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Abstract

We prepared different photopolymerized sol–gel (PSG) columns by varying the amount of monomer (methacryloxy-
propyltrimethoxysilane), porogen (toluene) and catalyst (hydrochloric acid) in the reaction solution containing a photo-
initiator (Irgacure 1800). The effects of these variations on the chromatographic behavior of the PSG columns were studied.
All of the columns studied exhibited reversed-phase character. The concentration of hydrochloric acid was important for the
rigidity of the columns, although it did not affect the separation property. The ratio of monomer solution to porogen was a
critical factor in controlling the through-pore size and the surface area of PSG, which were found to significantly affect the
separation properties, such as permeability, theoretical plate number, retention time, and separation efficiency, of a mixture
of test analytes—thiourea, benzene, and naphthalene. There was no change in the retention order for the test analytes. Short
separation times were achieved on PSG columns made from a 10% monomer stock solution and 90% porogen with 1M
hydrochloric acid. Mixtures of polycyclic aromatic hydrocarbons and alkylbenzenes were separated with theoretical plate
numbers greater than 100 000 plates/m. 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction [1,2]. There are few reports, however, on the applica-
tion of CEC to the analysis of real samples, such as

Capillary electrochromatography (CEC) has be- biological or environmental materials [3–5]. There
come a very promising separation technique for the remain some challenges in column preparation that
analysis of small sample volumes because of the need to be overcome. Because a very narrow diam-
high separation efficiencies that can be achieved eter capillary (typically less than 100mm) is used,

elaborate work that includes the use of on-column
frits is required to fabricate a stationary phase with

*Corresponding author. Tel.:181-54-264-5654; fax:181-54- good reproducibility and homogeneity. Monolithic
264-5593.

stationary phases were developed [6–26] as alter-E-mail address: daikato@u-shizuoka-ken.ac.jp (M. Kato).
1 natives to packed CEC columns. Gusev et al. [27]Present address: Pharmacyclics, Inc., 995 E. Arques Avenue,

Sunnyvale, CA 94086-4521, USA. define a monolithic stationary phase as ‘‘a continu-
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ous unitary porous structure prepared by in situ man P/ACE 5510 capillary electrophoresis system
polymerization or consolidation inside the column (Fullerton, CA, USA) with a UV-absorbance detector

3Dtubing and, if necessary, the surface is functionalized and a Hewlett-Packard CE system (Palo Alto, CA,
to convert it into a sorbent with the desired chro- USA) equipped with a diode array detector. A RPR-
matographic binding properties’’. 100 photochemical reactor (Ultraviolet Company,

Monolithic stationary phases for CEC have been Branford, CT, USA) was used for the photo-
prepared from acrylamide [8–15], methacrylate [16– polymerization reactions. Scanning electron micro-
19], and alkoxysilane [20–26]. Monolithic stationary scopy (SEM) analyses were performed on a Hitachi
phases can be prepared in only a few steps with great S-2500 scanning electron microscope (Tokyo,
facility, repeatability, and uniformity. The most Japan).
noticeable advantage of monolithic column is the
fritless design. Bubble formation or deterioration of

2.2. Materials and chemicals
the separation efficiency [28,29] has been observed
in columns with frits.

Fused-silica capillaries (75mm inside diameter3
Recently, we reported on a monolithic stationary

365 mm outside diameter) were purchased from
phase prepared from methacryloxypropyltrimeth-

Polymicro Technologies (Phoenix, AZ, USA).
oxysilane (MPTMS) [30]. MPTMS, which contains

MPTMS was purchased from Tokyo Kasei (Tokyo,
both methacrylate and alkoxysilane groups, was used

Japan). Toluene (C1), acetonitrile, thiourea, and
to prepare a photopolymerized sol–gel (PSG) in a

benzene (C0) were from Kanto Kagaku (Tokyo,
single-step reaction. One of the advantages of a

Japan). Naphthalene was received from Koso Chemi-
monolithic column is the ability to control its

cal (Tokyo, Japan). Ethylbenzene (C2), butylbenzene
morphology. The sponge-like silica monolith is

(C3), and 1-phenylhexane (C6) were purchased from
comprised of micrometer-sized ‘‘through-pores’’ and

