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a b s t r a c t

For the separation of aromatic amines, two types of monodispersed porous polymer resins were prepared
by the copolymerization of 2-vinylpyridine and 4-vinylpyridine with divinylbenzene in the presence
of template silica gel particles (particle size 5 �m), followed by dissolution of the template silica gel
in an alkaline solution. The transmission electron micrographs and the scanning electron micrograph
revealed that these templated polymer resins have a spherical morphology with a good monodispersity
and porous structure. Using these monodispersed polymer resins, the high-performance liquid chro-
matographic separation of aromatic amines in the mobile phases of pHs 2.0, 2.9, 4.1, 7.2 and 11.7 were
carried out. The 2-vinylpyridine–divinylbenzene copolymer resins showed slightly stronger retentions
for aromatic amines than the 4-vinylpyridine–divinylbenzene copolymer resins. Under acidic conditions

(around pH 2.0), aniline and the toluidines showed no retention on these copolymer resins due to the
repulsion between the cationic forms of these amines and pyridinium cations in the stationary phase,
whereas less basic aromatic amines or non-basic acetanilide showed slight retentions. Above pH 4.1, the
separation of aromatic amines with these polymer resins showed a typical reversed-phase mode sepa-
ration. Therefore, the separation patterns of aromatic amines are effectively tunable by changing the pH

s. A g
enzen
value of the mobile phase
2-vinylpyridine–divinylb

. Introduction

There are various types of aromatic amines in the surrounding
iving environment as pollutants. Among the aromatic amines, ani-
ine and its derivatives are known as human toxic agents causing
yanosis and methemoglobinemia [1], and o- and p-toluidines and
-chloroaniline are known as carcinogenic agents [2]. Hence, it is

mportant to precisely assay these aromatic amines in environmen-
al samples. High-performance liquid chromatography (HPLC) is an
asy-to-perform analytical tool for the quantitative analysis of these
romatic amines [3–6].

Basic compounds are generally separated using reversed-phase
PLC [4,5], reversed-phase HPLC with an ion-paired reagent [7]

nd cation-exchange HPLC [8]. For weak basic compounds, such
s aromatic amines, reversed-phase HPLC using basic mobile
hases is thought to be effective because the protonation of
mines are almost suppressed. However, the basic conditions of

∗ Corresponding author. Tel.: +81 3 3351 9069; fax: +81 3 3351 9069.
E-mail address: k-chem@tokyo-med.ac.jp (K.-I. Kitahara).

021-9673/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2009.04.067
ood separation of eight aromatic amines was achieved at pH 2.9 using the
e copolymer resins.

© 2009 Elsevier B.V. All rights reserved.

the assays make it difficult to use silica gel as a column pack-
ing support due to dissolution of the silica gel in an alkaline
solution. Moreover, the separation of basic compounds with sil-
ica gel based packings is not suitable because of peak tailing
due to the undesirable interactions between the polar basic com-
pounds and residual acidic silanol groups of the silica gel [9]. Many
polymer-coated silica-based phases have been studied in order
to stabilize silica gels chemically. The columns packed with silica
gels which are coated with homogenous silicon layers by poly-
merizing silicone monomers on their surfaces are commercially
available. These columns possess higher pH stability than the con-
ventional non-modified silica-based phases. However, even these
columns can be used in the pH range of 1–10 [10,11]. On the
other hand, polymer-based column packings usually can be used
in the pH range of 1–12. Therefore, polymer resins would be a
more efficient chromatographic support for the separation of basic

compounds.

