morpholino)ethanesul -
fonic acid (50 mM, pH 5.5)-Tris buffer, produced
no significant difference except in the case of copper
[4]. In this work, the influence of copper and zinc
acetate at different concentrations (0.1-1 mM) on
transit time and selectivity was investigated. The
most significant changes in mobility were caused by
the addition of Cu(ll). At a concentration of 0.1 mM,
there was an increase in analyte mobility and worse
resolution. There might have been the formation of a
lower charge copper—carboxylate complex. This
results in weaker electrostatic forces between the
analyte and the bonded ligand. Hence, anion com-
plexation ability decreases. At the higher concen-
tration of Cu(ll) (1 mM), analyte mobility decreased,
but peak-broadening and a different elution order
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were obtained. The higher ionic strength of the
background electrolyte can account for this. Copper
reduction on the platinum electrode was seen in this
case. Nitric acid (6 M) is necessary to remove the
surface-adsorbed copper. The addition of zinc acetate
at 0.1 and 0.5 mM produced the same effect as that
of copper acetate at 0.1 mM. However, the change
was less, due to a lesser degree of complex forma-
tion between analyte and zinc ion. Increasing the
zinc acetate concentration to 1.0 mM gave rise to
distinctly slower migration of the analyte than under
the control conditions. Electrophoretic separation in
the presence of zinc acetate is shown in Fig. 9. At
the lower concentration of zinc acetate, the migration
order for m-phthalic acid and o-phthalic acid was
reversed compared with that under control condi-
tions. At higher concentrations of zinc acetate,
however, the migration behavior of a larger number
of analytes is effected in a more significant way.

WH. Chen, C.Y. Liu / J. Chromatogr. A 848 (1999) 401-416

3.3 Mechanism of separation

The effectiveness of phase bonding has been
determined by the measurement of the EOF, as
reported in Ref. [19]. Since the direction of EOF was
towards the anode, due to the chemically bonded
protonated macrocyclic polyamine, sample injection
was from the negative end and detection was at the
positive end.

Like most capillary electrophoretic conditions,
anions were attracted towards the anode, with those
having the highest charge—mass ratio migrating first.
It is possible to change the charge—-mass ratio of
many ions by adjusting the pH of the buffer medium
to affect their ionization and, hence, their electro-
phoretic mobility. According to charge—mass ratio,
the migration order at pH 4.5 might be pyromellitic
acid>p-phthalic acid>trimellitic acid>m-phthalic
acid>2,6-pyridine dicarboxylic acid>salicylic acid>

40 XY Without Zn(OAc), Elution order for Zn(OAc), :
Zn(0Ac), 0.1 mM 0.1 mM 1>2>3>554>6>7>8>9>10>11>12>13>14
E= Zn(OAc), 0.5 mM 05mM 1>2>3>5>4>6>7>8>9>10>11>12>13>14
B Zn(OAc), 1.0 mM 1.0 mM 2>3>5>1>6>7>4>8>9>10>11>12>13>14
=
- — 30 |
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Fig. 9. Electrophoretic separation of aromatic acids on addition of zinc acetate to the background electrolyte. Conditions were the same asin
Fig. 6, except that the background electrolyte (20 mM, pH 4.4) contained zinc acetate at (a) 0.1 mM; (b) 0.5 mM and (c)1.0 mM.
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o-phthalic acid>mandelic acid>benzoic acid>p-sul-
fanilic  acid>3-hydroxy-2-naphthoic  acid>gallic
acid>p-anisic acid>p-hydroxybenzoic acid. Unex-
pectedly, the migration order (Fig. 10) was pyromel-
litic acid>trimellitic acid>2,6-pyridine dicarboxylic
acid>o-phthalic acid>m-phthalic acid>p-phthalic
acid>salicylic acid>mandelic acid>benzoic acid>

| A

R R
0 5 10 15 20 25 30 35 40 45

Migration time (min)

Fig. 10. Electrophoretic separation of aromatic acids. Column,
fused silica capillary (50 cmX75 wm |.D.) with covalent surface
modification using macrocyclic polyamine, [28]ane-N;O,. Sample
injection, 3 ml syringe for 2 s. Background electrolyte, acetate (20
mM, pH 4.5). Applied voltage, —20 kV. Detection was at 220 nm.
Sample concentration, 10 wM for each, except 3-hydroxy-2-
naphthoic acid which was 5 pM. Peaks: 1, pyromellitic acid; 2,
trimellitic acid; 3, 2,6-pyridine-dicarboxylic acid; 4, o-phthalic
acid; 5, m-phthalic acid; 6, p-phthaic acid; 7, sdicylic acid; 8,
mandelic acid; 9, p-sulfanilic acid; 10, benzoic acid; 11, 3-
hydroxy-2-naphthoic acid; 12, gallic acid; 13, p-anisic acid; 14,
p-hydroxybenzoic acid.

p-sulfanilic  acid>3-hydroxy-2-naphthoic  acid>
gdlic acid>p-anisic acid>p-hydroxybenzoic acid. It
seems that the charge—-mass ratio is not the only
factor that is decisive in the separation.

Capillary zone electrophoresis (CZE) is a power-
ful separation technique for ionic molecules. How-
ever, the separation of positional isomers is usually
very difficult, because such isomers have the same
molecular mass and charge. Wada et al. [23] utilized
enhanced ion associability with viologen cations for
the separation of naphthalene disulfonates, naph-
thalene dicarboxylates and phthalate geometrical
isomers. Moreover, their results indicated that the
separation is not very easy. Only two peaks were
observed for the mixture of o-phthalic acid, m-
phthalic acid and p-phthalic acid. In this work, three
well baseline-resolved peaks were seen for these
mixture (Fig. 4B and C). The anion complexation
equilibrium might also exert an influence on the
separation of geometric isomers of phthalic acid. At
pH 4.5, the charge—mass ratio of p-phthalic acid is
the greatest among these compounds. Moreover, it
was the slowest to migrate. Evidently, separations
based upon effective charge, equivalent conductance
and molecular mass are enhanced by the stationary
phase having an anion complexone, which yields
shape- and conformation selectivity. The result co-
incides with the chain-length recognition property of
macrocyclic polyamine reported by Lehn et a. [17].