Sigma–Aldrich (Milwaukee, WI, USA). Propylben-
a silica skeleton that possesses nanometer-sized

zene (C4) was from Wako (Osaka, Japan). Irgacure
‘‘mesopores’’. The through-pores, mesopores, and

1800 was donated by Ciba (Tokyo, Japan). The
the skeleton size of the monolithic column are

water was purified on a Milli-Q system (Nippon
controllable by the amount or type of monomer used,

Millipore, Tokyo, Japan).
and by the ratio of monomer and porogen and
catalyst [16,17,21,22]. Both Tanaka and co-workers

´[21,22] and Frechet and co-workers [16,17] demon- 2.3. Preparation of the PSG column
strated the effect of monolith structure on the
parameters of separation performance, including A PSG column was prepared using a previously
retention time, theoretical plate number, and pressure described procedure [30,31]. Some modifications to
drop. this procedure were made to account for the use of a

We describe the effects of varying the reaction photoreactor with different lamp intensities and
conditions (i.e., concentration of hydrochloric acid configurations to those used in the published pro-
and the ratio of monomer to porogen) on the cedure. Briefly, a monomer stock solution, a mixture
morphology of the PSG monolith. We compare the of 750mL MPTMS, 22.5 mL 1.0 M hydrochloric
separation of polycyclic aromatic hydrocarbons and acid and 225mL water, was stirred for 30 min at
alkylbenzenes on PSG columns prepared with differ- room temperature in the dark. Toluene (170mL) was
ent reaction conditions. added to 30mL of the monomer stock solution and

stirred for 30 min at room temperature. Irgacure
1800 (photoinitiator) (8.9 mg) was added to the

2. Experimental toluene mixture and stirred for 2.5 h at room
temperature. This photoinitiator solution was flushed

2.1. Apparatus through a 30-cm long capillary with a 13-cm stripe
of the polyimide coating removed in the middle of

All CEC experiments were performed on a Beck- the capillary [30]. The filled capillaries were ir-
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radiated in a photochemical reactor using 350 nm which were prepared at a concentration of 10 mg/
light for 20 min to form the PSG. mL. These samples were diluted 10 times in the

After irradiation, the capillaries were washed with separation solution. The separation solutions were
methanol using a hand-held syringe to remove any degassed by ultrasonication and filtered (0.22mm
unreacted reagents. A window was created immedi- filter) before use.
ately after the PSG monolith using hot sulfuric acid
(.100 8C) to remove the polyimide coating. Once
fabricated, the capillary was installed in a P/ACE 3. Results and discussion
cartridge without damage to the capillary. The PSG
capillary was conditioned with the separation solu- 3.1. Effect of hydrochloric acid concentration
tion for approximately 5 min using a syringe and a
hand-held vise. The column was further conditioned In a sol–gel reaction, the acid or base catalyst
electrokinetically in the CE instrument by driving the plays an important role in the hydrolysis and con-
mobile phase through the capillary at an applied densation reactions. Minakuchi et al. controlled
voltage of 5 or 10 kV until a stable baseline was mesopore sizes in a monolith prepared from tetra-
achieved. methoxysilane by varying the concentration of the

ammonia solution [22]. By controlling the amount of
2.4. SEM analysis catalyst used in the reaction, the size of the meso-

pores can be fine-tuned.
SEM was used to study the morphology of PSG. Five different concentrations of HCl, 0.001, 0.01,

A PSG capillary was sectioned into 5-mm segments. 0.1, 1 and 5M, were used to prepare the PSG
These segments were sputtered with gold prior to columns. The ratio of the monomer stock solution to
SEM analysis. toluene was adjusted to 15%. No monolith was

formed when 0.001 or 0.01M HCl was used. SEM
2.5. Sample and solution preparation micrographs (Fig. 1) show that a PSG monolith was

formed in the capillary from reactions containing 0.1,
A stock solution of each analyte was prepared at a 1, or 5M HCl. It was considered that the con-

concentration of 100 mM, except for alkylbenzenes, centration of HCl affected the hydrolysis reaction