Polymer resins for stationary phases are extensively prepared by
suspension, emulsion and precipitation polymerization techniques.
Some of polymer resins have been still produced by a traditional
suspension polymerization. In this technique, the particle size

http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:k-chem@tokyo-med.ac.jp
dx.doi.org/10.1016/j.chroma.2009.04.067
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trongly depends on the stirring velocity and the shape of reaction
nstrument such as the vessel and the agitator blades [12]. These
olymer resins have rather broad particle size distributions, and
herefore cannot be used directly for HPLC column packings with-
ut time–consuming size classification. Emulsion polymerization
ffords the polymer lattices consisting of 0.05–0.5 �m sized poly-
er resins, therefore multi-step swelling techniques are usually

ecessary for larger polymer particles suitable for HPLC stationary
hases. The preparation of 5–6 �m sized monodispersed poly-
er resins using these multi-step swelling techniques have been

eported by Hosoya and Fréchet [13]. Ogino et al. reported on a
ingle-step swelling and polymerization method that allowed the
ynthesis of mono–sized polymer beads in the range of 4.1–7.5 �m
14]. Moreover, 7 �m sized monodisperse polymer-based station-
ry phase for carbohydrate analysis was synthesized through a
wo-step swelling and polymerization method [15]. Recently, Hag-
naka et al. prepared uniform-sized molecular imprinted polymers
f about 4 �m in diameter by a precipitation polymerization
ethod [16].

The templating polymerization methods for the preparation
f monodispersed porous polymer particles have been reported,

.e., the polymerization of a monomer in a porous matrix, such as
ilica gel, followed by dissolution of the matrix in an alkaline solu-
ion [17–19]. Therefore, the synthesized polymer products should
eflect the characteristics of the template silica gel particles having
desired size, surface area and porosity. Accordingly, we can eas-

ly prepare not only 2–10 �m sized polymer resins for HPLC column
ackings, also ten to a few hundred �m sized polymer resins for col-
mn chromatography and solid phase extraction. We have reported
he preparation of monodispersed porous polymer resins using this
emplating polymerization method and their application as sta-
ionary phases for the high-performance liquid chromatographic
eparation of carbohydrates [20].

In this paper, we will describe the preparation of monodispersed
inylpyridine–divinylbenzene porous copolymer resins using the
emplating polymerization technique and their application to the
eparation of aromatic amines. These polymer resins are weakly

asic, and therefore, under acidic conditions could be converted
o cationic copolymer resins which exclude the cationic aromatic
mines. These polymer resins also work as the reversed-phase sta-
ionary phases in neutral and basic conditions. Therefore, on the
inylpyridine–divinylbenzene porous copolymer resins, the sepa-

Fig. 1. Preparation of porous polymer resins by copolymeriza
. A 1216 (2009) 7409–7414

ration patterns of aromatic amines are tunable by changing the pH
value of the mobile phases.

2. Experimental

2.1. Materials

As the template silica gels, Nucleosil Silica 100-5 (5 �m parti-
cle size, 10 nm pore size, 1.0 mL/g pore volume, 350 m2/g surface
(BET)) was purchased from Macherey-Nagel (Duren, Germany).
2-Vinylpyridine, 4-vinylpyridine and chlorotrimethylsilane were
from Tokyo Kasei (Tokyo, Japan). Divinylbenzene (technical grade,
80%) and an inhibitor remover were from the Aldrich (Milwaukee,
WI, USA). All other chemicals were of analytical grade and used
without further purification.

2.2. Preparation of monodispersed vinylpyridine–divinylbenzene
porous copolymer resins

The schematic outline of the preparation method of the
monodispersed porous copolymer resins is shown in Fig. 1. Ini-
tially, the hydrophilic surface of the silica gel was converted
to a hydrophobic surface by silanization of the silica gel with
chlorotrimethylsilane.

The template silica gel (Nucleosil Silica 100-5, 10 g) was dried in
a flask under vacuum at 150 ◦C for 4 h. Dry toluene (80 mL), pyridine
(7 mL) and chlorotrimethylsilane (4.29 g, 39.5 mmol) were added to
the flask. The mixture was stirred at 60 ◦C for 5 h under an argon
atmosphere. The silanized silica gel was filtered through a sintered-
glass filter and washed with 200 mL of toluene followed by 200 mL
of dichloromethane and 300 mL of methanol, then dried overnight
under vacuum. The extent of the silanization calculated from an
increase in weight was 0.85 mmol per gram of the silanized silica
gel.