34. Analytical application

Based on the above results, optimal conditions for
the separation of 14 organic acids at the applied
potential of —20 kV, with acetate buffer (20 mM, pH
45) were selected. As Fig. 10 shows, baseline
separation is achieved by using the above-mentioned
conditions and a 70-cm (50 cm to the detector) X 75
pm I.D. capillary. The separation efficiency was as
shown in Table 2. The plate number of the sepa
ration efficiency was better than 4-10%° m™*.

Soy sauce and Salic ointment were sampled and
analyzed using the established conditions, except that
sample injection was carried out in the electrokinetic
mode. Soy sauce was diluted (1:500, v/v) prior to
the analysis. Salic ointment was dissolved ultrasoni-
cally in chloroform—methanol (1:1, v/v). The solu-
tion was diluted 1:200 (v/v) prior to the analysis.
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Table 2
Separation efficiency of the bonded-phase capillary column?®
Acid Migration Separation efficiency Resolution
£ " ir) N(m )’ H (um) RS
Pyromellitic 6.80 43 300 231 -
Trimellitic 7.72 49 300 20.3 1.65
2,6-Pyridine- 8.29 49 300 20.3 1.32
dicarboxylic
o-Phthalic 8.93 49 300 20.3 148
m-Phthalic 9.29 49 300 20.3 112
p-Phthalic 11.31 51 800 19.3 3.65
Sdicylic 12.05 49 700 20.1 155
Mandelic 12.59 47 900 20.9 1.55
Benzoic 1361 41 600 24.0 2.00
p-Sulfanilic 15.86 46 100 217 3.90
3-Hydroxy- 18.02 46 900 21.3 358
2-naphthoic
Gallic 30.82 46 900 213 9.00
p-Anisic 36.30 46 900 21.3 295
p-Hydroxy- 40.98 39 900 25.0 1.95
benzoic

* Capillary, [28]ane-N4O, bonded-phase; column’s dimensions, 70 cm [effective length, 50 cm]X75 pum 1.D.; background electrolyte,
acetate buffer (20 mM, pH 4.5); applied potential, —20 kV; sample injection, vacuum (2 s with 3 ml syringe); detection was at 220 nm.

°N, 554 (t,,/w,,,)% w: peak width.
¢ Rs’ At/Wave' 2 (t2_t1)/(W1+W2)'

The peaks for each analyte were identified by spiking
samples with known standards and inspecting the
resulting changes. The results are listed in Table 3.

When we anayzed Aspirin, the peak of
acetylsalicylic acid was observed at a migration time
of 7.8 min. A small peak was aso found at 6.5 min.
If afreshly prepared sample was stored at 4°C for 12
h, the small peak increased in size and that of
acetylsalicylic acid decreased. Further incubation of
the sample vial in awater bath of 50°C for 2 h led to
an equilibrium condition of the hydrolysis of
acetylsalicylic acid (Fig. 11). The reproducibility of

the migration time for acetylsalicylic acid was
7.880.24 min (RSD: *£3.02%) and for salicylic
acid, it was 6.68+0.20 min (RSD: *3.09%).

4. Conclusion

With the bonded-phase capillary column, reversal
of the EOF was seen without the addition of any
other modifier. This easier process makes the sen-
sitivity of the detection greater. Fourteen organic
acids, including geometric isomers that are very

Table 3
Determination of aromatic acids in real samples using the standard addition method®
Samples Linearity (peak area) Amount found
Slope (uV/uM) Intercept (uV) r?
Benzoic acid in
Doli soy sauce 379.6 2505 0.9928 500 ppm
Kinglan soy sauce 358.2 1707 0.9954 290 ppm
Salicylic acid in
Salic ointment 931.6 1745 0.9971 1.3%

® Conditions were the same as in Fig. 10; Soy sauce (1/500, v/v) was diluted with pure water. Salic ointments was dissolved in a mixed
solvent of chloroform—methanol (1:1, v/v), then diluted to 1:200 (v/v) with pure water.
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Fig. 11. Analysis of acetylsalicylic acid in an Aspirin tablet.
Conditions were the same as in Fig. 10, except that sample
injection was by electrokinetic methods (—10 kV, 10 s) and acetate
buffer was at 30 mM, pH 4.5. Sample, (A) freshly prepared sample
solution; (B) sample was kept at 4°C for 12 h; (C) sample was
kept in a water bath at 50°C for 2 h. Peaks: 1, sdlicylic acid; 2,
acetylsalicylic acid.

similar in ionic mobility, were well-resolved in
acetate buffer, whereas only 13 peaks were observed
in phosphate buffer, even in the presence of organic
solvent. This indicates that the buffer’s anion affects
selectivity under the present experimental conditions.
Most of the data confirm the assumption that the
selectivity of the system is based mainly on anion
complexation behavior. The separation efficiency
(both theoretical plate number and resolution) for
aromatic organic anions is much better than that for
the inorganic anions shown in the previous paper
[19]. In this work, the phenomena of electrophoresis
and anion complexation in the bonded-phase act in
concert but to varying degrees, just as those found in
many works relating electrophoresis and dynamic
cation complexation [24-27] or guest—host com-
plexation [28]. Such multifunctional binding should

lead to even more selective separation and warrants
further investigation into the factors that control the
migration behavior.
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