Fig. 1. Scanning electron micrographs of the PSG columns. (a) 5, (b) 1, and (c) 0.1M HCl.
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Table 1 best results were obtained with 1 or 5M hydrochlo-
Retention times of marker compounds on each monolithic column ric acid in the reaction solution.
HCl Retention time (min)
conc. (M) 3.2. Effect of the volume of monomer stockThiourea Benzene Naphthalene

solution in the reaction solution
0.1 3.04 3.18 3.37
1 3.35 3.54 3.82

Photopolymers having morphologies with different5 3.52 3.71 3.87
permeabilities and surface areas were prepared by
varying the ratio of the monomer stock solution to

and a low concentration of HCl does not produce toluene (porogen). The porogen acts as a through-
enough silanol group to form a monolithic network. pore template and solubilizer of the silane reagent
However, differences in the sizes of the mesopores during the reaction [23,30]. The amounts of the
could not be determined by SEM. monomer stock solution used were 5, 10, 15, 20, 30

Table 1 shows the retention times of the three test and 40%. The amounts of photoinitiator and HCl
compounds: thiourea, benzene, and naphthalene. The were kept constant at 8.9 mg and 1M, respectively.
retention time of each analyte increased with increas- Fig. 2 shows SEM micrographs of three different
ing HCl concentration in the reaction solution. The PSG columns. Fig. 1a shows a capillary with the
durability of the PSG monolith was significantly internal wall coated with PSG material when a
affected by the concentration of HCl. The PSG monomer stock solution–toluene ratio of 5:95 (5%
column prepared with 0.1M HCl readily formed PSG column) was used to prepare the PSG monolith.
cracks during separation of the analytes. These No PSG material was formed in the center of the
cracks were observed by SEM (about 15003 magni- capillary. A PSG monolith is formed, however, when
fication). The cracks resulted in a dramatic reduction monomer stock solution–toluene ratios of 10:90
of the theoretical plate numbers by one-half or one- (10% PSG column), 15:85 (15% PSG column, Fig.
third. It is believed that, at low hydrochloric acid 2b), and 20:80 (20% PSG column) were used. The
concentrations in the reaction solution, the rates of SEM micrographs of each shows a structure com-
hydrolysis and condensation decrease. This results in prised of an interconnecting network of about 1-mm
a decrease in the rigidity of the PSG monolith. The spherical structures, throughout which micrometer-

Fig. 2. Scanning electron micrographs of the PSG columns. (a) 5, (b) 15, and (c) 40% PSG column.
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sized through-pores are interspersed. The mor-
phologies of these PSG monoliths were similar to
those previously reported [30]. The density of the
PSG skeleton increased with decreasing through-pore
size as the ratio of the monomer stock solution
increased. A similar result was observed for mono-
lithic columns prepared from tetramethoxysilane
(monomer) and poly(ethylene oxide) (porogen) [23].
Fig. 2c shows a SEM micrograph of a monolith
prepared from 40% monomer stock solution. There
is a decrease in the number of through-pores due to
the reduction of porogen (toluene), which serves as

Fig. 3. Electrochromatograms of marker compounds. Mobilethe through-pore template and a solubilizer during
phase, 50 mM phosphate buffer (pH 8.0)–water–acetonitrilethe reaction [23,30]. PSG columns with a 13 cm
(1:3:6); capillary, (1) 5% PSG column, (2) 15% PSG column;monolith positioned in the center of the capillary
packed length, 13 cm; applied voltage, 10 kV.

(total length, 30 cm; from inlet to detection point, 22
cm) were prepared to evaluate the separation prop-
erties of these columns. Monoliths that were formed respectively. These theoretical plate numbers are
from reaction solutions containing high percentages comparable to or better than those previously re-
of monomer stock solutions resulted in much denser ported for similar PSG columns [30].
monoliths that were also less permeable than those
made from lower percentages of monomer stock 3.3. Separation of alkylbenzenes by different PSG
solution. Consequently, no liquid could be driven columns
through the columns using a syringe because of the
occurrence of significant back pressure in the col- Alkylbenzenes were used to study the separation
umns. Liquid could be forced through a PSG column mechanism on three PSG columns (10, 15, and 18%
made from 18% monomer stock solution (18% PSG PSG). In our previous report, we demonstrated the
column) using a syringe. We reported recently, reversed-phase nature of the PSG monoliths [30].
however, that a 27% PSG column was found to be Separation solutions comprised of various ratios of
permeable [30]. The differences in permeability ammonium acetate, water, and acetonitrile were used
between the 18 and 27% PSG columns may be dueto separate a mixture of alkylbenzenes. Shorter
to differences in irradiation time and wavelength. elution times of alkylbenzenes were observed for the