Silanized silica gel (2.96 g) and ultrapure water (30 mL) were
added to a three-necked flask, and the mixture was aerated with
argon gas for 30 min with gentle stirring. Three mL of the mixed

monomer solutions consisting of 2-vinylpyridine (0.69 g), 80%
divinylbenzene (1.7 g) and benzoyl peroxide (0.13 g) (molar ratio,
1:2:0.08), which were freed of the polymerization inhibitor by pass-
ing through the inhibitor remover column, was added to the flask,
followed by 30 mL of 0.17 wt.% aqueous poly(vinyl alcohol) (average

tion of monomers in the presence of template silica gel.
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egree of polymerization; 1000 (1 part) and 1500 (25 parts)) solu-
ion. The mixture was vigorously stirred at 700 rpm under flowing
rgon for 24 h at room temperature in order to allow the hydropho-
ic monomer and crosslinker to enter into the pores of the silica gel.
he mixture was then heated for 24 h at 90 ◦C to produce the poly-
erization. The mixture was cooled to room temperature, and the

recipitate was filtered through a sintered-glass filter and washed
ith 200 mL of water and 100 mL of methanol. The precipitate was

dded to a mixture of 90 mL of a 5 M NaOH aqueous solution and
0 mL of methanol, and then stirred for 24 h at room tempera-
ure to dissolve the template silica gel. The resulting precipitate
as washed with water until the solution was neutral followed by

00 mL of methanol, then dried under vacuum at room tempera-
ure to give the 2-vinylpyridine–divinylbenzene porous copolymer
esins (2P) (2.50 g) in 99% yield. Elemental analysis: C, 85.64; H,
.43; N, 2.75%.

The 4-vinylpyridine–divinylbenzene porous copolymer resins
4P) (3.47 g) were also obtained in 99% yield in the similar

anner from the silanized silica gel (2.96 g), 4-vinylpyridine
0.80 g), 80%-divinylbenzene (1.97 g) and benzoyl peroxide (0.16 g)
molar ratio, 1:2:0.08). Elemental analysis: C, 87.03; H, 7.45;
, 2.60%.

.3. Microscopy

A JEM-1200EX transmission electron microscope from JEOL
Tokyo, Japan) was used to observe the morphology of the result-
ng polymer resins. Also, the scanning electron micrographs of the
-vinylpyridine–divinylbenzene copolymer resins were taken by a

SM-6100 from JEOL.

.4. Column packing

The 2P and 4P copolymer resins were packed into stainless-steel
olumns (25 cm × 4.6 mm I.D.) by a conventional slurry packing
ethod using acetonitrile–water (7:3, v/v) as the eluent at a con-

tant pressure of 20 MPa.

.5. High-performance liquid chromatography

The HPLC analysis was performed with a system consisting of a
ASCO (Tokyo, Japan) 880-PU pump, a JASCO 875-UV detector and
Rheodyne (Cotati, CA. USA) 7125 injector. For the data analysis, a
IC (Tokyo, Japan) Chromatocorder 12 was employed.

For the chromatographic analysis, the aromatic amines were
issolved in acetonitrile or a mixture of acetonitrile and water.
he samples were eluted with an acetonitrile–aqueous buffer solu-

ion (7:3, v/v) at the flow rate of 0.5 mL min−1 and were detected
t 254 nm. To adjust the ionic strength (I = 0.1), 5 different buffer
olutions (pH 2.0, 2.9, 4.1, 7.2 and 11.7) were prepared as in
able 1.

able 1
ontents of buffer solutions (Ia = 0.1).