Fig. 3a and b show electrochromatograms of 10% PSG column as compared to the 15 and 18%
thiourea, benzene, and naphthalene on the 5% andPSG columns. The 10% PSG column is the most
15% PSG columns, respectively. All three analytes permeable of the three columns. An applied voltage
coeluted on the 5% PSG column (Fig. 3a). Poor of 5 kV was used for the 10% PSG column and 10
separation occurs, because the PSG material formskV was applied for the other columns so that each
only at the inner wall of the capillary. Fig. 3b alkylbenzene was eluted at a similar time on all PSG
illustrates the separation of the three analytes in less columns. Fig. 4 shows plots of carbon chain length
than 4 min on a PSG column made from 15% vs. retention factor for the three different PSG
monomer stock solution. Separation of the analytes columns and demonstrates the effect of different
was possible because the monolith is formed mobile phase conditions on the retention factors of
throughout the capillary, as shown in the SEM (Fig. the alkylbenzenes. The retention factor was deter-
2b). Similarly, the three analytes were separated on mined using the equation:
10 and 18% PSG columns within 5 min. The
theoretical plate numbers of thiourea, benzene and k 5 (t 2 t ) /tR 0 0
naphthalene on the 15% PSG column were approxi-
mately 150 000, 150 000 and 110 000 plates/m, wheret is the analyte retention time andt is theR 0
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Fig. 4. Retention times of alkylbenzenes on PSG columns. (a) 10, (b) 15 and (c) 18% PSG column. The 50 mM ammonium
acetate–water–acetonitrile ratios used were 1:3:6 (3), 1:4:5 (s) and 1:5:4 (m).

retention time of the unretained marker, the first 10% PSG column is better than that of the 15 and
eluting peak. The retention factors increased with 18% columns. The greater permeability of the 10%
increasing volume of water in the separation solution PSG column may contribute to the increased sepa-
for all PSG columns. The 10% PSG column shows ration efficiency, because permeability is considered
the lowest retention for all the alkylbenzenes. This to be related to the linear velocity, which affects the
suggests that the through-pore size affects the re- separation efficiency [23].
tention of the alkylbenzenes. It is expected that the Table 2 lists the theoretical plate numbers of
retention time will decrease with increasing per- naphthalene, toluene, and ethyl benzene. The 10 and
meability. The increases in retention factors of 15% PSG columns showed higher theoretical plate
alkylbenzenes were similar in both the 15 and 18% numbers as compared to the 18% PSG column,
columns, as shown in Fig. 4b and c, respectively. which has the lowest permeability. The low per-
The retention factor of alkylbenzenes seems to meability of this column is thought to be the cause of
depend on the surface area of the PSG, not the the decrease in the theoretical plate numbers of the
amount of PSG, because the surface area of the 18% analytes. In this study, the optimum through-pore
PSG column does not increase with the PSG content, size was clearly formed by 10 or 15% PSG, as
compared with that of the 15% PSG column, despite determined by the theoretical plate number, as well
the increase in the PSG content.

The more hydrophobic alkylbenzenes, i.e. those
with longer alkyl chains, eluted from the column
later than those that were less hydrophobic, as
expected. Fig. 5 illustrates the effect of the number
of alkyl carbon atoms (from 0 to 6) on the retention
factors of alkylbenzenes. Plots of the alkyl carbon
number vs. logk were linear for the 10, 15, and 18%
PSG columns. The linearity of the plots is indicative
of the reversed-phase nature of the separation mecha-
nism. The slope of the line for the 10% column
(slope 0.20) is slightly larger than that for the 15% Fig. 5. Selectivity of alkylbenzenes on PSG columns. (3) 10%,
(slope 0.18) and 18% (slope 0.18) columns. These (m) 15%, (s) 18% PSG column. Mobile phase, 50 mM am-
results indicate that the separation efficiency of the monium acetate–water–acetonitrile (1:5:4).
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Table 2 [2] J.H. Knox, I.H. Grant, Chromatographia 32 (1991) 317.
Theoretical plate number of marker compounds on each PSG [3] D.A. Stead, R.G. Reid, R.B. Taylor, J. Chromatogr. A 798
column (1998) 259.