pH

2.0 2.9 4.1 7.2 11.7

.0 M NaCl (mL) 32 32 32 32 32
.0 M glycine–1.0 M NaCl (mL) 10.6 31.6 19.6
.0 M HCl (mL) 14.7 4.2
.0 M CH3COONa (mL) 20.0
.5 M CH3COOH (mL) 33.7
.5 M Na2HPO4 (mL) 22.7
.0 M NaH2PO4 (mL) 1.6
.0 M NaOH (mL) 10.2

a I: ionic strength.
. A 1216 (2009) 7409–7414 7411

3. Results and discussion

3.1. Preparation and characterization of polymer particles

The vinylpyridine–divinylbenzene copolymer resins were pre-
pared by the templating polymerization methods as shown in
Fig. 1. The template silica gel, Nucleosil Silica 100-5 (particle size
5 �m), was silanized with chlorotrimethylsilane for the conver-
sion of a hydrophilic silica gel surface into a hydrophobic surface.
Using these silanized silica gels as a template, two types of copoly-
mer resins (2P and 4P) were prepared by the copolymerization of
2-vinylpyridine and 4-vinylpyridine as the monomers with divinyl-
benzene as the crosslinker, followed by dissolution of the template
silica gel.

The morphology of these polymer particles was evaluated
from their transmission electron micrographs (TEM) and scan-
ning electron micrographs (SEM). Figs. 2 and 3 show that the
particles prepared by this method have a spherical morphology
with good size monodispersity and are free from any nonspheri-
cal by-products. The average particle diameters of 2P and 4P were
evaluated to be 4.38 and 4.46 �m, respectively, by measuring the
diameter of almost 500 particles as shown in Fig. 4. These results
indicate that the size of the particles was well controlled by the
diameter of the template silica gel (5 �m). In addition, the scanning
electron micrograph of the 2P copolymer resin clearly revealed the
porous structure of this copolymer gel (Fig. 3).

For evaluation of the chromatographic performance of these
polymer resins, the separation of pyridine was evaluated using a
column packed with the 2P copolymer resins and a commercially
available ODS column with the mobile phase of pH 5.4. As shown
in Fig. 5, the 2P column is 25 cm long and the commercial ODS
column is 15 cm long, therefore the retention time of pyridine by
ODS column (6.4 min) is faster than that by 2P column (6.7 min).
In spite of the long retention time of pyridine by the 2P column,
the peak width of pyridine by 2P column was narrower than that
by ODS column. The values of the height equivalent to a theoreti-
cal plate (HETP) for 2P column and ODS column were calculated
as 0.046 and 0.092 mm/plate, respectively. The peak asymmetry
factor (AS) [21] with the 2P column (AS = 1.0) was also lower than
that with the ODS column (AS = 1.5). These results indicate that
polymer supports are advantageous for the separation of basic com-
pounds compared to silica gel supports with the residual silanol
groups.

In our repeated experiments under acidic and basic conditions
for nearly 6 months, retention time of aromatic amines using 2P
stationary phases showed good reproducibility.

3.2. HPLC separation of aromatic amines

Using the 2P and 4P copolymer resins, HPLC separation of aro-
matic amines was examined with the mobile phase of acetonitrile
and a buffer solution of pH 7.2 (7:3, v/v). The retention times for
these analytes are shown in Table 2. The 2P copolymer resins
showed stronger retentions for the aromatic amines than the 4P
copolymer resins. Since the pKb values of 2-ethylpyridine and 4-
ethylpyridine are 8.11 and 8.13, respectively, the basicities of these
two components of polymer resins would be almost the same. At
pH 7.2, aromatic amines would be separated under the conditions
of nearly reversed-phase mode. Therefore, the 2P copolymer resins
showed stronger retention than the 4P copolymer resins proba-
bly due to hydrophobic effect. The retention times for the aromatic

amines in the pH range of 2.0–11.7 were measured using the 2P
copolymer resins.

Aromatic amines and the pyridyl groups of the polymers can
be protonated under acidic conditions, and this causes an electric
repulsion between the cationic forms of these amines and the pyri-
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Fig. 2. TEM images of the synthesized copolymer resins: 2P resins (a), 4P resins (b).
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Fig. 3. SEM images of 2P copolymer resins a

inium cations of the polymers. Therefore, the pH change of the
obile phase would affect the separation of the analytes.

Plots of the retention time (tR) for seven analytes versus the pH
alue of the mobile phase using the 2P stationary phase are depicted
n Fig. 6. The retention time of aniline increased with the pH values

f the mobile phase until reaching a plateau value. Similar results
ere obtained in the case of N,N-dimethylaniline, N-methylaniline

nd p-toluidine. These retention time–pH curves had an inflection
oint in the pH range of 3–4. However, the retention time of benzyl-
mine gradually increased with the pH value of the mobile phase

ig. 4. Particle size distributions of 2P resins (a) and 4P resins (b), calculated from TEM
articles: 472 (a), 521 (b).
nifications of (a) 10,000× and (b) 50,000×.

and showed an inflection point around pH 6–7. On the other hand,
the non-basic analyte (acetanilide) showed no change in the reten-
tion time in the pH range above 2. These results clearly indicated
that the separation profiles depended on the pKa values (pKa value
of protonated form) of the analytes.
At pH 2.0, aromatic amines, other than acetanilide, eluted at
4.6–5.3 min near the hold-up time. No retention of these analytes
at pH 2.0 is obviously due to the repulsion between the positively
charged analytes and the positively charged pyridyl groups in the
stationary phases. On the other hand, acetanilide, a non-basic ana-

images. Mean particle diameter: 4.38 �m (a), 4.46 �m (b) and total numbers of
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Fig. 5. Pyridine peak profiles: (a) with a 2P column (25 cm × 4.6 mm I.D.), and (b) with
CH3CN–H2O (pH 5.4) (7:3, v/v) at flow rate 0.5 mL/min; detection, UV at 254 nm; sample c
and (b) 10 �m.

Table 2
Retention time of aromatic amines separated with 2P and 4P polymer resins at pH
7.2a.

Amines pKa values of
protonated amines

Retention time (min)

2P 4P

Pyridine 5.17 6.71 6.51
N,N-Dimethylaniline 5.15 17.02 14.21
p-Toluidine 5.08 9.36 8.81
N-Methylaniline 4.85 12.46 11.37
m-Toluidine 4.71 9.62 9.03
Aniline 4.60 8.73 8.35
o

s

l
T
p

a

F
r
C
2
+

-Toluidine 4.45 9.74 9.21

a HPLC conditions: column, 4.6 mm I.D. × 25 cm; mobile phase, CH3CN–buffer
olution (pH 7.2) (7:3, v/v) at flow rate 0.5 mL/min; detection, UV at 254 nm.

yte, eluted around 7 min under both the acidic and basic conditions.

his result indicates that acetanilide was eluted in the reversed-
hase separation mode.

Except for benzylamine, the retention time–pH curves of all the
nalytes showed plateaus above pH 4.1. The ionized form of N,N-

ig. 6. Separation of aromatic amines with 2P polymer resins in the pH
ange of 2.0–11.7. HPLC conditions: column, 4.6 mm I.D. × 25 cm; mobile phase,
H3CN–buffer solution (7:3, v/v) at flow rate 0.5 mL/min; detection, UV at
54 nm �= N,N-dimethylaniline; � = N-methylaniline; �= p-toluidine; © = aniline;
= benzylamine; � = acetanilide; × = pyridine.
a commercial ODS column (15 cm × 4.6 mm I.D.). HPLC conditions: mobile phase,
oncentration, 0.01%(v/v)-pyridine/CH3CN solution; the injection volumes, (a) 3 �m