[4] S. Thiam, S.A. Shamsi, C.W. Henry III, J.W. Robinson, I.W.
Theoretical plate number

Warner, Anal. Chem. 72 (2000) 2541.
10% 15% 18% [5] S. Fanali, S. Rudaz, J.-L. Veuthey, C. Desiderio, J. Chroma-

togr. A 919 (2001) 195.
Naphthalene 156 000 123 000 31 000

´[6] S. Hjerten, Y.-M. Li, J.-L. Liao, J. Mohammad, K. Nakazato,
Toluene (C1) 165 000 168 000 40 000

G. Pettersson, Nature 356 (1992) 810.
Ethylbenzene (C2) 165 000 155 000 40 000

´[7] F. Svec, J.M.J. Frechet, Science 273 (1996) 205.
Mobile phase: 50 mM ammonium acetate–water–acetonitrile [8] C. Fujimoto, Anal. Chem. 67 (1995) 2050.

(1:3:6). [9] C. Fujimoto, J. Kino, H. Sawada, J. Chromatogr. A 716
(1995) 107.

[10] C. Fujimoto, Y. Fujise, E. Matsuzawa, Anal. Chem. 68as permeability, retention time and separation fac-
(1996) 2753.

tors. [11] A. Palm, M.V. Novotny, Anal. Chem. 61 (1997) 4499.
[12] P.G. Righetti, S. Caglio, M. Saracchi, S. Quaroni, Electro-

phoresis 13 (1992) 587.
´[13] C. Ericson, J.-L. Liao, K. Nakazato, S. Hjerten, J. Chroma-4. Conclusions

togr. A 767 (1997) 33.
´[14] J.-L. Liao, N. Chen, C. Ericson, S. Hjerten, Anal. Chem. 68

In this study, PSG columns were prepared using (1996) 3468.
different compositions of methacryloxypropyltri- ´[15] C. Ericson, S. Hjerten, Anal. Chem. 71 (1999) 1621.

´methoxysilane, toluene, and hydrochloric acid. A [16] E.C. Peters, M. Petro, F. Svec, J.M.J. Frechet, Anal. Chem.
69 (1997) 3646.reversed-phase mechanism was observed for all the

´[17] E.C. Peters, M. Petro, F. Svec, J.M.J. Frechet, Anal. Chem.PSG columns studied. The concentration of hydro-
70 (1998) 2288.

chloric acid did not significantly affect the separation ´[18] E.C. Peters, M. Petro, F. Svec, J.M.J. Frechet, Anal. Chem.
performance of the PSG columns. The durability of 70 (1998) 2296.

´the PSG column, however, was improved by increas- [19] C. Yu, F. Svec, J.M.J. Frechet, Electrophoresis 21 (2000)
120.ing the concentration of hydrochloric acid. The size

[20] H. Minakuchi, K. Nakanishi, N. Soga, N. Ishizuka, N.of the through-pores and the surface area of the PSG
Tanaka, Anal. Chem. 68 (1996) 3498.

monolith were controlled by varying the amount of [21] H. Minakuchi, K. Nakanishi, N. Soga, N. Ishizuka, N.
monomer stock solution in the reaction solution. An Tanaka, J. Chromatogr. A 762 (1997) 135.
optimum column permeability and surface area is [22] H. Minakuchi, K. Nakanishi, N. Soga, N. Ishizuka, N.

Tanaka, J. Chromatogr. A 797 (1998) 121.achieved by controlling the size of the through-pores.
[23] N. Ishizuka, H. Minakuchi, K. Nakanishi, N. Soga, N.

Tanaka, J. Chromatogr. A 797 (1998) 133.
[24] N. Ishizuka, H. Minakuchi, K. Nakanishi, N. Soga, H.
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