dimethylaniline (pKa 5.15) at pH 4.1 and 2.9 was calculated to be
91.7% and 99.4%, respectively. On the other hand, the ionized form
of 2-methylpyridine (pKa 5.96), which is assumed to be a functional
group in the stationary phase, was calculated to be 98.6% and 99.9%
at pH 4.1 and 2.9, respectively. These results showed that almost
complete ionization of both analytes and functional groups in the
stationary phase is necessary for the repulsion. On the other hand,
the inflection points for benzylamine (pKa 9.35) were observed at
pH 6–7. Benzylamine, the strongest base among these examined
amines, is positively charged even at pH 4.1 and therefore would
not be retained. Under basic conditions, the aniline derivatives
eluted in the order of aniline, p-toluidine, N-methylaniline, and
N,N-dimethylaniline. These results indicated that more hydropho-
bic aromatic amines eluted with a longer retention time, and these
analytes would be separated in the reversed-phase mode.

The retention times of the chloroanilines and nitroanilines with
a low basicity were also evaluated in mobile phases of differ-

ent pH and the results are shown in Figs. 7 and 8. At pH 2.0,
these amines were strongly retained when compared to aniline.
The retention time–pH curves of three isomers of the chloroani-
lines, o-chloroaniline (pKa 2.7), m-chloroaniline (pKa 3.5) and
p-chloroaniline (pKa 3.4) showed an appreciable degree of repul-

Fig. 7. Separation of chloroanilines with 2P polymer resins. HPLC conditions are
shown in Fig. 6. � = o-, × = m-, © = p-chloroaniline; �= aniline.
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Fig. 8. Separation of nitroanilines with 2P polymer resins. HPLC conditions are
shown in Fig. 6. � = o-, × = m-, © = p-nitroaniline; �= aniline.
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ig. 9. Chromatogram of aromatic amines with 2P polymer resins. Mobile phase:
H3CN–buffer solution (pH 2.9) [7:3, v/v] at flow rate 0.5 mL/min, detection: UV
t 254 nm. Peaks: 1 = benzylamine, 2 = pyridine, 3 = p-toluidine, 4 = aniline, 5 = o-
oluidine, 6 = N-methylaniline, 7 = N,N-dimethylaniline, 8 = o-chloroaniline.

ion at pH 2.0. On the other hand, the o- and p-nitroanilines, of
hich basicity are extremely low (pKa −0.28 and 1.01), showed con-

tant retention times under acidic conditions due to the absence of
epulsion. These aniline derivatives with a low basicity would be

ainly separated in the reversed-phase mode.
As described above, the separation of the aromatic amines
n these polymer particles showed an electric exclusion mode
nder acidic conditions and typical reversed-phase mode separa-
ion under neutral and basic conditions. Hence, by changing the pH
alue of the mobile phase, the separation patterns of the aromatic
mines are effectively tunable. A good separation of the eight aro-

[
[
[
[

[

. A 1216 (2009) 7409–7414

matic amines was achieved using the 2P stationary phase at pH 2.9,
and is shown in Fig. 9. The theoretical plate number of 2P polymer
resins was calculated to be 10,042 plates, from the peak No. 2 in the
chromatogram of Fig. 9.

4. Conclusion

The monodispersed vinylpyridine–divinylbenzene porous
copolymer resins were prepared by polymerization in the presence
of template porous silica gel particles (particle size: 5 �m, pore
size: 10 nm), followed by dissolution of the template silica gel in
an alkaline solution. The transmission electron micrographs of
these polymer products revealed a good monodispersity and the
scanning electron micrograph showed fine porous structures. The
aromatic amines were analyzed by an HPLC system using these
monodispersed polymer resins. The separation of the aromatic
amines showed the typical reversed-phase mode separation under
neutral and basic conditions, and also the exclusion mode under
acidic conditions (around pH 2.0). Therefore, the separation pat-
terns of the aromatic amines are effectively tunable by changing
the pH of the employed eluent.
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